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The NaOH additive substantially enhances the catalytic activity of Au/SiO, catalyst inert in catalyzing CO
oxidation at temperatures below 150 °C, and Au/NaOH/SiO, catalyst with a NaOH:Au atomic ratio of 6 is
active at room temperature. Both the particle size distribution and the electronic structure of Au nano-
particles were found to be similar in Au/SiO, and Au/NaOH/SiO, catalysts, unambiguously proving that

hydroxyls on “inert” Au nanoparticles can induce the activation of O, for CO oxidation at room temper-
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ature. The accompanying density functional theory (DFT) calculation results reveal the determining role
of COOH(a) in hydroxyls-induced activation of O, on the Au(1 1 1) surface. Our results successfully elu-
cidate the influence of hydroxyls on the intrinsic activity of Au nanoparticles in CO oxidation, providing
novel insights into the role of hydroxyls in the catalytic activity of Au catalysts and advancing the funda-
mental understanding of oxidation reactions catalyzed by Au catalysts.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Low-temperature CO oxidation catalyzed by supported Au cat-
alysts has received extensive investigations since Haruta et al. [1]
first reported that ultrafine Au nanoparticles supported on metal
oxides catalyze CO oxidation at temperatures as low as 203 K. In
addition to CO oxidation, supported Au catalysts also exhibit unu-
sual activity and selectivity in a wide array of reactions, particu-
larly in catalytic reactions involving molecular oxygen [2].
Therefore, it is hoped that a thorough understanding of the appar-
ently simple CO oxidation could serve as a platform to understand
other oxidation reactions catalyzed by Au catalysts. Great strides
have been made in the fundamental understanding of the system;
however, there still remain several unresolved issues, particularly
with respect to the nature of active site, the activation of oxygen,
and the reaction mechanism [3-10].

Interestingly, moisture in the feed stream has been found to ex-
ert great influences on the Au-catalyzed low-temperature CO oxi-
dation [11-25], and a mechanism for CO oxidation catalyzed by
supported Au catalysts involving OH was firstly proposed by Bond

* Corresponding authors at: Department of Chemical Physics, University of
Science and Technology of China, Jinzhai Road 96, Hefei 230026, China. Fax: +86
551 3600437 (W. Huang), +86 551 3602969 (]. Yang).

E-mail addresses: jlyang@ustc.edu.cn (J. Yang),
(W. Huang).

huangwx@ustc.edu.cn

0021-9517/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2010.10.016

and Thompson [26]. Daté et al. [13] reported that the moisture en-
hances the catalytic activity of Au/TiO,, Au/Al,0s3, and Au/SiO, in
CO oxidation at 273 K for no less than two orders of magnitude
and that the effect of moisture depends on the type of metal oxide
support. They considered that H,O chemisorbs on the support sur-
face, facilitating the activation of oxygen and the decomposition of
carbonate on the Au-metal oxide interface. Kung et al. [14-16]
investigated in detail the promotion effect of H,O or H, in the reac-
tion mixture on Au/Al,03 for low-temperature CO oxidation and
proposed that the active site of Au/Al,O3 for low-temperature CO
oxidation is an ensemble of Au*~OH~ and Au(0) atoms. Adsorbed
CO can insert into the Au*™~OH™ bond to form hydroxycarbonyl.
The hydroxycarbonyl is then either oxidized to bicarbonate
followed by the decarboxylation to Au*~-OH™ and CO, or decarbox-
ylated to CO, and Au-H, in which the latter is oxidized to Au"™~-OH".
Sanchez-Castillo et al. [17] reported that support-free Au-
nanotubes in polycarbonate membranes exhibit catalytic activity
of CO oxidation at room temperature and that the activity is en-
hanced by liquid H,0 and further promoted by increasing the pH
of the solution, which provides compelling evidence that the pro-
motion effect of H,O and hydroxyl (OH) groups can occur without
the involvement of oxide supports. They [18] also reported the cat-
alytic activity in CO oxidation at room temperature in aqueous
solutions of polyoxometalates over carbon-supported Au nanopar-
ticles that are catalytically inactive in gas-phase CO oxidation at
room temperature. The underlying mechanism of the enhancement
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effect of H,0 on the catalytic activity of supported Au catalysts in
low-temperature CO oxidation has also been studied by means of
surface science studies of model catalysts [27-29]. Kim et al. [27]
reported that impinging C'®0 on a Au(1 1 1) surface populated with
atomic oxygen ['®0] and oxygen-labeled water [H,'80] at low sur-
face temperatures produces both C'®0'®0 and C'®0'80, indicating
the direct involvement of water in CO oxidation. On the basis of
combined experimental and theoretical calculation results, they
[28] further proposed the following reaction mechanism of
water-enhanced low-temperature CO oxidation on atomic-oxy-
gen-covered Au(1 1 1): H,O(a) reacts with O(a) to form OH(a) on
Au(111) followed by the reaction of OH(a) with CO(a) to form
CO,. They also pointed out that more than one reaction pathways
are involved in the oxidation of CO on Au(1 1 1) with coadsorbed
oxygen adatoms and water.

