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CONS P EC TU S

G old (Au) nanoparticles supported on reducible
oxides such as TiO2 demonstrate exceptional

catalytic activity for a wide range of gas phase
oxidation reactions such as CO oxidation, olefin
epoxidation, and water gas shift catalysis. Scientists
have recently shifted their hypotheses on the origin
of the reactivity of these materials from the unique
electronic properties and under-coordinated Au sites
on nanometer-sized particles to bifunctional sites at
the Au�support interface.

In this Account, we summarize our recent exper-
imental and theoretical results to provide insights
into the active sites and pathways that control oxidation over Au/TiO2 catalysts. We provide transmission IR spectroscopic data
that show the direct involvement of the Au�Ti4þ dual perimeter sites, and density functional theory results that connect the
electronic properties at these sites to their reactivity and to plausible reaction mechanisms. We also show the importance of
interfacial Au�Ti4þ sites in adsorbing and activating O2 as a result of charge transfer from the Au into antibonding states on O2

causing di-σ interactions with interfacial Au�Ti4þ sites. This results in apparent activation energies for O2 activation of 0.16�
0.60 eV thus allowing these materials to operate over a wide range of temperatures (110�420 K) and offering the ability also to
control H�H, C�H, and C�Obond scission. At low temperatures (100�130K), adsorbedO2 directly reactswith co-adsorbedCOor H2.

In addition, we observe the specific consumption of CO adsorbed on TiO2. The more strongly held CO/Au species do not react at
∼120 K due to high diffusion barriers that prevent them from reaching active interfacial sites. At higher temperatures, O2 directly
dissociates to form active oxygen adatoms (O*) on Au and TiO2. These readily react with bound hydrocarbon intermediates via
base-catalyzed nucleophilic attack on unsaturated CdO and CdC bonds or via activation of weakly acidic C�H or O�H bonds. We
demonstrate that when the active Au�Ti4þ sites are pre-occupied by O*, the low temperature CO oxidation rate is reduced by a
factor 22. We observe similar site blocking for H2 oxidation by O2, where the reaction at 210 K is quenched by ice formation. At
higher temperatures (400�420 K), the O* generated at the perimeter sites is able to diffuse onto the Au particles, which then
activate weakly acidic C�H bonds and assist in C�O bond scission. These sites allow for active conversion of adsorbed acetate
intermediates on TiO2 (CH3COO/TiO2) to a gold ketenylidene species (Au2dCdCdO).

The consecutive C�H bond scission steps appear to proceed by the reaction with basic O* or OH* on the Au sites and C�O bond
activation occurs at the Au�Ti4þ dual perimeter sites. There is a bound-intermediate transfer from the TiO2 support to the Au sites
during the course of reaction as the reactant (CH3COO/TiO2) and the product (Au2dCdCdO) are bound to different sites. We
demonstrate that IR spectroscopy is a powerful tool to follow surface catalytic reactions and provide kinetic information, while
theory provides atomic scale insights into the mechanisms and the active sites that control catalytic oxidation.

1. Introduction
The stark contrast between the exceptional catalytic activ-

ity of nanometer Au particles supported on reducible metal

oxides such as TiO2 and the inactivity of bulk Au has

been the subject of considerable debate since its initial

discovery 26 years ago by Haruta et al.1�4 By coupling IR
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spectroscopy, kinetic studies, and theoretical calculations,

wehave beenable to provide direct insights into the reactive

intermediates and their specific sites at the interface, deter-

mine reaction pathways, and establish plausible reaction

mechanisms.We focus herein onmechanisms for gas phase

oxidation of different molecules over Au/TiO2 to provide a

framework for understanding different selective oxidation

processes.

