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ABSTRACT: Via a comprehensive time-resolved operando-
DRIFTS study of the evolutions of various surface species on
Au/CeO, catalysts with Au particle sizes ranging from 1.7 =+
0.6 to 3.7 & 0.9 nm during CO oxidation at room temperature,
we have successfully demonstrated size-dependent reaction
pathways and their contributions to the catalytic activity. The
types and concentrations of chemisorbed CO(a), carbonate,
bicarbonate, and formate species formed upon CO adsorption,
their intrinsic oxidation/decomposition reactivity, and roles in
CO oxidation vary with the size of the supported Au particles.
The intrinsic oxidation reactivity of CO(a) does not depend
much on the Au particle size, whereas the intrinsic
decomposition reactivity of carbonate, bicarbonate, and
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formate species strongly depend on the Au particle size and are facilitated over Au/CeO, catalysts with large Au particles.
These results greatly advance the fundamental understanding of the size effect of Au/CeO, catalysts for low-temperature CO

oxidation.
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1. INTRODUCTION

Heterogeneous catalysis by gold has advanced significantly
since Haruta et al. reported the very high catalytic activity of Au
particles below 5 nm dispersed on base metal oxides in low-
temperature CO oxidation." The size-dependent catalytic
activity of supported Au catalysts in CO oxidation is a
fascinating fundamental issue in Au catalysis”® and has been
extensively studied.** The decrease in the size of supported Au
particles increases the Au-support perimeter interface length
and, thus, enhances the catalytic activity of supported Au
catalysts following the periphery reaction mechanism.® The size
of the supported Au particles can affect their geometric
structure/morphology and, subsequently, the number of low-
coordinated Au atoms generally with enhanced catalytic
activity.°™ The decrease in the size of Au particles can also
change their electronic structure, including the quantum size
effect and, subsequently, the catalytic activity.>” However, it has
been recognized that CO oxidation catalyzed by supported Au
catalysts follows various reaction pathways involving different
active sites and the corresponding surface species/intermedi-
ates;'>® thus, the size-structure-catalytic activity relation
established without adequate information on the surface
species/intermediates and reaction mechanisms could be one-
sided in fundamentally understanding the size effect of
supported Au catalysts.

Diftuse reflectance infrared Fourier transformed spectroscopy
(DRIFTS) and temporal analysis of product (TAP) techniques
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are powerful in identifying surface species/intermediates and
elucidating reaction mechanisms of heterogeneous catalytic
reactions. Au/CeQ, catalysts are among the most extensively
studied supported Au catalysts for CO oxidation. DRIFTS
results have demonstrated the formation of various surface
species, including CO(a) adsorbed on Au surfaces and
carbonate, bicarbonate, and formate species involving CeO,
surfaces upon CO adsorption on Au/CeQ, catalysts'>'®*” and
the facile oxidation of CO(a) adsorbed on Au surfaces by
0,,'%?%*” whereas TAP results have demonstrated the
participation of carbonate, bicarbonate, and formate species
involving CeO, surfaces in CO oxidation.'” However, the size
effect of Au particles supported on CeO, on the intrinsic
reactivity of CO(a), carbonate, bicarbonate, and formate
species has not been explored.

In the research for this paper, we prepared Au/CeO,
catalysts with different Au particle sizes between 1.7 and 3.7
nm and employed the time-resolved operando-DRIFTS
technique to comprehensively study the CO adsorption and
oxidation processes on these Au/CeO, catalysts. The types and
concentations of chemisorbed CO(a), carbonate, bicarbonate,
and formate species formed upon CO adsorption were
observed to depend on the size of supported Au particles;
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moreover, these surface species were observed to exhibit
different dependences of their intrinsic oxidation/decomposi-
tion reactivity on the size of supported Au particles. These
results reveal a novel vision on the size effect in supported Au
catalysts for CO oxidation that the contributions of different
surface species and corresponding reaction pathways to the
catalytic activity depend on the Au particle size.

2. EXPERIMENTAL SECTION

2.1. Catalysts Preparation. All chemical reagents with the
analytical grade were purchased from Sinopharm Chemical
Reagent Co.; CO (99.99%), O, (99.999%), Ar (99.999%), and
N, (99.999%) were purchased from Nanjing Shang Yuan
Industrial Factory. All chemicals were used as received. CeO,
was synthesized by precipitation using urea as the precipitation
agent. Typically, 10.96 g of (NH,),Ce(NO,)¢ and 192 g of
urea were dissolved in 320 mL ultrapure water (resistance > 18
MQ). The aqueous solution was refluxed for 8 h at the boiling
temperature and then aged overnight at room temperature.
Then the precipitates were filtered and washed several times
with hot water; dried in vacuum at 80 °C for 16 h; and finally,
calcined under ambient air at 650 °C for 8 h. Au/CeO,
catalysts with various Au:CeO, weight ratios were prepared
by a deposition—precipitation (DP) method employing
HAuCl, as the Au precursor. Typically, a desired amount of
HAuCl, aqueous solution, 1.0 g of CeO,, and 50 mL of
ultrapure water were coadded into a three-neck bottle and
adequately mixed by stirring at 60 °C for 15 min. An
appropriate amount of ammonium hydroxide was added to
adjust the pH value of the system to between 8 and 8.5, after
which the system was stirred at 60 °C for 1 h. The solid was
then filtered, washed with ultrapure water several times, dried at
60 °C under vacuum for 12 h, and calcined at 400 °C for 2 h.