Although the enhancement effect of H,O on the activity of sup-
ported Au catalysts in low-temperature CO oxidation has been
unambiguously identified, it remains as a challenging issue
whether H,O plays a role in the crucial oxygen activation step
and how. No answer to this issue could be derived from previous
reported systems [11-25], in which supported Au catalysts can cat-
alyze the low-temperature CO oxidation and thus can activate oxy-
gen without the addition of H,O in the feed stream. Meanwhile,
surface science studies of model catalysts all started from the
atomic-oxygen-covered Au(11 1) surface, and thus the issue of
oxygen activation was not involved [27-29]. Employing first-prin-
ciple calculations, Bongiorno and Landman [30] revealed that a sig-
nificant enhancement of the binding and activation of O, occurs
upon the coadsorption of O, and H,O on Au clusters supported
on defect-free MgO(1 0 0) via the formation of a complex involving
partial proton sharing or proton transfer. The activated O, in the
complex consequently readily reacts with CO with a relatively
low barrier. However, Liu et al. [31] employed DFT to study the role
of H,0 in CO oxidation on Au/TiO,(1 1 0), in which OH formed by
H,0 adsorption on TiO, was found to facilitate the adsorption of
0, on TiO,, and then O,(a) on TiO, could diffuse to the Au-TiO,
interface to participate in CO oxidation. As far as we know, no
experimental evidence has been reported to unambiguously dem-
onstrate the role of H,0 in the oxygen activation step on supported
Au catalysts.

We have recently investigated the effect of various additives on
the structure and activity of Au/SiO, catalyst in CO oxidation [32-
36]. The catalytic activity of Au nanoparticles supported on SiO; is
much inferior to that of Au nanoparticles supported on “active”
supports such as TiO, and CeO,; however, the Au/SiO, catalyst
has an advantage that SiO, does not contribute to the catalytic
activity, greatly facilitating the elucidation of the intrinsic struc-
ture-activity relation of Au nanoparticles. In this paper, we report
that the NaOH additive can induce the Au/SiO, catalyst inert in
low-temperature CO oxidation to become active, proving that sur-
face hydroxyls on “inert” Au nanoparticles can participate in the
activation of O, for low-temperature CO oxidation. The accompa-
nying DFT calculation results reveal a novel reaction mechanism
of surface hydroxyls-induced low-temperature CO oxidation on
the Au(1 1 1) surface, in which COOH(a), OOCOOH(a), and COsH(a)
are the reaction intermediates.

2. Experimental section

Au/SiO; catalysts with a Au:SiO, weight ratio of 2% were pre-
pared by traditional deposition-precipitation (DP) method
employing HAuCl; as Au precursor [37]. Typically, 0.9017 g
HAuCl4-4H,0 (Sinopharm Chemical Reagent Co., Ltd., Au con-
tent > 47.8%) was dissolved in 50 ml distilled water to prepare a
0.0438 mol L~! HAuCl, aqueous solution. A volume of 11.59 ml

HAuCl, aqueous solution, 5.0 g SiO, (40-120 mesh, Qingdao Haiy-
ang Chemicals Co.), and 50 ml distilled water were co-added into a
three-neck bottle and adequately mixed by stirring at 60 °C for
30 min. An appropriate amount of ammonium hydroxide was
added to adjust the pH value of the system between 9 and 10, after
which the system was stirred at 60 °C for 24 h. The solid was then
filtered, washed with distilled water several times, dried at 60 °C
for 12 h, and calcined at 200 °C for 4 h. The acquired Au/SiO, cata-
lyst was then employed as the precursor for the preparation of Au/
NaOH/SiO; catalysts by incipient wetness impregnation. One gram
Au/SiO; catalyst was added to 2 ml NaOH aqueous solution con-
taining calculated amounts of NaOH under stirring. The system
was then adequately stirred and vacuum-dried at room tempera-
ture for 24 h, and finally calcined at 200 °C for 4 h.

The loadings of Au in Au/SiO, and Au/NaOH/SiO, catalysts were
analyzed by an inductively coupled plasma atomic emission spec-
trometer (ICP-AES). Powder X-ray diffraction (XRD) patterns were
acquired on a Philips X'Pert PRO SUPER X-ray diffractometer with
a Ni-filtered Cu Koo X-ray source operating at 40 kV and 50 mA.
X-ray photoelectron spectroscopy (XPS) measurements were per-
formed on an ESCALAB 250 electron spectrometer using mono-
chromatized Al Ko excitation source (hv=1486.6eV). The
binding energies in XPS spectra were referenced with respect to
the C 1s binding energy of adventitious carbon at 284.5 eV. Trans-
mission electron microscope (TEM) images were obtained on a
JEOL 2010 transmission electron microscope. X-ray absorption
spectroscopy (XAS) measurements for the Au Ly;-edge (11,719-
12,919 eV) were performed at room temperature on the XAS Sta-
tion of the U7C beam line of National Synchrotron Radiation Labo-
ratory (Hefei, China). The synchrotron radiation facility consists of
an 800 MeV electron storage ring with the ring current of about
100-300 mA. A Si(1 1 1) double-crystal was used as the monochro-
mator. X-ray absorption near edge structure (XANES) spectra was
acquired at an energy step of 1 eV.