To locate the catalytic active sites on theAu/TiO2 catalyst,

we employed transmission IR spectroscopy, which provides

real time information on the surface species evolution dur-

ing catalytic reactions.5�7 Au nanoparticles with ∼3 nm

diameter supported on nanocrystalline TiO2 powder8,9were

synthesized.10,11 By carefully selecting the reactions and

experimental conditions, wewere able to pinpoint the active

sites for several catalytic oxidation reactions. The time-

dependent spectroscopic measurements along with the

information about the active intermediates and their specific

adsorption sites at the Au/TiO2 interface were used to guide

the theoretical calculations. Detailed theoretical and experi-

mental results were subsequently used to determine the

reaction pathways that govern the selective oxidation of

CO,12,13 H2,
14 acetate,15 and ethylene.16 The results indicate

that molecular oxygen strongly binds to and is activated at

the Au�Ti4þ dual perimeter sites of the Au/TiO2 catalyst. At

low temperatures, O2 reacts directly with adsorbed mole-

cules such as CO and H2. At higher temperatures, O2 dis-

sociates to form active O* intermediates that diffuse along

the support as well as onto and over the Au surface. These

species are rather basic and act as nucleophiles that attack

CdC or CdO substrate bonds or as Brønsted bases that

activate O�H and C�H bonds. The basic properties of

oxygen on Au surfaces have been subsequently used to

describe a range of reactions carried out over bulk Au.17�19

2. Adsorption and Activation of Oxygen
Important for all oxidation reactions over supported Au is

the nature of the active sites for the adsorption of the

oxidant, as well as themechanism of activation. Nanometer

Au particles on TiO2 readily activate O2 producing reac-

tions with CO and other reactants even at cryogenic

temperatures.13,14 The 3 nm experimental Au/TiO2 clusters

were modeled using a periodic three atom high and three

atom wide Au nanorod on a rutile TiO2(110) surface

(Figure 1).20 This model provides a reliable sampling of Au

sites with different coordination numbers (CN) as well as the

critical Au�O�Ti4þ interactions which couple the Au particles

to the support.12�16,21 The results from this Au model are con-

sistent with those obtained on other types of models.20,22�25

Oxygen can adsorb onto Au, onto the TiO2 support, or at

the Au/TiO2 interface. DFT results indicate that O2 does not

strongly adsorb to terrace sites on TiO2(110) since the

binding energy is negligible, consistentwith reported experi-

mental results.26 While O2 can adsorb on Au, its binding is

rather weak with adsorption energies of �0.16 to �0.51 eV

depending upon the coordination number of the Au atoms

involved. These values are significantly weaker than the

adsorption energy of O2 at the Au�Ti4þ dual perimeter,

�1.01 eV (Figure 1).12,13,15 O2 is stabilized at the Au�Ti4þ

site via di-σ bonding, forming a Au�O�O�Ti intermediate.

Theory clearly shows that there is direct electron transfer

fromAu to the Ti and subsequent charge transfer from the Ti

into the 2π* antibonding state of O2, weakening the O�O

bond (Figure 1B). This back-donation of electron density

causes O2 adsorption at the interfacial Ti4þ site and aids in

FIGURE 1. (A) The adsorption and activation of O2 at the Au/TiO2

catalyst results in di-σ bondingwith Ti�Au dual sites. (B) Detailed charge
analysis shows the charge transferred fromAu to Ti is back-donated into
2π* antibonding states of O2. (C,D) The barriers for the activation at the
Au�Ti4þ site. The model Au/TiO2 catalyst herein is a Au nanorod
structure on top of the TiO2(110) surface. Adapted from refs 12 and 13.
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its activation, consistent with previous reports.20,22 The

Au�O�O�Ti intermediate shown in Figure 1 is the active

species in the anhydrous low temperature oxidation of CO,

which occurs with a barrier of only 0.16 eV.12,13

The Au�O�O�Ti intermediate is also very similar in

character to the Au-peroxy (Au-OOH) species that forms at

the ppm-level of water and rapidly oxidizes CO.27 Both Ti

and H donate charge (0.81 e� for Ti and 1 e� for H) into the

2π* state of O2 and become∼Ti4þ and Hþ, respectively. This

charge transfer increases the Au�OOH or Au�OOTi bond-

ing and aids in O2 activation. A detailed analysis of bond

lengths for AuOOH (Au�O = 2.17 Å and O�O = 1.49 Å) and

AuOOTi (Au�O = 2.24 Å and O�O = 1.44 Å) suggests that

these intermediates are quite similar. TheAuOOHandAuOOTi

intermediates also show similar O�O stretching frequencies

(νO�O(AuOOH) = 961 cm�1 and νO�O(AuOOTi) = 874 cm�1).