2.2. Characterization Methods. BET specific surface
areas were measured using a Micromeritics Tristar IT 3020 M
system, and the sample was degassed at 300 °C in a nitrogen
atmosphere before the measurement. The compositions of
catalysts were analyzed by inductively coupled plasma atomic
emission spectrometer. Powder X-ray diffraction (XRD)
patterns were recorded on a Philips X'Pert PRO diffractometer
using a nickel-filtered Cu Ka (wavelength: 0.15418 nm)
radiation source with operation voltage and operation current
of 40 kV and 40 mA, respectively. X-ray photoelectron
spectroscopy (XPS) measurements were performed on an
Escalab 250 high-performance electron spectrometer using
monochromatized Al Ka (hv = 1486.7 eV) as the excitation
source. The likely charging of samples was corrected by setting
the binding energy of the adventitious carbon (C 1s) to 284.8
eV. Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) experi-
ments were preformed on JEOL-2100F with electron
acceleration energy of 200 kV. X-ray absorption spectra were
recorded at room temperature in the fluorescence mode at the
BL14W1 beamline of Shanghai Synchrotron Radiation Facility,
China.

2.3. Operando DRIFTS Experiments. Operando DRIFTS
measurements were performed on a Nicolet 6700 FTIR
spectrometer equipped with an in situ DRIFTS reaction cell
(Harrick Scientific Products, Inc.) and a MCT/A detector.
Prior to the measurements, 100 mg of catalyst was loaded onto
the sample stage of the reaction cell and pretreated at 120 °C
under Ar (flow rate: 20 mL/min) for 1 h to desorb adsorbed
water, then cooled down to RT in Ar. In the subsequent CO
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adsorption experiments, the CO flow (1%CO/Ar, flow rate: 20
mL/min) was introduced onto the catalyst at RT for 1 h and
then purged with Ar (flow rate: 20 mL/min) or O, (1%0,/Ar,
flow rate: 20 mL/min) at RT for 4 h. In the subsequent CO +
O, reaction experiments, the CO + O, flow (1%CO/1%0,/Ar,
flow rate: 20 mL/min) was introduced onto the catalyst at RT
for 1 h. The adsorption/reaction and purging processes were
monitored by DRIFTS using the series measurement function
with 64 scans and a resolution of 4 cm™ that gave a temporal
resolution of 24.36 s. The intensities of adsorbed species were
evaluated in Kubelka—Munk units (KMU), derived from the
reflectance, R, via the equation of KMU, = (1 — R,)?/2R, that
was proved to be proportional to the adsorbate concentration
over a wide range of experimental conditions.”®*® Similar
quantitative analysis was previously used in the DRIFTS studies
of the water—gas shift reation.** > The DRIFTS spectrum of
the freshly pretreated catalyst purged with Ar at RT was taken
as the background spectrum. The gas-phase CO signal was
further subtracted using the spectrum acquired on the pure
support in CO (1% CO/Ar, flow rate: 20 mL/min)
atmosphere. The peak-fitting of DRIFTS spectra was processed
with the peak deconvolution function of Nicolet’'s OMNIC
Spectra Software.

2.4. CO Oxidation Experiments. Catalytic activity was
evaluated with a fixed-bed flow reactor. The -catalyst
experienced no pretreatment prior to the catalytic reaction.
The used catalyst weight was 100 mg (particle size: 280—450
um), and the reaction gas consisting of 1% CO, 1% O,, and
98% N, was fed at a space velocity of 60000 mL g~' h™". The
composition of the effluent gas was detected with an online
GC-'*C gas chromatograph equipped with a SA column (T =
60 °C, H, as the carrier gas at 30 mL/min). The steady state
conversion of CO was calculated from the change in CO
concentrations in the inlet and outlet gases.

3. RESULTS AND DISCUSSION

Three Au/CeO, catalysts with Au/CeO, weight ratios of
0.18%, 0.97%, and 5.7% were prepared and characterized in
detail. The BET specific surface areas of 0.18%-, 0.97%-, and
5.7%-Au/CeO, catalysts are 79.2, 71.6, and 75.2 mz/g,
respectively. In their XRD patterns (Figure 1A), all Au/CeO,

A . +CeO, B c,
s  YAU

~ *y ‘” = ‘;7’;
3 ’ Loe e M e 5
Y £ £
2 LU A rb B e c 8
£ T S

a Zl a3 Zg]

2030 40 50 60 70 80 80 84 8 92 119101194011970

20) Binding energy (eV) Photon energy (eV)

Figure 1. (A) XRD patterns, (B) Au 4f XPS, and (C) Au Ly, edge
XANES spectra of (a) 0.18%-Au/CeO,, (b) 0.97%-Au/CeO,, and (c)
5.7%-Au/CeO, catalysts.

catalysts exhibit strong CeO, diffraction peaks, but only 5.7%-
Au/CeO, catalyst exhibit weak Au diffraction peaks, whereas
0.18%- and 0.97%-Au/CeO, catalysts do not. This could be
likely due to the low Au loadings or the very fine Au particles of
0.18%- and 0.97%-Au/CeO, catalysts. In their TEM and
HRTEM images (Figure 2 and Figures S1—S3), supported Au
particles in all Au/CeO, catalysts exhibit similar polyhedral
shapes, and their sizes are 1.7 + 0.6, 2.6 + 0.6, and 3.7 + 0.9
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Figure 2. TEM, HRTEM images, and Au particle size distributions of
(A1—A3) 0.18%-Au/CeO,, (B1-B3) 0.97%-Au/CeO,, and (C1-C3)
5.7%-Au/CeO, catalysts.