The catalytic activity was evaluated with a fixed-bed flow reac-
tor. The catalyst experienced no pre-treatment prior to the cata-
lytic reaction. The used catalyst weight was 100 mg, and the
reaction gas consisting of 1% CO and 99% dry air was fed at a rate
of 20 ml/min. The composition of the effluent gas was detected
with an online GC-14C gas chromatograph equipped with a TDX-
01 column (T = 80 °C, H, as the carrier gas at 30 ml/min). The stea-
dy-state conversion of CO was calculated from the change in CO
concentrations in the inlet and outlet gases.

3. Theoretical calculations

Spin-polarization DFT calculations were performed with DMol>
package [38]. Double-numeric quality basis set with polarization
functions (DNP), DFT semi-core pseudopotential (DSPP), and PBE
function [39] were used for all the atoms. A thermal smearing of
0.001 Hartree (Ha) and a real-space cutoff of 4.0 A were adopted.
In our calculations, the Au(11 1) surface was simulated with a
four-layer-thick p(3 x 3) unit cell with ~15 A vacuum space, and
3 x 3 x 1 k-points sampling was used. All atoms except those in
bottom two layers were relaxed. The adsorption energy of surface
species was calculated according to Eqgs = (Esurf + Emote) — E(surfrmote)
where Egf, Emoter Eqsurfrmole) T€presented the energy of surface, the
energy of molecule or radical, and the total energy of adsorbed sys-
tem, respectively. Synchronous transit methods [40] were used to
find the transition states of each elementary step.

4. Results and discussion

Au/NaOH/SiO, catalysts with different NaOH:Au molar ratios
were prepared and denoted as Au/NaOH/SiO,-x (x denoting the
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NaOH:Au molar ratio). The ICP-AES results demonstrate that the
loading of Au in Au/NaOH/SiO, is similar with that in Au/SiO,
(~1.8%). It is reasonable because Au/NaOH/SiO, catalysts were pre-
pared employing Au/SiO as the precursor. Fig. 1A shows the cata-
lytic performance of various catalysts in CO oxidation. Au/SiO,
exhibits poor catalytic activity, becoming active at reaction tem-
peratures above 150 °C. The NaOH additive promotes the catalytic
activity of Au/SiO,, and the promotion effect depends on the NaO-
H:Au molar ratio in Au/NaOH/SiO, catalysts. The catalytic activity
of Au/NaOH/SiO, improves remarkably with the initial increasing
NaOH:Au molar ratio. Au/NaOH/SiO,-6 is active in catalyzing CO
oxidation at room temperature (30 °C), and the CO conversion
reaches 30%, corresponding to a reaction rate of 0.0866 molco gAL(1
h~! under our reaction condition. With the further increasing NaO-
H:Au molar ratio, the catalytic activity of Au/NaOH/SiO, decreases.
Fig. 1B compares Tsq (the temperature corresponding to a 50% CO
conversion) of various catalysts. Au/NaOH/SiO,-6 is most active
and achieves its Tsoy at 320 K. The stability of Au/NaOH/SiO,-6 in
CO oxidation was also studied at different reaction temperatures,
whose results are shown in Fig. 2. Au/NaOH/Si0O,-6 is quite stable
at 90 °C but gradually deactivates at 60 °C. These results demon-
strate that NaOH in Au/NaOH/SiO, is not consumed during the
course of CO oxidation.

The XRD patterns of various catalysts (Fig. 3) do not show any
differences, displaying diffraction peaks arising from Au nanoparti-
cles. The particle size and size distribution of Au nanoparticles in
Au/SiO,, Au/NaOH/SiO,-1, Au/NaOH/SiO,-6, and Au/NaOH/SiO,-
10 were further investigated by TEM (Fig. 4). In all catalysts, Au
nanoparticles were observed to be with a wide size distribution
and their sizes are not finer than 4 nm. Fig. 5 shows the size distri-
bution of Au nanoparticles in various catalysts counted from TEM
images in Fig. 4. The average size of Au nanoparticles was calcu-
lated to be 7.2, 7.4, 7.1, and 8.0 nm in Au/SiO,, Au/NaOH/SiO,-1,
Au/NaOH/SiO,-6, and Au/NaOH/SiO,-10, respectively. It can be
clearly seen that the addition of NaOH does not change the size dis-
tribution of Au nanoparticles in the catalyst. This should be ex-
pected from the preparation method of Au/NaOH/SiO, catalysts,
in which Au/SiO, calcined at 200 °C was employed as the precur-
sor. Therefore, the enhanced activity of Au/NaOH/SiO, catalysts
in CO oxidation, particularly the activity of Au/NaOH/SiO,-6 at
room temperature, should not result from the size effect of Au
nanoparticles.