The high reactivity of AuOOH together with the strong

similarities between AuOOH and AuOOTi indicate that the

O�O bond of the AuOOTi complex can be activated at low

temperatures, consistent with the observed activation bar-

rier of 0.16 eV for the reactionwith bound CO or by direct O2

scission in the absence of a neighbor COmolecule at higher

temperatures with activation barriers of 0.42�0.60 eV

(depending on the CN of the Au).

Water is also a common oxidant often used to oxidize CO

in the water gas shift reaction and aid in the CO oxidation

with O2.
28 Water is activated in a very similar manner to

that of O2 at the Au/TiO2 interface. DFT calculations indi-

cate that the adsorption of water at the interfacial Ti4þ site

(ΔEads =�1.02 eV) is 0.22 and 0.80 eV stronger than that for

the adsorption of water on Au or TiO2 alone.29 There is

electron transfer from Au to the interfacial Ti4þ and subse-

quent transfer from Ti4þ into an antibonding σ* O�H bond,

which increases the adsorption energy of water and aids in

O�H bond activation.

3. CO Oxidation
COoxidation byO2 over Au/TiO2 occurs over awide range of

temperatures and involves different sites. From 2143 cm�1

for CO(g), the ν(CO) blue shifts to ∼2179 cm�1 when ad-

sorbed on Ti4þ cationic sites (denoted later on as CO/Ti4þ),

red shifts to ∼2106 cm�1 when adsorbed on Au0 sites

(CO/Au0 or CO/Au), and red shifts to ∼2126 cm�1 when

adsorbed on Auδþ (0 < δ < 1) cationic sites (CO/Auδþ).12,13 It

is also reported that the ν(CO) for CO/Au3þ is∼2207 cm�130

and that for CO/Auδ� is in the range of 2038�1900 cm�1.31

These shifts lead to absorption bands more than 20 cm�1

apart and permit site identification and assignment of Au

gold charge states. In order to simplify the reaction mecha-

nism and lowest energy pathways, we studied the CO oxida-

tion reaction in the low temperature regime (110�130 K). It

is important to note that while these studies provide direct

molecular insights into the important O2 bond scission and

CO oxidation steps, the paths operating at the higher tem-

peratures may be different.

The IR cell can mount two samples under the same

experimental conditions allowing direct comparison.32

Figure 2A shows IR spectra for both the Au/TiO2 surface

and the TiO2 blank surface saturated with adsorbed CO at

120 K. The CO/Ti4þ peak and the CO/Au peak are clearly

distinguishable. A small CO2/TiO2 band is observed on the

Au/TiO2 but not on TiO2. This band is due to the reaction of

COwith traces of residual O2 in the high-vacuum cell on Au/

TiO2. To investigate the surface species only, we evacuated

the gas phase CO from the cell (leaving strongly bound CO

and CO2 species behind at 120 K) and introduced 1 Torr

of O2. Figure 2B shows the IR spectral evolution during

120 min: CO oxidation began immediately on the Au/TiO2

FIGURE 2. (A) IR spectra of saturated CO layer on (a) TiO2 and (b) Au/
TiO2. (B) IR spectral development during the CO oxidation reaction on
Au/TiO2 from (a) before O2 introduction to (z) after 120 min of reaction.
Inset, plots of normalized integrated absorbance of CO/Au and CO/Ti4þ

against time during the experiment. Adapted from ref 13.
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surface, as indicated by the gradual disappearance of the

