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Abstract The desire to explain the origin(s) of the unex-
pected catalytic activity of oxide-supported Au nanoparticles
for CO oxidation discovered by Haruta and coworkers has
stimulated numerous experimental and theoretical studies of
Au nanoclusters in the gas phase and on metal oxide supports,
and on Au single-crystal surfaces. In order to explore further
the reactivity of low-coordination Au step sites, we have
performed transient kinetics studies of CO oxidation on an
O-precovered, stepped Au(211) single crystal surface. We
found behavior similar to that observed previously on flat
Au(111) and (110) surfaces; i.e., there is no evidence in these
transient kinetics for any special reactivity associated with this
stepped Au surface. The CO oxidation reaction rate was
highly dependent on the initial oxygen coverage, and we
determined an apparent activation energy for CO oxidation of
—7.0 kJ mol™" for 05" = 0.9 ML. Within the Langmuir-
Hinschelwood (LH) reaction scheme, we estimate an activa-
tion energy of Ej j; = 2043 kJ mol ™" on this surface for CO
oxidation via this pathway. This is somewhat below the value
of 67 kJ mol ™' predicted by recent theoretical calculations.
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1 Introduction

While Au catalysts were known to be able to carry out a
number of selective oxidation reactions, the discovery
several years ago by Haruta and coworkers [1-3] of facile,
low-temperature CO oxidation catalysis over supported Au
nanoparticles rekindled an interest in Au catalysis and
motivated an intense effort to investigate and explain the
activity of these new catalysts. Numerous studies were
initiated on Au single crystal surfaces and on Au clusters in
the gas phase and deposited or grown on metal oxide
supports. These studies have supported the early results in
which, despite the fact that bulk Au is quite inert, nano-
sized clusters of Au supported on metal oxides show cat-
alytic activity for CO oxidation and also selective
hydrocarbon oxidation [4].

Many explanations have been suggested to enlighten this
remarkable activity of supported Au nanoclusters and the
difficulty of explicitly probing and testing these explana-
tions has hampered progress. One possibility that was
suggested is that small nanoclusters can stabilize high
concentrations of step sites or particular crystal planes (e.g.,
the Au(211) surface) that are highly active for such reactions
[5-9]. To help evaluate this simple proposal, it is of interest
to measure CO oxidation rates over bulk Au surfaces that
present a high concentration of such reactive sites. While
CO oxidation kinetics have been reported over Au(111) and
Au(110)-(1 x 2)single crystal surfaces [10-13], no kinetics
measurements of CO oxidation have been reported at step-
ped Au surfaces or, in particular, on the Au(211) crystal
plane. In this letter, we report on our investigations of CO
oxidation kinetics on an Au(211) surface. Because of the
low dissociation probability of O, on this surface [14], we
performed transient kinetic measurements of CO titration of
a preadsorbed oxygen adlayer on the Au(211) surface.
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2 Experimental

Experiments were conducted in a two-level stainless steel
ultrahigh vacuum (UHV) chamber with a base pressure of
2 x 107'° Torr. More details of the experimental setup can
be found elsewhere [15]. The Au crystal could be heated
resistively to 1,100 K and cooled to 85 K by liquid nitrogen.
Temperature at the crystal was monitored by a chromel-
alumel thermocouple pressed firmly using Au foil into a
small hole in the side of the crystal. The uncertainty in the
temperature measurements was +2 K by means of this
arrangement. High-purity CO (Matheson Gas Products,
U.H.P. grade, 99.9% purity) was used without further puri-
fication. Ozone (O3) used for dosing in UHV was prepared in
our laboratory using a commercial ozone generator. All
ozone exposures were carried out with the crystal held at
85 K, and then a subsequent flash of the sample to 300 K
was made. Experiments carried out at other temperatures
were performed by heating or cooling this surface to the
indicated temperature. Temperature-programmed desorp-
tion (TPD) experiments were performed with the crystal in
line-of-sight of the QMS ionizer and a heating rate of 3 K/s.
Absolute coverages are referenced to the Au surface atom
density such that & = 1.0 monolayer (ML) corresponds to
1.48 x 10" atoms/cm? [14].