nm, respectively, in 0.18%-, 0.97%-, and 5.7%-Au/CeO,
catalysts. In the Au 4f XPS spectra (Figure 1B), all Au/CeO,
catalysts exhibit a single Au 4f component, with the Au 4f,/,
binding energy at 84.0 eV, a typical value for metallic Au; in the
Au Ly edge XANES spectra (Figure 1C), all Au/CeO, catalysts
exhibit the same white-line peak as that of Au foil. Thus,
metallic Au dominates in all Au/CeO, catalysts. Model catalyst
studies have established that the Au 4f binding energy of
ultrafine Au particles will increase with a decrease in their size,
and the charge transfer from reducible oxide supgorts to
ultrafine Au nanoparticles can counteract this effect.”**** We
previously observed that the Au 4f binding energy of Au
particles below 2 nm supported on SiO, was higher than those
of larger Au particles and bulk Au,” but Au particles below 2 nm
supported on CeO, in 0.18%-Au/CeO, catalyst exhibit the
same Au 4f binding energy as those larger Au particles in
0.97%- and 5.7%-Au/CeO, catalysts. This could be taken as an
indication that charge transfer occurs between Au particles and
CeO, support to modify the electronic structure of supported
Au particles.

Figure 3A presents catalytic activity of various Au/CeO,
catalysts in CO oxidation with the reaction gas consisting of 1%
CO, 1% O,, and 98% N,. The various reaction rates of Au/
CeO, catalysts at 25 °C follow the order of 5.7%-Au/CeO,
(129 X 107° molco Geayst 8 ) > 0.97%-Au/CeO, (3.7 X
107" molco Geaparyst + $71) > 0.18%-Au/CeO, (2.04 X 1077
molco gcatalyst_l s~!), and the reaction rates normalized to the
Au loading at 25 °C follow the order of 0.18%-Au/CeO, (22.3
mmolcy moly, ™ s7Y) > 0.97%-Au/CeO, (7.5 mmolc,
mol,, ™! s7!) > 5.7%-Au/CeO, (4.4 mmolsy mol,, ™' s7%).
These results agree with the generally observed size-dependent
catalytic activity of Au particles supported on CeO, in CO
oxidation that the specific catalytic activity normalized to the
Au loading increases with a decrease in the size of the Au
particle. The Arrhenius plots of various Au/CeO, catalysts in
CO oxidation were plotted employing the data in Figure 3A,
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Figure 3. (A) Catalytic activity and (B) Arrhenius plots of (a) 0.18%-
Au/Ce0,, (b) 0.97%-Au/Ce0O,, and (c) 5.7%-Au/CeO, catalysts in
CO oxidation.

from which the apparent activation energies were calculated.
The results (Figure 3B) show that the apparent activation
energies of 0.97%- and 5.7%-Au/CeO, are similar and larger
than that of 0.18%-Au/CeQ,,.

Time-resolved operando-DRIFTS spectroscopy was used to
comprehensively study the CO adsorption and oxidation
processes on these Au/CeO, catalysts. Figure 4A shows
operando-DRIFTS spectra of steady-state CO adsorption on
CeO, and Au/CeO, at RT employing the spectrum of the
corresponding sample in Ar as the background. CO can adsorb
on either Au surfaces to form adsorbed CO(a) or on CeO,
surfaces to form carbonate, bicarbonate, and formate species.
Peak-fitting was performed for these spectra for a quantitative
analysis. The results are shown in Figure 4B—E, and the
assignments of the observed vibrational bands are summarized
in Table 1 on the basis of previous reports.'***%*733% op
bare CeO, (Figure 4B), CO adsorption leads to the formation
of bidentate bicarbonate (¢(COs3) at 1638 cm™), monodentate
carbonate (¢(CO5) at 1452 cm™"), bridged carbonate (¢(CO5)
at 1417 cm™), bidentate carbonate (z(CO;) at 1300 and 1569
cm™), and carbonite (¢(OCO) at 1272 cm™). The formation
of bidentate bicarbonate is accompanied by their v(OH)
vibrational band at 3610 cm™" at the expense of the terminal
isolated hydroxyl groups of CeO, (v(OH) at 3735 cm™);
meanwhile the bands at ~3690 and ~3672 cm™" arising from
the bridging isolated hydroxyl groups of CeO, also slightly
increase. All these bands get significantly enhanced for CO
adsorption on Au/CeO, catalysts and grow with the increasing
Au loading (Figure 3A), and their peak positions slightly shift
(Figure 4C—E). In addition, three new species—polydentate
carbonate (v(CO,) at 1472—1481 cm™'), bidentate formate
(¥(0CO) at 1370—1373 cm™!), and unassigned carbonate
(¥(0CO) at ~1339 cm™')—were observed, and bridged
formate (¢(OCO) at 1356 cm™) was observed to form on
0.18%-Au/CeO, but not on 0.97%- and 5.7%-Au/CeQ,. The
formation of formate species on Au/CeQO, catalysts is
accompanied by a decrease in the bridging isolated hydroxyl
groups at the Au/CeO, interface (v(OH) at 3656 cm™"). These
observations demonstrate that the loading of Au particles on
CeO, creates a large number of surface sites for CO adsorption
to form carbonate, bicarbonate, and formate species and that
the types and numbers of these surface sites depend on the
sizes and loadings of Au particles. Reasonably, these adsorption
sites should be located at the Au/CeQ, interfaces.