CO/Ti4þband and the growth of theCO2/TiO2 feature. At the

same time, the CO/Au species is essentially unchanged

indicating little participation in the reaction. The CO oxida-

tion reaction is not detected on the blank TiO2 sample. The

difference in kinetics between CO/Ti4þ and CO/Au is shown

in the inset of Figure 2B, where the normalized integrated

absorbance for each CO species is plotted against reaction

time. Themain reactant is the CO/Ti4þ species, which is con-

sumed within the first 40 min of the experiment, while only

∼12% loss of the CO/Au species is observed over 120 min.

The kinetic discrimination betweenCO/Ti4þandCO/Au is

intriguing, especially when the CO/Ti4þ species do not react

on the blank TiO2 sample. It suggests that the CO oxidation

reaction on the Au/TiO2 catalyst is site specific and that the

active region involves the Au nanoparticle as well as the

TiO2 support. The mobility of chemisorbed CO on Au and

Ti4þ siteswas examined bywatching the disappearance rate

of the two species when exposed to vacuum at elevated

temperatures (140�160 K).5�7 The results showed that the

CO/Ti4þ is more mobile than CO/Au at all temperatures

examined. A Au/TiO2 catalyst surface with only CO/Au

species was created by thermally removing all the CO/Ti4þ

species at 215 K. No reaction occurred upon exposing this

CO/Au-only surface to 1 Torr of O2 at 120 K.13 Thus, the

nonreactivity of CO/Au species originates from the lack of

mobility, preventing it from reaching the catalytic active

zone located at the Au�Ti4þ dual perimeter sites.

CO oxidation experiments were carried out at different

temperatures. TheCO/Ti4þ specieswas found tobe themain

reactant, as shown in Figure 3A. The solid lines underneath

the data points are the best first-order fits to the data

indicating that the reaction is first-order in CO/Ti4þ cover-

age. The Arrhenius plot in Figure 3A is shown in black in

Figure 3B; an apparent activation energy of 0.16 ( 0.01 eV

is measured.

We have previously reported IR detection of weakly

bound O2 on TiO2 at the exact Raman frequency of gas

phase O2, 1550 cm�1.33 However, a search for IR evidence

of the activated O2 species on Au/TiO2 was inconclusive,

since the only species detected was the unshifted weakly

boundO2. It is difficult to extract by IR how the Au�Ti4þ dual

perimeter sites carry out the oxidation reaction. Theory

provides insights into themost probable sites for adsorption

and possible reaction paths and corresponding activation

energies to compare with experiment.

The DFT results presented in section 2 indicate that direct

dissociation of theO�Obond at the Au�Ti4þ dual perimeter

sites canonly proceed at temperatures above215Kbecause

the activation barriers are 0.42�0.60 eV depending upon

the Au CN (Figure 1).12 At low temperatures, O2 instead

reacts with CO bound to either perimeter Au or Ti4þ sites.

CO does not bind to the Au terrace sites. While CO readily

adsorbs onto the coordinatively unsaturated Au sites (�0.7

to�0.9 eV), it is too strongly held to the surface and does not

react at the low temperatures (110�130 K) examined here.

CO exhibits an adsorption energy of 0.4 eV on Ti sites and

hence exhibitsmore rapid diffusion than that of Au. Theonly

viable oxidation path at these low temperatures is via CO

bound to surface Ti4þ sites, which exhibits a barrier of only

0.16eV to reactwithO2at theAu�Ti4þ site. CO is continuously

supplied to the interfacial Ti4þ sites via CO diffusion from

different Ti sites with calculated diffusion barriers of 0.26 eV.

CO oxidation thus proceeds by the formation of a CO�O2

complex at the Au�Ti4þ site that readily dissociates to form

CO2 and atomic oxygen with a barrier of only 0.16 eV.