3 Results and Discussion

Oxygen adatoms with coverage 0o were formed at the
Au(211) surface at 85 K by dosing ozone in UHV [14], and
then the oxygen-precovered surface was held at various
temperatures during exposure to CO gas. As reported
elsewhere [15], CO TPD curves obtained after large CO
exposures on Au(211) show peaks at 130 and 190 K. IRAS
spectra (not shown here) showed that almost no CO was
stable in a coadsorbed layer on the surface after small
exposures of CO on the O-precovered Au(211) surface at
85 K. After large CO exposures, facile CO reaction with
oxygen adatoms on the surface at 85 K created empty sites
which could then be occupied by coadsorbed CO.

Figure 1 shows O, TPD curves obtained after predosing
ozone on a Au(211) surface to create an initial oxygen
coverage of 03" = 0.9 ML and then exposing the surface
at 300 K to CO at Pco = 2.5 x 1077 Torr for a given
time. This 03" value corresponds to the saturation coverage
of adsorbed oxygen on a gold surface with 6 = 1.0 ML.
Oxygen predosed Au surfaces were regenerated to the
initial oxygen coverage of 0= 0.9 ML every time
before exposing to CO. Surface oxygen is removed by CO
oxidation reactions to form CO, which desorbs promptly.
Subsequently, O, is desorbed upon heating in TPD due to
recombination of oxygen adatoms. The area under each
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Fig. 1 O, TPD curves taken after CO exposures on an oxygen-
precovered Au(211) surface at 85 K with 65" = 0.9 ML

curve is proportional to the surface-bound oxygen concen-
tration, this result was corroborated in a previous work by
measuring the O(517 eV)/Au(240 eV) peak-to-peak height
ratio by AES [14]. Therefore, the amount of unreacted
oxygen remaining on the surface after a given CO exposure
can be calculated from the O, TPD peak area. In addition to
the peak shifting from 515 to 530 K, associated to terrace
sites, a feature at 540 K, associated to step sites, is found at
low coverages of unreacted oxygen [14], as shown in Fig. 1.
The rate of CO oxidation for a given CO-dosing time, or
at a particular value of 0, is obtained simply by the slope
dOo/dr of this Op(t) curve. Figure 1 demonstrates that there
is a high reactivity of the surface for oxidation of CO at the
Au(211) surface at 300 K and the surface oxygen concen-
tration is reduced substantially in only a few minutes by
exposure at Pco = 2.5 x 1077 Torr.

For 05 of 0.9 ML, as shown in Fig. 2a, the initial rate
of CO oxidation was nearly constant until g was reduced
to about 0.3 ML, and then CO oxidation slowed dramati-
cally for 6 ~ 0.2 ML. A series of such transient CO
oxidation curves were generated by repeating these
experiments for different values of 08“ = 0.63, 0.50, and
0.22 ML, and these results are also shown in Fig. 2a. Initial
rates of CO oxidations calculated from data in Fig. 2a are
gathered in Fig. 2b which indicates that CO oxidation
initially proceeds much faster for lower initial coverages of
oxygen. Not only does the CO oxidation rate depend on the
surface oxygen concentration, but the rate constant strongly
depends on the initial conditions [11], i.e., there is not a
unique rate that corresponds to the value of 0, as shown
first by Engel et al. [16].