Fig. 6 shows the XPS spectra and the normalized C 1s XPS peak
intensity of Au/SiO, and Au/NaOH/SiO, catalysts, and Table 1 sum-
marizes the surface composition of these catalysts derived from
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Fig. 2. Stability of Au/NaOH/SiO,-6 in CO oxidation at different reaction
temperatures.

the XPS results. The Si 2p and O 1s binding energy of all catalysts,
respectively, locate at 103.1 and 532.4 eV, corresponding to Si and
0 in SiO; [41]. The Na 1s XPS spectra of Au/NaOH/SiO,-x catalysts
display a single peak with the binding energy at 1072.0 eV, a char-
acteristic value for Na(I) cation [41]; its intensity strengthens with
the increasing NaOH:Au atomic ratio. The addition of NaOH influ-
ences the carbon species and amount in the catalysts quite much.
Only adventitious carbon with the binding energy at 284.5 eV ap-
pears in Au/SiO,, and its surface atomic ratio is 7.03%. Comparing
Au/SiO,, the surface atomic ratio of carbon species increases to
14.46% in Au/NaOH/SiO,-1, and besides the adventitious carbon,
another C 1s XPS peak at 288.9 eV that could be assigned to car-
bonate [41] appears; meanwhile, the surface atomic ratio of Si
and O decreases and that of Au slightly decreases. With the further
increasing NaOH:Au atomic ratio in Au/NaOH/SiO, catalysts, the
surface atomic ratio of carbon species keeps decreasing, and the
C 1s XPS peak at 288.9 eV corresponding to carbonate gradually
shifts to 288.4 eV that could be assigned to bicarbonate [41]. The
formation of carbonate and bicarbonate could be due to the reac-
tion between NaOH and CO, in the ambient condition, but it can
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Fig. 1. Catalytic activity (A) and Tso (B) of various catalysts in CO oxidation.
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Fig. 3. XRD patterns of various catalysts.

be seen from Table 2 that the surface atomic ratio of carbonate and
bicarbonate decreases with the increasing NaOH:Au atomic ratio in
Au/NaOH/SiO, catalysts, which indicates that there might be some
decomposition channels for carbonate and bicarbonate in the
catalysts.

The Au 4f XPS spectra of all catalysts show a single component
whose binding energy locates at 83.7eV for Au/NaOH/SiO,-x
(x < 6) and slightly shifts to 83.5eV for Au/NaOH/SiO,-x (x=8
and 10). This indicates that only metallic Au exists in all catalysts
[41]. XAS was used to further probe the electronic structure of
Au in Au/SiO; and Au/NaOH/Si0,-6 (Fig. 7). The Au Ly-edge XANES
spectra of Au/SiO, and Au/NaOH/SiO,-6 are almost identical whose
features can all be assigned to metallic Au [42]. The white-line
peak in the spectrum of Au/NaOH/SiO,-6 is slightly weaker than
that of Au/SiO,. This feature is due to a 2ps;; — 5d transition, and
its intensity is proportional to the density of unoccupied d states
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Fig. 5. Size distribution of Au nanoparticles in various catalysts.

and thus decreases with the reducing oxidation state of Au [43].
Therefore, both XANES and XPS results confirm that only metallic
Au nanoparticles exist in Au/SiO, and Au/NaOH/SiO,-x catalysts,
but a weak charge transfer might occur from hydroxyls-derived
surface adsorbates to Au nanoparticles in Au/NaOH/SiO,.

Above structural characterization results clearly reveal that
both the particle size distribution and the electronic structure of
Au nanoparticles in Au/NaOH/SiO,-x are similar to those in Au/
Si0,. However, Au/NaOH/SiO,-x exhibits much better catalytic
activity in CO oxidation than Au/SiO,; moreover, Au/NaOH/SiO,-6
is active in catalyzing CO oxidation at room temperature at which
temperature Au/SiO, is completely inactive. Therefore, the activity
of Au/NaOH/Si0,-6 in low-temperature CO oxidation is induced by
NaOH additives. It has been previously reported that Na(I) cation
does not promote the activity of supported Au catalysts in CO oxi-
dation [34,44], thus the promotion effect of NaOH on Au/SiO,

Fig. 4. Representative TEM images of Au/SiO, (a1 and a2), Au/NaOH/SiO,-1 (b1 and b2), Au/NaOH/SiO,-6 (c1 and c2), and Au/NaOH/SiO,-10 (d1 and d2).
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Fig. 6. Au 4f, Na 1s, Si 2p, O 1s, C 1s XPS spectra and the normalized C 1s XPS peak area of various catalysts.

Table 1

Surface compositions of Au/SiO2 and Au/NaOH/SiO2 catalysts derived from XPS results.