The DFT-calculated CO oxidation cycle shown in Figure 4

has activation barriers that range between 0.10 and 0.26 eV,

well in line with the experimentally measured apparent

activation energy of 0.16 eV. It is therefore difficult to

establish a single rate-determining step among them be-

cause the barrier differences are small (∼0.1 eV). However,

the discrimination toward CO/Ti4þ species over CO/Au

species suggests that the diffusion of CO over TiO2 is an

important step at very low temperatures.

We noted that at elevated temperatures (T g 295 K),

the Au nanoparticles can oxidize in O2 tomake Auδþ sites.12

FIGURE 3. (A) Plots of the integrated absorbance of CO/Ti4þ against
time at various temperatures fit to first-order kinetics. (B) Arrhenius plots
for CO oxidation on the Au0/TiO2 catalyst (red) and Auδþ/TiO2 catalyst
(black). Adapted from ref 13.
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Au oxidation is consistent with themoderate DFT-calculated

barriers of 0.42�0.6 eV for the direct activation of O2

reported. These preoxidized Auδþ sites can be easily identi-

fied using IR measurements of ν(CO). Auδþ can be reduced

back toAu0 byheating in CO. Figure 5 depicts the conversion

of CO/Auδþ to CO/Au0 as a function of increasing reduction

temperature in CO. The frequency shift of CO was also

directly captured by DFT calculations using the Au nanorod

model by adding O adatoms next to the adsorbed CO

species.12

We carried out low temperature CO oxidation reactions

on this preoxidized Auδþ/TiO2 catalyst. Surprisingly, the

reaction rate was diminished by a factor of 22 compared

with the Au0/TiO2 catalyst. The Arrhenius plot for CO oxida-

tion over the Auδþ/TiO2 catalyst is shown in Figure 3B,

where the apparent activation energy is measured to be

0.27 ( 0.01 eV (red). DFT simulations revealed that the

FIGURE 4. DFT-calculated cycle for the oxidation of CO at the Au�Ti4þ interface. Elementary steps include (A�B) O2 adsorption, (B�C) O2 and CO
interaction; (C�D) CO*þO2* reaction; (D�E) O*þCO* reaction; (E�F andG�H) diffusionof CO; (F�GandH�A) desorption of CO2.ΔEads, Ea, Ediff,ΔEdes,
and ΔErxn refer to the binding energy, activation barrier, diffusion barrier, desorption energy, and reaction enthalpy, respectively. Adapted ref 13.

FIGURE 5. Plots of the total integrated absorbance of CO on Au species
(right axis) and the CO/Auδþ fractional conversion to CO/Au0 species
(left axis) against catalyst reduction temperature in CO. Reprinted ref 12.
Copyright 2012 American Chemical Society.
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increase in activation energy is the result of additional O

adatoms that bind at the Au�Ti4þ dual perimeter sites

increasing the CN of the active Au species and altering the

charge transfer between Au and the neighboring Ti4þ sites

(Figure 6).

The higher apparent activation energy measured on the

Auδþ/TiO2 catalyst (0.27 eV experimentally in Figure 3B and

0.32 eV theoretically in Figure 6D) agrees with previously

reported activation energies of 0.2�0.3 eV for CO oxidation

on Au/TiO2 catalysts measured at higher temperatures

(200�350 K).34,35 This indicates that at temperatures above

200 K and in O2 rich environments, the Au/TiO2 catalyst

surface is likely always partially covered with O adatoms,

consistent with the 0.4�0.6 eV activation energy calculated

for direct O2 activation at the Au�Ti4þ dual perimeter. We

also observed that CO can easily reduce the oxidized Auδþ

sites to Au0, at temperatures as low as 147 K (Figure 5,

conversion onset).12 In other words, the O adatoms gener-

ated at the Au�Ti4þ dual perimeter sites readily carry out CO

oxidation at higher temperatures, where the mobility of CO

species is no longer an issue. This argument is confirmed by

extending the Arrhenius plots shown in Figure 3B, where CO

oxidation activity on theAuδþ sites surpasses that on theAu0

sites at 198 K.