CO Oxidation on O/Au(211) Stepped Surface 265
12 1.2 T T T T T I
A)CO + 0/au(211 T ,.=300K (A)
(A) (1) ads - CO + O/Au(211)
-3 4
0.9 . —
gomlt (ML) %
brad
) A
jay 8 A .
2 o6 0.90 g 4
© 0.63 g o
]
0.50 O o ;}
0.22 -
0.3
0.0 : ' ; L : .
0 50 100 150 200
CO Exposure Time (sec)
0.0 T T T T
0 50 100 150 200 250 (B) ! i T ' T
CO Exposing Time (sec) 4 £ =-7.0kJ mor .
app .
0.04 . . . . Q
[ (B) Initial Rate of CO Oxidation QE S5 .
o 003 b i £
3
2 002 | - -6 | .
]
e 001 -
L -7 1 1 1
0.00 = 0.002 0.003 0.004 0.005
0.0 0.2 0.4 06 0.8 1.0 UT (K1

5Oinit (ML)

Fig. 2 a Plots of the oxygen coverage following CO doses on the O/
Au(211) surface with different initial oxygen coverages. Values for
0o were calculated from O, TPD peak areas. b Initial rates of CO
oxidation calculated from data on plot (a) as a function of initial

oxygen coverages, Hionit

In addition, the CO oxidation rate was measured on the
oxygen-precovered Au(211) surface at 200, 300 and 400 K
with 05" = 0.9 ML. This was investigated as before using
O, TPD spectra that were obtained following CO exposures
to measure the amount of unreacted surface oxygen. The
results are given in Fig. 3a. The rate of CO oxidation on
Au(211) at 200 K is higher than that at 400 K under these
conditions, which means that the apparent activation energy
E.,p has anegative value. An Arrhenius plot from the data in
Fig. 3a is shown in Fig. 3b. The slope of this plot gives
Epp=—70Kk] mol~'. A negative value indicates that
some pre-equilibrium controls the reaction rate because a
single elementary step cannot have negative activation
energy.

A Langmuir-Hinschelwood (LH) mechanism for CO
oxidation is often considered as follows:

kads

co(g) & cofa) 1)
CO(a) + O(a) X CO,(a) (2)
CO,(a) — CO,(g) 3)

Fig. 3 a Plots of transient CO oxidation kinetics curves for
Pco = 2.5 x 1077 Torr on the Au(211) surface at 200, 300 and
400 K. Oxygen coverages were calculated from O, TPD curves
obtained after CO titrations. Initial reaction rates were calculated
from data acquired up to 50 s of reaction time. b Arrhenius plot
giving the apparent activation energy for CO oxidation on a Au(211)
surface using initial reaction rates from the data in (a)

If the equilibrium between gaseous and adsorbed CO
given in Eq. (1) is important for the rate of CO oxidation,
then the value of E,,, for the reaction is given by

Ewpp = Ern — E4(CO) (4)

where Ej  is the activation energy for the L-H step in Eq.
(2) and E4(CO) is the activation energy for desorption of
CO. In addition to the value of E,p,, which controls the
observed kinetics, one would also like to know the value of
Ery since this elementary step indicates additional infor-
mation about the reactivity of the surface. The value of Ey i
can be calculated from E,,, if E4(CO) is known. Because
E4(CO) = 27-50 kJ mol~" depending on occupation of
terrace or step sites, one can make an estimate of
Epy = 20—43 kJ mol™' by assuming that there is no effect
of O(a) on E4(CO). This of course introduces uncertainty in
the estimate of Ej y, but we expect that this is small.
Using similar transient kinetics techniques, negative
values of E,p, close to this value were previously reported
on Au(111) where E,,, = —10.5 kJ mol~' [10] and on
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Ag(110) where E,pp, = —4.8 kJ mol ™! [17]. On Au(111),
CO does not adsorb at 100 K and so E4(CO) < 25 kJ
mol ™. This leads to an estimate of Ej iy < 14.5 kJ mol ™.
On Ag(110), E4CO) =27KkJ mol™! and so Eig=
22 kJ mol~'. A positive value of E.pp = 8.4 K] mol ™! at
0o = 0.25 ML was reported on Au(110) by Outka and
Madix [11]. This led to E y < 42 kJ mol ™! considering
E4(CO) <34 k] mol~! on Au(110). This report was dis-
puted by Gottfried et al. [12] who reported values of
Epp = —1.8KJ mol .. Using their estimation of E4(CO) =
38 kJ mol™! [18], E; 4 can be obtained as 36 kJ mol~!. A
lower limit for Ep y is expected to be about 16.7 kJ mol ™!
which is the activation energy value for the gas phase
reaction of O + CO [19]. Our E; y value of 20-43 kJ mol '
for CO oxidation is larger than that on Au(l111) and
Ag(111), but smaller than that of Au(110). All of these data
are summarized in Table 1. Even though Au(211) is a
stepped surface, we find that the activation energy for CO
oxidation is not much different from “flat” Au (111) or
(110) surfaces. In addition, this value can be compared to
that of E y = 67 kI mol™' which was predicted by theo-
retical calculations by Liu et al. [9].