Catalyst Atomic composition
Au C Na Si 0]
Component 1? Component 2°

Au/SiO, 0.10 7.03 22.53 70.35
Au/NaOH/Si0,-1 0.09 13.95 0.51 0.45 20.62 64.29
Au/NaOH/SiO,-4 0.10 9.16 0.33 1.40 21.67 67.31
Au/NaOH/Si0,-6 0.11 7.95 0.41 1.78 22.23 67.41
Au/NaOH/Si0,-8 0.13 4.11 0.33 2.53 22.44 70.26
Au/NaOH/Si0,-10 0.13 3.79 0.26 3.10 22.57 70.06

¢ Adventitious carbon.
b Carbonate or bicarbonate.

comes from hydroxyl groups. SiO; is an inert support and does not
participate in the catalytic reaction, thus the promotion effect can
only occur on Au nanoparticles. Therefore, our results provide solid
evidence that hydroxyls on “inert” Au nanoparticles supported on
SiO, can induce their activity in low-temperature CO oxidation
without the involvement of oxide support.

The enhancement effect of H,O on the activity of supported Au
catalysts in low-temperature CO oxidation has been unambigu-
ously identified, in which hydroxyls have been proposed to play
the key role [13-18]. It has also been clearly demonstrated that
H,O0 reacts with adsorbed oxygen atoms on Au(11 1) to form hy-
droxyl groups capable of reacting with CO at low surface tempera-
tures to form CO, [27-29]. However, it is well known that the
mechanism of molecular oxygen activation is one of the most chal-

lenging issues in the fundamental understanding of low-tempera-
ture CO oxidation catalyzed by supported Au catalysts. It also
remains as a challenging issue whether H,O plays a role in the cru-
cial molecular oxygen activation step and how. No answer to this
issue could be derived from the observed enhancement effect of
H,0 in previous reported systems [11-25], in which supported
Au catalysts can catalyze the low-temperature CO oxidation and
thus can activate molecular oxygen even without the addition of
H,O0 in the feed stream. Meanwhile, surface science studies of mod-
el catalysts all started from the atomic-oxygen-covered Au(11 1)
surface, and thus the issue of molecular oxygen activation was
not involved [27-29]. With this respect, our results of SiO,-sup-
ported Au catalysts provide novel and insightful experimental evi-
dence. SiO, does not participate in the catalytic reaction, and Au/
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Table 2

Activation energy and reaction enthalpy of elementary surface reactions on Au(11 1)
considered in our calculations. Elementary surface reactions are divided into trigger,
cycle, and poison steps.

Elementary steps E, (eV) AH (eV)
Trigger OH(a) + CO(a) — COOH(a) 0.44 -1.15
Cycle 1 COOH(a) —» CO,g) + H(a) 0.98 -0.54
H(a) + O5(g) — HOz(a) 0.34 -0.42
HO,(a) » OH(a)+ 0 (a) 0.57 -0.26
CO(a) +0(a) - COx(g) 0.39 —-2.55
Cycle 2 COOH(a) + 05(g) — OOCOOH(a) (ring) 0.94 -0.81
OOCOOH(a) - 0(a) + di-CO3H(a) 0.78 -0.87
di-COsH(a) — mono-COsH(a) 0.60 +0.41
mono-COsH(a) —» OH(a) + CO4(g) 0.39 +0.04
CO(a) + O(a) —» CO(g) 0.39 -2.55
COx(g) + 0(a) — CO5(a) 0.79 +0.28
Poison COs(a) —» O (a) + CO4(g) 0.51 -0.28
COy(g) + OH(a) — di-COsH(a) 0.35 —0.45
XANES: Au L edge
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Fig. 7. Au Lj; XANES spectra of Au/SiO, and Au/NaOH/SiO,-6.

SiO, is completely inactive in CO oxidation at room temperature,
demonstrating that Au nanoparticles in Au/SiO, are inert in acti-
vating molecular oxygen at room temperature. However, Au nano-
particles in Au/NaOH/SiO,-6 with the similar particle size
distribution and electronic structure to those in Au/SiO, are cata-
lytically active in CO oxidation at room temperature, clearly dem-
onstrating that hydroxyls can induce the activation of molecular
oxygen on “inert” Au nanoparticles at room temperature. As far
as we know, our results represent the first experimental evidence
directly proving that hydroxyls on “inert” Au nanoparticles can
activate molecular oxygen for low-temperature CO oxidation with-
out the involvement of oxide supports. These results provide novel
insights into the fundamental understanding of the intrinsic activ-
ity of Au nanoparticles in catalyzing oxidation reactions.

