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a b s t r a c t

Catalytic combustion reactions of carbon monoxide and formaldehyde are compared over Au/ZrO2 cata-
lysts with varied Au loadings (0.25–4 wt%) and calcination temperatures (110–450 ◦C). The combustion
of CO shows a distinct induction period over most catalysts while the reaction of HCHO proceeds steadily
over every catalyst. Catalysts with varied calcination temperatures exhibit the same activity order in
both reactions. The catalyst calcined at 200 ◦C appears to show the highest activity for either of the two
ormaldehyde combustion
nduction period

oisture effect
irconia

reactions, suggesting that the amount of metallic Au and size of Au particles are crucial for both reactions.
The mass specific activity (MSA) of Au in those catalysts calcined at 200 ◦C decreases with increasing Au
loading for CO combustion but is almost independent of the Au loadings for HCHO combustion. Moisture
(2000 ppm H2O) addition to the gaseous feed of the CO combustion reaction eliminates the induction
period, and the MSA of Au turns to be nearly constant and independent of the Au loadings. Possible rea-
sons for the similarities/dissimilarities in gold catalysis for the combustion reactions of CO and HCHO are

discussed.

. Introduction

Since the discovery made by Haruta et al. [1] in 1987 that metal
xides supported Au nanoparticles can be extremely active for
xidative removal of poisonous CO from air, intensive research
as been conducted worldwide to obtain in-depth understand-

ng of this surprisingly active “inert” metal for both selective
nd complete oxidation (combustion) catalysis [2–6]. The CO
xidation or combustion reaction has long been the most investi-
ated and “standard” reaction in heterogeneous oxidation catalysis
nvolving supported transition metal catalysts like Pt and Pd.
lthough the nature of active gold for CO combustion still remains
n issue of debate [6,7], oxygen activation in the CO com-
ustion reaction is found rather different over supported Au
anoparticles from over those supported transition metal cata-
ysts. Abundant knowledge has been accumulated about the effects
f gold particle size [4,8] and oxidation state [15,17,18,21–23],
u–support interaction [14], feed moisture [23–26] and also
thers [6]. The combustion of formaldehyde (HCHO), a popu-
ar poisonous molecule [28] bearing similar structure to CO, is

� 7th Asia Pacific Conference on Sustainable Energy & Environmental Technologies
APCSEET 2009).
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another important reaction for air cleaning. However, little is
known about the performance and nature of active site in sup-
ported Au catalyst for HCHO combustion [9,10,29–37], which is
in strong contrast to the enthusiasm on the CO combustion reac-
tion.

Au/ZrO2 catalyst was extensively investigated both in catalytic
oxidation and hydrogenation reactions [11–13]. Earlier reports
from this laboratory have shown that Au/ZrO2 catalysts pre-
pared by deposition–precipitation with ammonia (DPA) were
remarkably active towards CO combustion [14,17], 1,3-butadiene
hydrogenation [16,17] and selective hydrogenation of the nitro
in chloronitrobenzenes [19]. Co-existence of metallic and cationic
gold (Au3+) in a proper ratio was found superior to “purely” metal-
lic Au for the CO combustion reaction [17], while isolated surface
Au3+ sites were identified most active for selective 1,3-butadiene
hydrogenation to form butenes [16,17]. Interestingly, the nanosize
of ZrO2 “support” or size-match between Au and ZrO2 nanoparti-
cles was shown also critical to the activity for the CO combustion
reaction [14].

Herein, Au/ZrO2 catalysts prepared by deposition–precipitation
with urea (DPU), which enabled formation of smaller Au particles
compared with those prepared by DPA in Refs. [14,17], are used

to catalyze the combustion reactions of CO and HCHO. Systematic
investigation on the effects of calcination temperature, Au load-
ing and moisture in reaction feed has been made in attempts to
establish relationship between the gold catalysis for the two reac-
tions.

dx.doi.org/10.1016/j.cattod.2010.05.017
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:bqxu@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.cattod.2010.05.017
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. Experimental

.1. Chemicals

HAuCl4·4H2O was obtained from Guiyang Institute of Pre-
ious Metals (Guizhou, China). Urea, polyformaldehyde and
rO(NO3)2·2H2O were purchased from Beijing Chemical Reagent
ompany. These chemicals were in the analytical grade (AR) and
ere used as-received.