We set out to obtain some initial data that could be used
to inform whether high concentrations of step sites, or in
particular the presence of Au(211) crystal planes, might
simply explain the high reactivity for CO oxidation
exhibited by supported Au nanoclusters. We cannot iden-
tify experimentally any additional reactivity associated
with step sites on the Au(211) surface and the values of
both E,,, and Epy for CO oxidation on Au(211) were not
much different from those on Au(111) or Au(110). One
complication in these experiments is the restructuring of
Au surfaces by oxygen adsorption, as we reported by
LEED on Au(211) [14] and by LEED [20] and STM on
Au(111) [21]. However, the initial reaction rate, as shown
in Fig. 2b, is not highest at the smallest coverages where
steps still exist. No clear evidence is established indicating
a tendency for CO oxidation at step sites rather than terrace
sites.

It is commonly considered that O, dissociation controls
the overall CO oxidation reaction on Au surfaces and
perhaps on Au catalysts. Our study here does not probe this

important feature, addressing only the structure sensitivity
of CO oxidation. Information on this elementary step is
useful regarding a general characterization of the surface
reactivity, and could be important directly if O, dissocia-
tion were to be activated sufficiently on the catalyst or if
substantial oxygen spillover occurred. Turner et al. have
recently reported on the ability of tiny particles containing
as few as 55 Au atoms supported on SiO, and BN to cat-
alyze the selective oxidation of alkenes by only O, [22].
Our previous studies begin to address O, dissociation on
stepped Au surfaces, and we reported that no O, dissoci-
ation occurred on the Au(211) step surface under relatively
high pressure conditions [14]. This behavior is similar to
that on other Au single crystal surfaces. Thus far, we have
found no evidence that steps, or this crystal plane, have
much to do with the remarkable catalytic properties of
supported Au nanoparticles. It is worth mentioning that
Goodman and coworkers investigated the CO oxidation
activity on the Au cluster sizes supported on planar TiO,
and proposed that the structure sensitivity could be attrib-
uted to a quantum size effect [23, 24]. They also found that
Au islands that were two atomic layers thick were the most
effective catalyzing CO oxidation and possessed unusual
electronic properties. These results were confirmed by
Campbell et al. who found that even Au nanoparticles
supported on TiO,(111) showed no preferential reactivity
for the titration rate of preadsorbed oxygen by CO [25].

4 Summary

We have conducted transient kinetics studies of CO oxi-
dation on a stepped Au(211) single crystal surface
precovered with oxygen created by ozone dosing. CO
oxidation on Au(211) does not appear to be significantly
enhanced or otherwise different from that on Au(111) and
(110) surfaces. CO titration of preadsorbed oxygen pro-
ceeds facilely below room temperature. The CO oxidation
reaction rate was dependent on the initial oxygen coverage,
and an apparent activation energy for CO oxidation was
determined to be —7.0 kJ mol~" for 5" = 0.9 ML using
initial reaction rates. Our estimate of the Langmuir-