In addition to carbonate, bicarbonate, and formate species
involving CeO, surfaces, CO(a) adsorbed on Au surfaces forms
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Figure 4. (A) Operando-DRIFTS spectra of steady-state CO adsorption on 0.18%-Au/CeQ,, 0.97%-Au/CeO,, 5.7%-Au/CeO,, and CeO, catalysts
at RT and (B—E) their peak-fitting results. The scatter data and solid lines represent the original data and fitted curves, respectively. The signals of
gas-phase CO in the as-acquired operando-DRIFTS spectra were subtracted during the peak-fitting processes.

Table 1. Assignment of Vibrational Bands Formed upon CO
Adsorption on CeO, and Au/CeQ, Catalysts

Assignment Schematic structure Bands (cm™) References
=
Carbonite e 1264~1272 38,39
. O~ 1298~1308
Bidentate carbonate uZ Se=o 1566~1579 15,36,39-41
U igned carbonates - 1337~1341 27,39
M—0.
Bridged formate ” °>C—" 1355~1358 39,41-44
. O 1367~1376
Bidentate formate My _C—H 1566~1579 27,39,43-45
M—0.
Bridged carbonate Mo”0 1397~1417 36,39,40
PINgP
Monodentate carbonate 0 1452~1458 39,40
M0,
Polydentate carbonate M_“O;CT-O"'M 1472~1498 35,38,39
0.
Bidentate bicarbonate Mio>C—OH 1618~1638 35,36,39
CO(a)-Au’ - 2109~2118
CO(a)-Au®™ - 2125~2131 21,24.2637
Terminal isoated OFf on Cen0—H 3735 35,36,45-48
H
o '& o 3672
Bridging isolated OH on \‘-',' “‘-,/ 3690
" 35,36,46,47
CeOz |
,02\' ’,Q“ Va 3647
N ol e
Bridging isolated OH on R
Au-CeOQ; interface ot 3656 3

upon CO adsorption on Au/CeO, catalysts and their peak
intensities increase with the Au loading. The vibrational peak of
CO(a) could be fitted with two components at ~2109—2117
and 2125—2131 cm ™" that can be assigned to CO(a) at the Au’
and Au®" sites (Table 1), respectively. The Au’" sites were
proposed to locate at the Au/CeO, interfaces.* ™! The Au®*/
Au’ ratio was estimated from the intensity ratio between the
vibrational bands of CO(a)—Au’* and CO(a)—Au’ as 0.70,
0.47, and 0.10, respectively, for 0.18%-, 0.97%-, and 5.7%-Au/
CeO, (Table 2). This agrees with the fact that finer supported
Au particles are more dispersed and form more fractions of
Au—CeO, interfaces.

After steady-state CO adsorption at RT, Au/CeO, catalysts
were then purged in Ar. and the processes were monitored with
time-resolved DRIFTS spectroscopy. Figure SA shows DRIFTS
spectra after purging for 4 h employing the spectrum of the
corresponding sample in Ar as the background. The peak fitting
results are shown in Figure SB—D. After purging in Ar for 4 h,
the vibrational features of most surface species formed upon
CO adsorption greatly weaken, demonstrating their desorption
or decomposition. A very tiny vibrational peak at 2140 cm™" of
CO(a)—Au® could still be observed for 0.97%- and 5.7%-Au/
CeO,, but the feature of CO(a)—Au’ could not be observed.

Table 2. Vibrational Peak Intensities of CO(a)—Au’ and CO(a)—Au’* Formed on Au/CeQ, Catalysts during Steady State CO

Adsorption and CO + O, Reaction at RT

CO adsorption

CO+0, reaction

catalyst CO(a)—Au® CO(a)—Au®** CO(a)—Au*/CO(a)—Au® CO(a)—Au’ CO(a)—Auv’* CO(a)—Au*/CO(a)—Au®
0.18%-Au/CeO2 0.033 0.023 0.70 0.0196 0.0133 0.68
0.97%-Au/CeO, 0.448 0.209 0.47 0.096 0.072 0.75
5.7%-Au/CeO, 3.54 0.372 0.10 0 1.12
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Figure S. (A) DRIFTS spectra of Au/CeO, catalysts saturated by CO
adsorption at RT were purged in Ar for 4 h; (B—D) their peak-fitting
results. The scatter data and solid lines represent the original data and
fitted curves, respectively.

This demonstrates that CO(a)—Au’* on Au/CeO, catalysts is
more stable than CO(a)—Au’, agreeing with previous results.'®
Carbonate, bicarbonate, and formate species on Au/CeO,
formed upon CO adsorption are more stable than CO(a), as
demonstrated by their much stronger vibrational features
(Figure SA). We observed that the stabilities of carbonate,
bicarbonate, and formate species differed among various Au/
CeO, catalysts. Taking the vibrational band at ~1570 cm™" as
an example, the order of its intensity upon CO adsorption
follows 5.7%-Au/CeO, > 0.97%-Au/CeO, > 0.18%-Au/CeO,
(Figure 4A) but becomes 0.18%-Au/CeO, > 0.97%-Au/CeO,
~ 5.7%-Au/CeO, after purging for 4 h (Figure SA). This
indicates that the desorption/decomposition activity of the
surface species related to ~1570 cm™" (bidentate carbonate or
bidentate formate) should follow the order of 5.7%-Au/CeO, >
0.97%-Au/CeO, > 0.18%-Au/CeO,. The stretch vibrational
features of hydroxyl groups vary with both the type of hydroxyl
groups and the catalyst. The following observations are
noteworthy: (1) the minus band (~3735 cm™) of the terminal
isolated hydroxyl groups after Ar purging do not change much
compared with those formed upon CO adsorption; (2) the
band (~3610 cm™) of bidentate bicarbonate on 0.18%-Au/
CeO, is stronger than that on 0.97%- and 5.7%-Au/CeO,; (3) a
new feature at ~3647 cm™' assigned to the bridging isolated
hydroxyl groups of CeO, with neigubouring oxygen vacancy
(Table 1) is very obvious for the 0.18%-Au/CeO,.