DFT theoretical calculations were performed to understand the
hydroxyls-induced oxygen activation and catalytic activity of “in-
ert” Au nanoparticles in low-temperature CO oxidation. Since Au
nanoparticles themselves are inactive in activating molecular oxy-
gen and catalyzing CO oxidation at room temperature, a Au(1 1 1)
planar model, instead of a Au cluster model, was adopted to
simulate Au nanoparticles in our catalysts. Water-enhanced low-
temperature CO oxidation on O(a)-covered Au(111) has been

experimentally observed [27,28], and relevant theoretical calcula-
tions have been performed employing O(a)-covered Au(11 1) as
the model [28,45]. Ojifinni et al. [28] proposed the following mech-
anism: H,0(a) reacts with O(a) to form OH(a) on Au(11 1) fol-
lowed by the reaction of OH(a) with CO(a) to form CO,. They also
pointed out that more than one reaction pathways are involved
in the oxidation of CO on Au(1 1 1) with coadsorbed oxygen ada-
toms and water. Our previous DFT calculation results [45] reveal
another reaction pathway: CO(a) reacts with OH(a) on Au(111)
to form COOH(a) with an activation energy of 0.44 eV, and COO-
H(a) dissociates to form gaseous CO, with a low activation barrier
assisted by another H,O(a). However, all these previous DFT calcu-
lations did not involve the crucial step of O, activation on Au(11 1)
at all, and thus their results could not explain our current experi-
mental results that hydroxyls can induce the activation of molecu-
lar oxygen on “inert” Au nanoparticles for CO oxidation at room
temperature. Therefore, in our DFT calculations, we started with
OH(a)-covered Au(11 1), CO, and 0.

It is well known that the clean Au(1 1 1) surface is not able to
adsorb and activate O,. DFT theoretical calculation results have
shown that coadsorption of H,O can stabilize O,(a) on Ag(111)
to some extent [46]. However, our calculation results found neg-
lectable influence of coadsorption of H,O(a) or OH(a) on the
adsorption energy of O, on Au(11 1), implying that H,0(a) or
OH(a) on Au(1 1 1) can not directly assist the adsorption and acti-
vation of O, on Au(111).

Our DFT calculation results reveal two likely reaction mecha-
nisms for CO oxidation on OH(a)-covered Au(1 1 1), whose elemen-
tary surface reaction steps are summarized in Table 2. The
elementary reaction steps were classified into trigger, cycle, and
poison steps. The trigger step is the reaction of CO(a) with OH(a)
to form COOH(a) on Au(1 1 1) that proceeds with an activation en-
ergy of 0.44 eV and a reaction enthalpy of —1.15 eV. The optimized
geometric structure of COOH(a) on Au(11 1) is shown in Fig. 8a.
Then, two catalytic oxidation mechanisms of COOH(a) on
Au(111) by O, were found and schematically illustrated in
Fig. 9. In mechanism I (Fig. 9a), COOH(a) firstly decomposes to
CO, and H(a) on Au(111) with an activation energy of 0.98 eV
and a reaction enthalpy of —0.54 eV, agreeing with previous DFT
calculation results [28]. This suggests that COOH(a) on Au(111)
is quite stable, in consistence with experimental observations that
COOH(a) remains stable on Au(11 1) up to ~350K [47]. Ojifinni
et al. considered that the decomposition of COOH(a) on Au(11 1)
with such a high activation barrier could not account for the
H,0-enhanced CO oxidation on O(a)-covered Au(111) below
180K [28]. However, under the catalytic reaction conditions in
our experiments (T > 300 K), we believe that this reaction can oc-
cur. The formed H(a) on Au(1 1 1) can readily react with O, to form
HO,(a) with an activation energy of 0.34 eV and a reaction enthal-
py of —0.42 eV. The optimized geometric structure of HO,(a) on
Au(11 1) is shown in Fig. 8b. The formation of HO,(a) by the reac-
tion of O, with a single bridging OH group on TiO,(1 1 0) has been
recently identified by the combined STM and DFT studies [48,49].
This reaction is similar to the calculated first step of H,0, synthesis
from H, + O, on Au and AuPd surfaces [50]. HO,(a) dissociates to
OH(a) and O(a) on Au(1 1 1) with an activation energy of 0.57 eV
and a reaction enthalpy of —0.26 eV, and O(a) then readily reacts
with CO(a) to form CO,. The calculated reaction path for the
H(a) + O, reaction and the decomposition reaction of HO,(a) on
Au(11 1)is presented in Fig. 10. Therefore, the overall surface reac-
tion of the cycle is 2C0O(a) + O,(g) + OH(a) —» 2C0O,(g) + OH(a), and
OH(a) acts as a cocatalyst. In this reaction mechanism, all the ele-
mentary surface reactions are exothermic, the rate-determining
step is the decomposition of COOH(a), and the activation of O, is
accomplished by its reaction with H(a) on Au(1 1 1). This reaction
mechanism is similar to the water gas shift reaction mechanism
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(a)

Fig. 8. Optimized geometric structures of important intermediates involved in surface reactions: (a) COOH, (b) HO,, (c) ring-OOCOOH, (d) di-CO3H, (e) mono-COsH, and

(f) COs. The adsorption energy of each surface species is also shown.
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Fig. 9. Schematic illustrations of two different surface reaction cycles: (a) dissociation of COOH(a) and (b) reaction of COOH(a) with 02.