Table 1 Apparent activation

A E, E,; (CO E References

energy of CO oxidation (E,pp), (kfpmol_l) (de (mol)_l) (kI:THmol_l)

desorption activation energy of

CO (E4(CO)), and Langmuir- Au(111) -10.5 <25 <145 [10]

Hinschelwood activation energy - -

of CO oxidation (E ;) on Au Au(110) 8.4 (at 0 = 0.25 ML) <34 <42 [11]

and Ag single cystal surfaces Au(110) -1.8 38 36 [12, 18]
Ag(110) —4.8 27 22 [17]
Au(211) 67 [9]
Au(211) -7.0 27-50 2043 This work
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Hinschelwood (LH) activation barrier for CO oxidation of
Eryg =20-43KkJ mol™' on the Au(211) surface is in
between than that on Au(111) and Au(110), somewhat
below the value of 67 kJ mol™" predicted on Au(211) by
theoretical calculations.

Acknowledgments

This work was supported by the Department of

Energy, Office of Basic Energy Sciences, Chemical Sciences
Division.

References

IR NV N

. Haruta M, Kobayashi T, Sano H, Yamada N (1987) Chem Lett

2:405

. Haruta M, Yamada N, Kobayashi T, lijima S (1989) J Catal

115:301

. Haruta M, Tsubota S, Kobayashi T, Kageyama H, Genet MJ,

Delmon B (1993) J Catal 144:175

. Haruta M (2002) Cattech 6:102
. Mavrikakis M, Stoltze P, Norskov JK (2000) Catal Lett 64:101
. Lopez N, Norskov JK (2002) ] Am Chem Soc 124:11262

Xu Y, Mavrikakis M (2003) J Phys Chem B 107:9298

. Lopez N, Janssens TVW, Clausen BS, Xu Y, Mavrikakis M,

Bligaard T, Norskov JK (2004) J Catal 223:232

11.
12.
13.

19.
20.
21.

22.

23.

24.
25.

. Liu ZP, Hu P, Alavi A (2002) ] Am Chem Soc 124:14770
. Lazaga MA, Wickham DT, Parker DH, Kastanas GN, Koel BE

(1993) In: Hightower JW, Oyama ST (eds) ACS Symposium
Series. ACS, Washington, DC, p 90

Outka DA, Madix RJ (1987) Surf Sci 179:351

Gottfried JM, Christmann K (2004) Surf Sci 566-568:1112
Min BK, Alemozafar AR, Pinnaduwage D, Deng X, Friend CM
(2006) J Phys Chem B 110:19833

. Kim J, Samano E, Koel BE (2006) Surf Sci 600:4622
15.
16.
17.
18.

Kim J, Samano E, Koel BE (2006) J Phys Chem B 110:17512
Engel T, Ertl G (1978) J Chem Phys 69:1267

Bowker M, Barteau MA, Madix RJ (1980) Surf Sci 92:528
Gottfried JM, Schmidt KJ, Schroeder SLM, Christmann K (2003)
Surf Sci 536:206

Mahan BH, Solo RB (1962) J Chem Phys 37:2669

Saliba N, Parker DH, Koel BE (1998) Surf Sci 410:270

Min BK, Deng X, Pinnaduwage D, Schalek R, Friend CM (2005)
Phys Rev B 72:121410

Turner M, Golovko VB, Vaughan OPH, Abdulkin P, Berenguer-
Murcia A, Tikhov MS, Johnson BFG, Lambert RM (2008) Nature
454:981

Valden M, Lai X, Goodman DW (1998) Science 281:1647
Valden M, Pak S, Lai X, Goodman DW (1998) Catal Lett 56:7
Bondzie VA, Parker SC, Campbell CT (1999) Catal Lett 63:143

@ Springer



	Investigation of CO Oxidation Transient Kinetics �on an Oxygen Pre-covered Au(211) Stepped Surface
	Abstract
	Introduction
	Experimental
	Results and Discussion
	Summary
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