We also employed time-resolved DRIFTS spectroscopy to
study the purge processes of Au/CeO, catalysts saturated by
CO adsorption at RT in O,, in which the surface species not
only desorbed or decomposed but also were likely oxidized.
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Figure 6A shows DRIFTS spectra after O, purging for 4 h; the
corresponding peak-fitting results are shown in Figure 6B—D.
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Figure 6. (A) DRIFTS spectra of Au/CeO, catalysts saturated by CO
adsorption at RT were purged in O, for 4 h and (B—D) their peak-
fitting results. The scatter data and solid lines represent the original
data and fitted curves, respectively.

The vibrational features of CO(a) after being purged in O, are
much weaker than those after being purged in Ar, which
demonstrates the occurrence of CO(a) oxidation in addition to
desorption during the O, purging. Comapring those purged in
Ar, the vibrational features of carbonate, bicarbonate, and
formate species vary with both the surface species and the
catalyst. For examples, the vibrational band at ~1570 cm™" after
being purged in O, is weaker than that after being purged in Ar
for all catalysts, demonstrating the occurrence of O,-assisted
decomposition in addition to desorption/decomposition during
the O, purging; however, it can be seen clearly that the reduced
intensity of this peak follows the order of 5.7%-Au/CeO, >
0.97%-Au/CeO, > 0.18%-Au/CeQ,. This indicates that the O,-
assisted decomposition activity of the surface species related to
~1570 cm™! (bidentate carbonate or bidentate formate) should
follow the order of 5.7%-Au/CeO, > 0.97%-Au/CeO, > 0.18%-
Au/CeO,. The vibrational peak of bridged formate at 1356
cm™! absent on the CO-saturated 0.97%- and 5.7%-Au/CeO,
was observed to emerge during the O, purging process,
implying that the presence of O, should facilitate its formation.
In the OH stretch vibration region, the minus v(OH) peak
(3656 cm™") of the bridging isolated hydroxyl groups at the
Au/CeQ, interface is visible for 0.18%- and 0.97%-Au/CeO,
after being purged in O, but not for some catalysts after being
purged in Ar; meanwhile, the v(OH) peak (~3610 cm™) of
bidentate bicarbonate on 0.97%-Au/CeQ, after being purged in
O, is stronger than the corresponding one after being purged in
Ar. Similar to the spectrum of CO-saturated 0.18%-Au/CeO,
purged in Ar (Figure 4A), the feature at ~3647 cm™" of the

DOI: 10.1021/cs502067x
ACS Catal. 2015, 5, 1653—1662


http://dx.doi.org/10.1021/cs502067x

ACS Catalysis

Research Article

bridging isolated hydroxyl groups of CeO, with a neighboring
oxygen vacancy becomes very obvious for CO-saturated 0.97%-
Au/CeO, purged in O,. These observations suggest that the
formation of bidentate bicarbonate should be accompanied by
the creation of an oxygen vacancy and the formation of the
bridging isolated hydroxyl groups on CeO, with the
neighboring oxygen vacancy.

We further examined the surface species formed on Au/
CeO, catalysts during the steady-state CO oxidation at RT
employing an operando-DRIFTS spectrometer and using the
spectrum of the corresponding sample in Ar as the background.
The results are shown in Figure 7. Comparing those formed

2342-CO,(a) B [0.18%AuCeO
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Figure 7. (A) Operando-DRIFTS spectra of steady-state CO oxidation
on Au/CeO, catalysts at RT and (B—D) their peak-fitting results. The
inset in Figure 6A shows the amplified region for CO,(a) on Ce*"
sites. The scatter data and solid lines represent the original data and
fitted curves, respectively. The signals of gas-phase CO in the as-
acquired operando-DRIFTS spectra were subtracted during the peak-
fitting processes.