TS1

Fig. 10. Optimized geometric structures of initial state, transition state, and final state of elementary surface reaction of the formation of HO,(a) by H(a) + O, and the

decomposition of HO,(a) to O(a) + OH(a) on Au(11 1).

catalyzed by TiO,_,/Au(11 1) and CeO,_,/Au(1 1 1) catalysts pro-
posed by Rodriguez et al. [51]. In their reaction mechanism,
CO(a) on Au(11 1) reacts with OH(a) on oxides at the Au-oxide
interface to form COOH(a), COOH(a) decomposes to produce CO,
and H(a), and H(a) then recombines to form H,.

In mechanism II (Fig. 9b), COOH(a) reacts directly with O, to
form OOCOOH(a) with a hydrogen-bonded five-membered ring
structure on Au(1 1 1) with an activation energy of 0.94 eV and a
reaction enthalpy of —0.81 eV. The optimized geometric structure
of OOCOOH(a) on Au(1 1 1) is shown in Fig. 8c. Its ring structure

ST (0

(a) COOH+O, (b)

OO0COOH (d)

is similar to the configuration of [CO4] recently reported to be
the intermediate of hyperthermal O-atom exchange reaction be-
tween O, and CO, [52]. OOCOOH(a) can undergo a decomposition
reaction to form O(a) and di-COsH(a) with an activation energy of
0.78 eV and a reaction enthalpy of —0.87eV. The optimized
geometric structure of di-COsH(a) on Au(111) is shown in
Fig. 8d, in which COsH(a) is bonded to Au(11 1) through two
oxygen atoms. The calculated reaction path for the COOH(a) + O,
reaction and the decomposition reaction of OOCOOH(a) on
Au(111) is presented in Fig. 11. The formed O(a) reacts with

TS2 (€ O+CO.H

Fig. 11. Optimized geometric structures of initial state, transition state, and final state of elementary surface reaction of the formation of OOCOOH(a) by COOH(a) + O, and the

decomposition of OOCOOH(a) to O(a) + COsH(a) on Au(111).
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CO(a) to form CO,. di-COsH(a) follows the reaction pathway sche-
matically illustrated in Fig. 12: di-COsH(a) firstly transforms into
mono-COsH(a) with an activation energy of 0.60 eV and a reaction
enthalpy of 0.41 eV, and then mono-COsH(a) decomposes into CO,
and OH(a) with an activation energy of 0.39 eV and a reaction en-
thalpy of 0.04 eV. Fig. 8e shows the optimized geometric structure
of mono-COsH(a) bonded to Au(1 1 1) through one oxygen atom.
Similar to mechanism I, the overall surface reaction of the cycle
in mechanism II is 2C0O(a) + 0,(g) + OH(a) — 2C0O,(g) + OH(a), and
OH(a) acts as a cocatalyst. In mechanism II, the transformation of
di-COsH(a) into mono-COsH(a) and the decomposition of mono-
COsH(a) into CO, and OH(a) are endothermic, other elementary
surface reactions are exothermic. The rate-determining step is
the reaction of COOH(a) with O, to form OOCOOH(a) on
Au(1 1 1), which is also the activation step of O,. Mechanism II is
novel and has not been previously reported.

Above DFT calculation results demonstrate two complete reac-
tion mechanisms for CO oxidation on OH(a)-covered Au(111)
including the OH(a)-induced activation process of O,. The activa-
tion energy of the rate-limiting step in both mechanisms is
~1 eV (96 kJ/mol). These theoretical calculation results adequately
support the experimental results that the hydroxyls can induce the
activation of O, on “inert” Au nanoparticles to catalyze CO oxida-
tion at room temperature. Our results represent the first combined
experimental and theoretical evidence for hydroxyls-induced oxy-
gen activation on “inert” Au nanoparticles for low-temperature CO
oxidation, providing novel insights into the role of hydroxyls in Au-
catalyzed CO oxidation. On the basis of DFT theoretical calcula-
tions, two roles of H,O/hydroxyls-enhanced catalytic activity of
Au catalysts in CO oxidation have been previously proposed: one
is to enhance the binding and activation of O, on Au clusters by
the coadsorption of O, and H,0 [30] and the other is to facilitate
the adsorption of O, on TiO, followed by the diffusion of 0,(a) to
the Au-TiO, interface to participate in CO oxidation [31]. However,
in both previously reported mechanisms, H,O/hydroxyls only exhi-
bit an enhancement effect because Au catalysts themselves can
activate oxygen. However, in our mechanisms, hydroxyls act as a
cocatalyst without which oxygen cannot be activated on the Au
surface at room temperature. It is noteworthy that the activation
energy of the rate-limiting elementary surface reactions reported
in previous mechanisms [30,31] is ~0.5 eV, much lower than that
in our case. Therefore, these different mechanisms might contrib-
ute to the activity of Au catalysts in CO oxidation at different reac-
tion conditions. It has been generally accepted that CO oxidation
catalyzed by Au catalysts proceeds with multireaction pathways.
Moreover, the activation energy of elementary surface reactions
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in our mechanisms might reduce with the decrease in the size of
supported Au nanoparticles.