4. H2 Oxidation: H�H Bond Activation
The oxidation activity of the dual catalytic Au�Ti4þ site

extends to other oxidizablemolecules, andH2 is the simplest

of these. Hydrogen can be activated on Au/TiO2 alone

or together with O2. We have developed a method using

the IR background change of TiO2 to detect the electrons

injected from dissociated hydrogen atoms, as shown in

Figure 7A.14,36 After H2 dissociation on the Au nanoparticles,

the atomic H spills onto the TiO2 support. The H atoms

dissolved in the TiO2 deliver electrons that are trapped in the

conduction band edge (CBE) states. These trapped electrons

absorb IR radiation producing a broad background rise

(Figure 7B). The background rise is quenched immediately

(Figure 7C) by traces ofO2, as H is oxidized byO2 to formH2O

and the electrons in CBE states are drained. As the O2 supply

is cut off, the IR background rises again in an H2 atmosphere

on the H2O covered surface (Figure 7D).

Both the IR background rise and the oxidation of H2 to

form H2O indicate that the Au/TiO2 catalyst is capable of

dissociating theH�Hbond. To accurately follow the kinetics,

we carried out the Au/TiO2 catalyzed H2 oxidation reaction

at 200�220 K, where H spillover is limited and all the H2O

produced is captured on the catalyst.14 By monitoring the

H2O build up (Figure 8) at different temperatures, we mea-

sured an apparent activation energy for H2 oxidation of

0.22 ( 0.02 eV.

DFT simulations indicate that H2 directly dissociates at

low coordination Au sites (CN = 7) with an activation barrier

of 0.48 eV. However, with the assistance of O2 at the

Au�Ti4þ dual perimeter site, the H�H bond scission barrier

dropped to 0.16 eV resulting in the formation of a Ti�OOH

peroxy species alongwith Au�H. The Ti�OOH intermediate

subsequently dissociates to form Ti�O and a Ti�OH species

with a barrier of 0.20 eV. The perimeter Ti�O species can

easily activate another H2 molecule with an activation

energy of 0.13 eV, forming a second set of Ti�OHandAu�H

bonds. The final hydrogenation of the two Ti�OH species by

the Au�H species to formwater exhibit activation barriers of

0.24 and 0.25 eV, respectively, in good agreement with the

experimental apparent activation energy of 0.22 eV. The

removal of H2O from the perimeter sites requires an activa-

tion energy of 0.79 eVand is unlikely to occur at 200�220K.

This is consistent with the experimental observation that the

FIGURE 6. The inhibition of O2 activation by O* at the Au�Ti4þ

perimeter sites on a Au nanorod as calculated from DFT. (A, B)
CO-assisted O2 dissociation at Au-site I with CN = 6 (A) before and (B)
after Au oxidation by an O*. (C, D) CO-assisted O2 dissociation at Au-site
II with CN = 7 (C) before and (D) after Au oxidation by an O*. Adapted
ref 12.
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H2 oxidation rate decreases to zero at high H2O coverage

(Figure 8).

The deuterium kinetic isotope effect was examined for the

oxidation of H2 over Au/TiO2 to examine the transition state

(TS) and probe the validity of the mechanistic findings from

DFT.ThemeasuredkH/kD ratio reported inFigure8 isequal to7,

which indicatesanearly TS (comparedwith87 if theH�Hbond

is completely broken at a late TS). The DFT calculated initial

state and TS frequencies are shown in the inset of Figure 8. A

kH/kD = 5 is calculated from the DFT simulated frequencies,

which is in good agreement with the experimental value.

5. C2H4 and Acetate Partial Oxidation: C�H
and C�O Bond Scission
Herein we apply these ideas to the addition of oxygen to

other unsaturated electrophiles such as CdC bonds and

demanding C�Hbondactivation steps in selective oxidation

of ethylene and acetate intermediates. More specifically, we

examine the oxidation of ethylene to acetic acid and the

subsequent partial oxidation of acetic acid to the ketenyli-

dene intermediate.