during the steady-state CO adsorption at RT, CO(a) formed
during the steady-state CO oxidation at RT exhibits vibrational
features with reduced intensities. The CO(a) vibrational
features were fitted with the CO(a)—Au’ and CO(a)—Au’*
components (Figure 7B—D) whose intensities are summarized
in Table 2. For 0.18%-Au/CeO,, the CO(a)—Au®*/CO(a)—
Au’ ratio during CO oxidation is similar to that during CO
adsorption, indicating that the decreasing extents of CO(a)—
Au® and CO(a)—Au’* due to CO(a) oxidation are similar. For
0.97%-Au/CeQ,, the CO(a)—Au’"/CO(a)—Au’ ratio is mcuh
larger during CO oxidation than during CO adsorption,
indicating that the decreasing extent of CO(a)—Au’ due to
CO(a) oxidation is much larger than that of CO(a)—Au’*. For
5.7%-Au/CeO,, no CO(a)—Au’ component could be fitted,
and the CO(a)—Au’* peak under CO oxidation is much
stronger than that under CO adsorption. This observation
demonstrates the creation of Au®" sites on 5.7%—Au/ CeO,
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during CO oxidation at RT that can be attributed only to the
presence of oxygen species on the Au surfaces. Thus, the
adsorption and activation of O, on the Au surfaces follow the
order of 5.7%-Au/CeO, with Au particles dominantly between
2.5 and 5 nm > 0.97%-Au/CeO, with Au particles dominantly
between 1.5 and 3.5 nm > 0.18%-Au/CeO, with Au particles
predominantly between 1 and 2 nm. This indicates that the
optimal size of Au particles supported on CeO, to adsorb and
activate O, should be within 2.5 and 5 nm, which needs further
investigations. These results also demonstrate that CO(a)—Au’
is more reactive toward O, than CO(a)—Au’*, which is
consistent with previous results."® This could be associated with
the stronger interaction between the CO(a)—Au’* and Au
surface than between the CO(a)—Au’ and Au surface, as
demonstrated in Figure SA. These observations indicate an
interesting oxygen species-induced self-poisoning of the Au
surface in catalyzing low temperature CO oxidation in which
the oxygen species locally results in the creation of Au’* sites
and subsequently less-reactive CO(a)—Au’* species. Compar-
ing those formed during the steady-state CO adsorption at RT,
carbonate, bicarbonate, and formate species during the steady-
state CO oxidation at RT exhibit vibrational features varying
with the catalysts. For example, a bridged formate species with
its vibrational peak at 1356 cm™" absent on 0.97%- and 5.7%-
Au-CeO, during CO adsorption is formed during CO
oxidation, implying that the presence of O, should facilitate
its formation. A noteworthy observation is the v(OCO)
vibrational feature of CO,(a) on the Ce*' sites of CeO, at
2342 ecm™ for 0.97%- and 5.7%-Au/Ce0,.*”*” This directly
proves that the decomposition of carbonate, bicarbonate, or
formate species on the CeO, of 0.97%- and 5.7%-Au/CeO,
catalysts can be facilitated by O, at RT to produce CO,.

The relative coverages of major surface species on various
Au/CeO, catalysts under different conditions at RT are
quantitatively compared employing the intensities of fitted
peaks in the DRIFTS spectra. As shown in Figure 8, the
behaviors of CO(a) on various Au/CeQ, catalysts are similar in
which the coverage of CO(a) under steady-state CO oxidation
is much smaller than that under steady-state CO adsorption,
and the coverage of CO(a) after saturating CO adsorption
purged in O, is smaller than that purged in Ar. This proves that
the oxidation of CO(a) by O, occurs facilely at RT for all Au/
CeO, catalysts and contributes to the observed catalytic activity
in CO oxidation. However, the behaviors of carbonate,
bicarbonate, and formate species vary with different Au/CeO,
catalysts.

On 0.18%-Au/CeO,, the coverages of monodentate
carbonate, polydentate carbonate, carbonite, and bidentate
formate after saturating CO adsorption purged in O, is not
smaller than the corresponding ones purged in Ar, which
demonstrates their inertness toward O, oxidation; meanwhile,
their coverages under steady-state CO oxidation are larger than
the corresponding ones under steady-state CO adsorption,
which demonstrates the O,-enhanced formation of these
surface species. These observations suggest that monodentate
carbonate, polydentate carbonate, carbonite, and bidentate
formate will accumulate on 0.18%-Au/CeO, during CO
oxidation at RT and act as the spectators and even likely
block active surface sites. The coverage of bridged carbonate
after saturating CO adsorption purged in O, is smaller than that
purged in Ar, which demonstrates their activity toward O,
oxidation; however, its coverage under steady-state CO
oxidation is slightly larger than that under steady-state CO
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Figure 8. Integrated vibrational peak intensities of major surface species formed on various Au/CeO, catalysts under different conditions at RT.

adsorption. This demonstrates that the O,-enhanced formation
rate of bridged carbonate is faster than its oxidation rate on
0.18%-Au/CeO, during CO oxidation at RT. Thus, bridged
carbonate is an active surface species on 0.18%-Au/CeO,
during CO oxidation at RT but will accumulate on the surface
and likely suppress the formation of other more active surface
species. The coverages of bidentate carbonate and bidentate
bicarbonate after saturating CO adsorption purged in O, are
smaller than the corresponding ones purged in Ar, and those
under steady-state CO oxidation are smaller than the
corresponding ones under steady-state CO adsorption. There-
fore, bidentate carbonate and bidentate bicarbonate are active
surface species on 0.18%-Au/CeO, during CO oxidation at RT
and do not interfere with other active surface species.

On 0.97%-Au/CeOQ,, the coverages of all studied carbonate,
bicarbonate, and formate species after saturating CO adsorption
purged in O, are smaller than the corresponding ones purged in
Ar, which demonstrates their activity toward O, oxidation;
however, the coverages of monodentate carbonate, bidentate
carbonate, and bridged carbonate under steady-state CO
oxidation are smaller than the corresponding ones under
steady-state CO adsorption, whereas those of polydentate
carbonate, carbonite, bidentate formate, and bidentate bicar-
bonate are larger than the corresponding ones under steady-
state CO adsorption. Therefore, all these surface species are
active surface species on 0.97%-Au/CeO, during CO oxidation
at RT, and monodentate carbonate, bidentate carbonate, and
bridged carbonate do not interfere with other active surface
species, but polydentate carbonate, carbonite, bidentate
formate, and bidentate bicarbonate will accumulate on the
surface and likely suppress the formation of other more active
surface species.