It can be seen that the hydroxyls-induced CO oxidation is trig-
gered by COOH(a) in our mechanisms. Kung et al. [14-16] have
experimentally observed the formation of COOH(a) on Au/Al,O3
catalysts in CO oxidation in the presence of H,O or H, in the reac-
tion mixture. They [6] proposed that the active site of Au/Al;0O5 in
low-temperature CO oxidation is an ensemble of Au*-~-OH™ to-
gether with Au(0) atoms and that COOH(a) formed by insertion
of adsorbed CO into the Au*~OH™ bond is the key reaction interme-
diate. COOH(a) is then either oxidized to bicarbonate followed by
the decarboxylation to Au*~OH~ and CO, or decarboxylated to
CO, and Au-H, in which the latter is oxidized to Au*-OH. Their
mechanism is very similar to ours, but the dissociation of O, into
0O(a) on fine Au nanoparticles in Au/Al,05; was assumed to be inev-
itable. Our current results demonstrate that such reaction mecha-
nisms can occur exclusively on the “inert” Au surface without the
participation of Au(I); moreover, COOH(a) can directly react with
0, to initiate the catalytic reaction cycle.

Both reaction mechanisms that we calculated have the similar
activation energy for the rate-limiting step, demonstrating that
they should work simultaneously in the view of kinetics. However,
in the view of thermodynamics, there are obvious differences be-
tween mechanisms I and II. In mechanism I, every elementary step
is exothermic, implying that a low reaction temperature facilitates
the oxidation of CO to CO, following mechanism I as long as the
reaction temperature kinetically allows the occurrence of these
elementary steps. However, in mechanism II, the transformation
of di-COs3H(a) into mono-COsH(a) and the decomposition of
mono-COsH(a) into CO, and OH(a) are endothermic, whereas other
elementary surface reactions are exothermic. This indicates that di-
COsH(a) is thermodynamically favored and will accumulate on the
surface at low reaction temperatures, which might eventually
block mechanism II. Furthermore, we also found that the reaction
product CO, can facilely react with hydroxyls to form di-COsH(a)
on the Au(1 1 1) surface with an activation energy of 0.35 eV and
a reaction enthalpy of —0.45 eV (Table 2). These results suggest
that di-COsH(a) on the Au surface should be the poison that leads
to the deactivation of Au catalysts in CO oxidation at low temper-
atures. On basis of this DFT calculation result, the experimentally
observation that Au/NaOH/SiO,-6 is deactivated at 60 °C but not
at 90 °C could be attributed to the formation and accumulation
of di-CO3H(a) on the Au surface that is favored thermodynamically
at low reaction temperatures. It is very interesting that the poison-
ing route for CO oxidation on OH(a)-covered Au(1 1 1) is thermo-
dynamically controlled instead of kinetically controlled.

4

mono-CO;H

Fig. 12. Schematic illustration of the dissociation reaction of di-COs3H(a) on Au(1 1 1) (from left to right). The reverse reactions (from right to left) represents the deactivation

process of Au(1 1 1). The activation energy of each elementary step is also indicated.
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We also calculated the kinetics and thermodynamics of the
reaction between CO, and O(a) to form COs(a) on the Au(1 1 1) sur-
face. The reaction of CO, + O(a) — CO3(a) proceeds with an activa-
tion energy of 0.79 eV and a reaction enthalpy of 0.28 eV, whereas
the reverse decomposition reaction of COs(a) — CO, +0(a) pro-
ceeds with an activation energy of 0.51 eV and a reaction enthalpy
of —0.28 eV (Table 2). This indicates that in the view of both kinet-
ics and thermodynamics, the decomposition reaction of CO5(a) —
CO, +0(a) is more favored than the reaction of CO,+0O(a) —
CO5(a) at low reaction temperatures, namely, CO3(a) is not likely
to be the poison on the Au surface in low-temperature CO
oxidation.

5. Conclusions

Employing Au/SiO; inert in catalyzing CO oxidation at temper-
atures below 150 °C, we have successfully elucidated the influence
of hydroxyls on the intrinsic activity of Au nanoparticles in CO oxi-
dation both experimentally and theoretically. Hydroxyls can in-
duce the activation of O, on “inert” Au nanoparticles and thus
their activity in catalyzing CO oxidation at room temperature.
The DFT theoretical calculation results reveal the determining role
of COOH(a) in hydroxyls-induced activation of O, and catalytic
activity of the Au(1 1 1) surface in low-temperature CO oxidation.
di-CO3H(a) whose formation is thermodynamically favorable at
low reaction temperatures is identified to be the poison leading
to the deactivation of Au/NaOH/SiO, catalysts in low-temperature
CO oxidation. These results provide novel insights into the role of
hydroxyls in the catalytic activity of Au catalysts and advance
the fundamental understanding of oxidation reactions catalyzed
by Au catalysts.
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