FIGURE 7. (A) Schemeof the H2 spillover on the Au/TiO2 catalyst and the IR excitation. (B) IR difference spectra of the CBE background shift caused by
H2 spillover on a Au/TiO2 catalyst at 295 K. (C) Quenching of the background shift by O2. (D) Continued background shift on H2O covered Au/TiO2

catalyst without O2. Adapted from ref 14.

FIGURE 8. D2 kinetic isotope effect for the oxidation of H2 by O2 over
the Au/TiO2 catalyst at 200 K. Inset, ab initio calculated initial-state and
transition-state frequencies for the O2-assisted H2 dissociation process.
Reprinted from ref 14. Copyright 2011 Wiley.

FIGURE 9. Oxidation product after 90 min of reaction of the mixture of
0.5 Torr isotopic labeled C2H4 and 0.5 Torr O2 at 370 K on the Au/TiO2

catalyst. (A) 12C2H4 study; (B)
13C2H4 study. Reprinted from ref 15.

Copyright 2012 American Chemical Society.
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Ethylene is used as a model hydrocarbon reactant to

demonstrate the role of the Au�Ti4þ dual perimeter sites in

the selective oxidation of the CdC bond as well as in C�H

bond activation.15,16,21

When the Au/TiO2 catalyst is exposed to a mixture of
12C2H4and

16O2at 370K, partial oxidationproducts begin to

build up (Figure 9A). No reaction, however, was detected on

either a Au/SiO2 catalyst with similar Au nanoparticle size, or

the TiO2 blank sample, indicating that the unique Au�Ti4þ

dual perimeter sites at the Au/TiO2 interface are necessary

for the reaction to proceed. Two partial oxidation products

can be identified from Figure 9A: (1) acetate/TiO2 (νas(CO2) at

1531 cm�1, νs(CO2) at 1445 cm�1, and δ(CH3) at 1349 and

1320 cm�1) and (2) Au ketenylidene (Au2dCdCdO, ν(CO) =

2040 cm�1). Measurements with 13C2H4 shown in Figure 9B

confirmed the frequency assignments for these species.

Experiments that examine the partial oxidation of acetate

intermediateson theAu/TiO2 catalyst show thatAu2dCdCdO

is the secondary oxidation intermediate that results from

the oxidation of acetate. As such, we examined the partial

oxidation of C2H4 to acetate and the partial oxidation of

acetate to ketenylidene separately.

The partial oxidation of ethylene to form ethylene oxide

(EO) is a significant catalytic reaction on supported Ag

nanoparticles.37,38 However, our IR study and an ex situ

GC-MS study of the gas phase (detection limit ∼0.01% EO

in 1 Torr of gas) shows that no EO is produced either on the

Au/TiO2 catalyst surface or in the gas phase up to 673 K.16

This is consistent with other studies, which indicate that

FIGURE 10. Potential energy diagram for the formation of EO and acetate, with respect to the gas phase C2H4. O* originate from the Au�Ti4þ dual
perimeter sites. Adapted ref 16.

FIGURE 11. Scheme for the catalytic oxidation of CH3COO/TiO2 at the
perimeter of the Au/TiO2 catalyst, forming Au2dCdCdO. Reprinted
from ref 15. Copyright 2012 American Chemical Society.
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Au/TiO2 is a poor catalyst for EO formation.39 Detailed DFT

calculations were carried out to examine the selective oxi-

dation pathways for ethylene to EO and acetate on Au/TiO2.