On 5.7%-Au/CeO,, the coverages of all studied carbonate,
bicarbonate, and formate species after saturating CO adsorption
purged in O, are smaller than the corresponding ones purged in
Ar, which demonstrates their activity toward O, oxidation;
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moreover, the coverages of all studied carbonate, bicarbonate,
and formate species under steady-state CO oxidation are
smaller than the corresponding ones under steady-state CO
adsorption. Therefore, all these surface species are active
surface species on 5.7%-Au/CeO, during CO oxidation at RT
and do not interfere with other active surface species.

The above results clearly demonstrate that the formation,
decomposition activity, and role of carbonate, bicarbonate, and
formate species on Au/CeQ, catalysts in CO oxidation at RT
depend on the Au particle size. Within the size ranges of Au
particles supported on CeO, in the present study, more types
of carbonate, bicarbonate, and formate species become active
toward O,-assisted decomposition on larger supported Au
particles, and thus, more surface species and related oxidation
pathways contribute to the catalytic activity of these Au/CeO,
catalysts in CO oxidation at RT. Because the formation and
decomposition of carbonate, bicarbonate, and formate species
on CeO, are generally relevant to the reactivity of surface lattice
oxygen, our results indicate that within the studied sizes large
Au particles supported on CeO, should be more capable of
activating the surface lattice oxygen of CeO, than fine Au
particles.

We also quantitatively compared the intrinsic oxidation/
decomposition reactivity of major surface species on various
Au/CeO, catalysts on the basis of time-resolved DRIFTS
results for the purging processes in Ar and O, after saturating
CO adsorption at RT. Figure 9 shows time-resolved DRIFTS
spectra at selected times during the purging processes. Figure
10 shows variations of the normalized intensity of various
vibrational peaks as a function of the time during the initial
purging processes, which reflect the intrinsic oxidation/
decomposition reactivity of corresponding species. The results
for the whole purging processes are shown in Figures S$4, SS.
During the initial process of Ar purging, the normalized
vibrational peak intensities of CO(a), carbonate, bicarbonate,
and formate species on various Au/CeO, catalysts exhibit
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Figure 9. Time-resolved DRIFTS spectra at selected times during the
Ar and O, purging processes of various Au/CeO, catalysts saturated
by CO adsorption at RT.

similar decreasing rates, indicating that the intrinsic desorption/
decomposition activity of these surface species on Au/CeO,
catalysts do not depend much on the size of supported Au
particles. However, during the initial process of O, purging,
their normalized vibrational peak intensities on various Au/
CeO, catalysts exhibit distinctly different behaviors. The
normalized vibrational peak intensities of CO(a) on Au/
CeO, catalysts decrease faster during the O, purging process
than during the Ar purging process, demonstrating the
occurrence of the CO(a) oxidation reaction in addition to
the desorption of CO(a) during O, purging; meanwhile, the
normalized vibrational peak intensities of CO(a) on Au/CeO,
catalysts exhibit similar decreasing rates during the initial O,
purging process, suggesting that the intrinsic oxidation
reactivity of CO(a) on a Au particle supported on CeO, by
O, does not depend much on their sizes.

The normalized vibrational peak intensity of carbonite on
0.18%-Au/CeQ, initially increases and then decreases slowly
during the O, purging process, whereas that on 5.7%-Au/CeO,
keeps decreasing, and the behavior of carbonite on 0.97%-Au/
CeO, lies between those on 0.18%-Au/CeO,and 5.7%-Au/
CeO,. The initial increase of the carbonite coverage on 0.18%-
Au/CeO, can be attributed to the O,-assisted formation of
carbonite with the presence of CO in the gas phase during the
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initial O, purging process. These observations demonstrate the
size-dependent O,-assisted formation (fgumaion) Of carbonite
and its intrinsic decomposition reactivity (gecomposition) ON Au/
CeO, catalysts. The rgmaion and Tgecomposition ©f carbonite on
various Au/CeO, catalysts follow the order of rgmaon =
Tdecomposition 0T 0.18%-Au/CeO, with Au sizes of 1.7 + 0.6 nm,
Tormation A Tdecomposition 10T 0.97%-Au/CeO, with Au sizes of 2.6
+ 0.6 nm, and Fgmation <K Tdecomposition 10T 5.7%-Au/CeO, with
Au sizes of 3.7 + 0.9 nm. These results are consistent with the
above results that the coverage of carbonite formed on 0.18%-
Au/CeO, and 0.97%-Au/CeO, under the steady state CO + O,
reaction is higher than under the steady state CO adsorption,
whereas that on 5.7%-Au/CeO, under the steady state CO +
O, reaction is lower than under the steady state CO adsorption
(Figure 8B). Bidentate formate, bidentate bicarbonate, and
polydentate carbonate on Au/CeO, catalysts during the O,
purging process exhibit behavior similar to that of carbonite.

The normalized vibrational peak intensities of monodentate
carbonate and bridged carbonate on Au/CeO, catalysts vary
similarly during the initial O, purging process. The ¢ 00 and
Fdecomposition Of Monodentate carbonate and bridged carbonate
are similar on 0.18%-Au/CeO,; however, their normalized
vibrational peak intensities for 0.97%-Au/CeO, and 5.7%-Au/
CeO, initially decrease quickly and similarly, demonstrating
that their intrinsic decomposition reactivities are greatly
enhanced with the Au particle sizes increasing from 1.7 + 0.6
nm to 2.6 + 0.6 and 3.7 & 0.9 nm and do not depend much on
the sizes. These results are consistent with the above results
that the coverage of monodentate carbonate and bridged
carbonate formed on 0.18%-Au/CeO, under the steady state
CO + O, reaction is higher than under the steady state CO
adsorption, whereas that on 5.7%-Au/CeO, and 0.97%-Au/
CeO, under the steady state CO + O, reaction is lower than
under the steady state CO adsorption (Figure 8E,G). Bidentate
carbonate is the only surface species whose initial normalized
vibrational peak intensities decrease quickly and similarly for all
Au/CeO, catalysts. This demonstrates that the intrinsic
decomposition reactivity of bidentate carbonate on Au/CeO,
catalysts is high and does not depend much on the sizes of Au
particles. These results are consistent with the above results
that the coverage of bidentate carbonate formed on all Au/
CeO, catalysts under steady state CO + O, reaction is lower
than under the steady state CO adsorption (Figure 8F).
Therefore, carbonate, bicarbonate, and formate species formed
on Au/CeO, catalysts during CO oxidation at RT exhibit
sensitively size-dependent intrinsic decomposition reactivities
that increase with the Au particle size.

Our DRIFTS results of various Au/CeO, catalysts for CO
oxidation at RT provide a comprehensive understanding of the
size effect of supported Au particles on the catalytic activity in
termes of the concentration and intrinsic oxidation/decom-
position reactivity of various surface species, which can be
summarized as the size-dependent contributions of different
reaction pathways to CO oxidation. Within the studied sizes of
supported Au particles ranging from 1.7 + 0.6 nm to 3.7 & 0.9
nm, the size of Au particles supported on CeO, does not affect
the intrinsic oxidation reactivity of CO(a) much; thus, the size
effect of supported Au particles on CO(a) oxidation is to affect
the specific density of surface adsorption sites on Au particles
and, subsequently, the concentration of CO(a). However, the
size of Au particles supported on CeO, strongly affects the
intrinsic decomposition reactivity of carbonate, bicarbonate,
and formate species that increase with the Au particle size.
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Figure 10. Variations of the normalized vibrational peak intensities of major surface species formed on various Au/CeO, catalysts upon saturating
CO adsorption at RT as a function of time during the initial purging processes in Ar and O,.

Thus, the size effect of supported Au particles on their
decomposition is to open the CO oxidation reaction pathways
involving carbonate, bicarbonate, and formate species over Au/
CeO, catalysts with large supported Au particles and,
meanwhile, to prevent the accumulation of carbonate,
bicarbonate, and formate species on the catalyst surface.
Therefore, the catalytic activity of 0.18%-Au/CeO, with Au
particles of 1.7 + 0.6 nm in CO oxidation at RT is mainly
contributed by the reaction pathway of CO(a) oxidation, and
carbonate, bicarbonate, and formate species are the spectators
and even likely block the active sites.

The catalytic activity of 5.7%-Au/CeQO, with Au particles of
3.7 + 0.9 nm in CO oxidation at RT is contributed not only by
the reaction pathway of CO(a) oxidation but also by the
reaction pathways of carbonate, bicarbonate, and formate
species. We could not quantitatively determine the contribu-
tions of the oxidation of CO(a) and the decomposition of
carbonate, bicarbonate, and formate species to the catalytic
activity of 5.7%-Au/CeO, in CO oxidation at RT, but because
of the much higher stability of carbonate, bicarbonate, and
formate species than CO(a), the contribution of the
decomposition of carbonate, bicarbonate, and formate species
to the catalytic activity of Au/CeQO, in CO oxidation can be
expected to increase with the reaction temperature.

4. CONCLUSIONS

Via a comprehensive time-resolved operando-DRIFTS study of
the evolutions of various surface species on Au/CeO, catalysts
with Au particle sizes ranging from 1.7 & 0.6 to 3.7 + 0.9 nm
during CO oxidation at RT, we have successfully demonstrated
a novel vision on the size effect in supported Au catalysts for
CO oxidation in which the catalytic activity is contributed by
the size-dependent different reaction pathways. CO(a),
carbonate, bicarbonate, and formate species formed on Au/
CeO, catalysts upon CO adsorption and the formation of
carbonate, bicarbonate, and formate species are facilitated by
the presence of O,. The intrinsic oxidation reactivity of CO(a)
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is not affected much by the size of the supported, but the
intrinsic decomposition reactivity of carbonate, bicarbonate,
and formate species increase with the size of supported Au
particle size. The size effect of supported Au particles on CO(a)
oxidation is to affect the specific density of surface adsorption
sites on Au particles for CO(a), and the size effect of supported
Au particles on the decomposition of carbonate, bicarbonate,
and formate species is to open their decomposition reaction
pathways over Au/CeO, catalysts with large supported Au
particles. The catalytic activity of Au/CeO, with Au particles of
1.7 + 0.6 nm in CO oxidation at RT is contributed by the
reaction pathway of CO(a) oxidation, and carbonate,
bicarbonate, and formate species are the spectators and even
likely block active sites. The catalytic activity of Au/CeO, with
Au particles of 3.7 + 09 nm in CO oxidation at RT is
contributed not only by the reaction pathway of CO(a)
oxidation but also by the reaction pathways of carbonate,
bicarbonate, and formate species.
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