As was shown, the Au�Ti4þ perimeter sites readily acti-

vate O2 directly with barriers of 0.4�0.62 eV when the

reaction is carried out at high temperatures. The O adatoms

(O*) that are generated at the dual perimeter sites can diffuse

to other Au or Ti sites on Au/TiO2 because the barriers for O*

diffusion on Au and TiO2 range from 0.2 to 0.7 eV, depend-

ing on the specific nature of the sites (Ti vs Au and the CN of

each Au site).12,13 Under the experimental conditions used

(Tg370K inO2), there is likely a significant surface coverage

of O adatoms that can carry out oxidation. The O/Au and

OH/Au species that form extract charge from the d-band of

the Au to form basic Oδ�/Au and OHδ�/Au species that are

weakly held to the surface. As such, they act as nucleophiles

and attack CdC and CdO bonds of surface intermediates

and also catalyze the activation of weakly acidic O�H and

C�H bonds.

The results (Figure 10) indicate that C2H4 adsorbs weakly

on Au as well as on Ti4þ and can readily be oxidized by O*

species that are present on the Ti4þ and Au sites, respec-

tively, with barriers that are similar. The acetate that is

produced via the dissociative adsorption of acetic acid

(ΔHrxn = �1.05 eV), however, is much more strongly bound

to sites on the TiO2 support than to sites on Au (ΔEads =

0.00 eV, ΔHrxn = þ0.04 eV), consistent with the IR observa-

tion that acetate adsorbs solely onTiO2.
21 The first oxidation

step involving the formation the H2C*�CH2O* oxymetalla-

cycle intermediate (* indicates bonding to Au/TiO2) at the

catalyst perimeter proceeds via a nucleophilic attack by the

weakly bound O atom on the weakly held C2H4 species. As

shown in Figure 10, the activation barrier to form EO(g) from

the H2C*�CH2O* intermediate is 1.05�1.35 eV. Comparing

the two oxidation routes, on both Au�Ti4þ perimeter sites

and Au sites, Figure 10 shows that the EO route is energe-

tically unfavorable compared with the acetate route.

The partial oxidation of acetate/TiO2 to form Au2CCO at

the Au/TiO2 interface provides further insights into the

unique role of Au and Ti4þ sites in causing catalytic trans-

formations as this reaction requires bothC�Haswell as C�O

activation and a change in the active site as the reactant

CH3COO
� starts at Ti4þ sites on TiO2 but results in a product

Au2dCdCdO that is bound solely to the Au sites (Figure 11).

The key steps (Figure 12) to produce Au2dCdCdO are

addressed in refs 15 and 21. The process takes place at the

FIGURE 12. Key steps in the partial oxidation of acetate to ketenylidene at the Au�Ti4þ dual perimeter. Reprinted with permission from ref 21.
Copyright 2013 Royal Society of Chemistry.
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Au�Ti4þ dual perimeter sites, involving three C�H bond

scission steps on Au sites and C�O bond scission at the TiO2

sites. Au2dCdCdO is identified from the ν(CO) and from 13C

and 18O isotopic shifts, which agree well with DFT calculated

shifts.

6. Conclusion
IR spectroscopy together with first-principle DFT calculations

provides direct insight into the active sites at the Au/TiO2

interface and their role in catalyzing different oxidation

reactions. The unique Au�Ti4þ site at the Au/TiO2 interface

is critical in activating O2 because it allows for electron

transfer from Au to Ti and subsequent electron transfer into

2π* antibonding states of O2, aiding inO�Obond activation.

Adsorption of O2 occurs via di-σ bonding to Au and Ti4þ to

form a Au�O�O�Ti4þ state that is similar to the active

Au-peroxo (AuOOH) complex formed in the presence of O2

and water. The basic O/Au and O/Ti species at the Au�Ti4þ

interface extract electron density from the substrate. As such,

they readily attackboundCdOandCdCcontaining speciesand

activate C�HandO�Hbonds, thus catalyzing partial oxidation.

We have focused on the properties of the Au�Ti4þ dual

site, which occurs at the perimeter of Au nanoparticles sup-

ported on TiO2. These sites easily activateO2, andour study of

four oxidative reactions have shown the wide utility of the

dual site in a range of partial and full oxidative reactions.
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