.2. Preparation of Au/ZrO2 catalysts

ZrO2 with a BET surface area of 129 m2 g−1 was prepared
y thermal treatment of a ZrO(OH)2 alcogel in flowing nitrogen
60 mL min−1) at 450 ◦C for 5 h. The alcogel was obtained by wash-
ng a conventional ZrO(OH)2 hydrogel with anhydrous ethanol.
xcept that ZrO(NO3)2·2H2O was employed instead of ZrOCl2·8H2O
s the precursor of zirconium, the present preparation of the
rO(OH)2 hydrogel followed the same procedure as detailed pre-
iously [20]. This change of the zirconium precursor was made
ntentionally because chloride ions were commonly considered
oisonous to Au catalysis [6].

Au/ZrO2 samples with various gold loadings (0.25–4.0 wt%)
ere prepared by deposition–precipitation with urea [27]. In the
reparation of 1 wt% Au/ZrO2 sample, 2 mL of HAuCl4 solution
10 mgAu mL−1), 2.44 g of urea (urea/Au = 400, molar ratio), 1.98 g
f the as-prepared ZrO2 powders (mesh size: >100) and 50 mL of
eionized water were added into a three-neck flask jacketed with
circulating water bath thermostated at 80 ◦C, and the flask was

overed with a opaque package to keep off the room light. The sus-
ensions were then stirred vigorously for 6 h (final pH = ca. 7.6),
ollowed by overnight aging at room temperature. The solid was
ltered and washed extensively with deionized water until it was

ree of chloride ions (i.e., until conductance of the filtrate was below
0−5 S m−1). The filter residue was then dried at 110 ◦C for 5 h
nd calcined at different temperatures (200–450 ◦C) in flowing air
60 mL min−1) for 5 h. The samples are denoted as “mAu/ZrO2-T”
here m is the Au loading (wt%) and T the calcination temperature

◦C). All samples were stored at −18 ◦C in a refrigerator with 5A
olecular sieve to prevent possible deterioration during storage

18].

.3. Characterizations

The actual Au loading in each catalyst sample was determined
y ICP-AES analysis. BET measurements were carried out with
2 adsorption at −196 ◦C on a Micromeritics ASAP 2010C instru-
ent after the samples were degassed at 200 ◦C for 2 h. High-angle

nnular dark-field scanning transmission electron microscopy
HAADF-STEM) measurements were performed on a Tecnai G2 F20
-Twin system operating at 200 kV. X-ray diffraction (XRD) pat-

erns were recorded on a Bruker D8 Advance X-ray diffractometer
ith a Ni-filtered Cu-K� (incident wavelength = 0.15406 nm) radi-

tion source at 40 kV and 40 mA, the scan rate is 4◦ min−1.

.4. Catalytic reactions

The catalytic CO and HCHO combustion reactions were per-
ormed in continuous flow, fixed-bed U-shaped quartz reactors (i.d.
mm) under atmospheric pressure (0.1 MPa). Unless otherwise

pecified, the catalyst (50 mg) diluted with quartz sand (100 mg)

as in situ pretreated with a synthetic air at 200 ◦C for 1 h and

hen cooled down to the reaction temperature. The in situ pretreat-
ent temperature was 110 ◦C when those catalyst samples dried

t 110 ◦C but with no further calcination at higher temperatures
ere used for the reactions. In order to eliminate the effect of tub-
Fig. 1. XRD patterns of ZrO2 and Au/ZrO2 samples. The marks refer to diffraction
peaks for the monoclinic (m) and tetragonal (t) phases, respectively.

ing dead-volume, analysis of the reactor effluents was not made in
the initial 5 min from the start of both reactions.

For the CO combustion reaction, the reaction gas (1 vol% CO in
synthetic air) was introduced with a total space velocity (GHSV)
of 33,600 mL h−1 g cat−1 into the reactor thermostated at 0 ◦C in
a water–ice mixture. The reactor effluent was on-line analyzed
with an HP-6890 gas chromatograph equipped with a molecular
5A column and a thermal conductivity detector (TCD).

For HCHO combustion, the reaction gas (3000 ppm HCHO
in synthetic air) was introduced with a total GHSV of
60,000 mL h−1 g cat−1 into the reactor by having the synthetic
air flow through a polyformaldehyde reservoir thermostated at
50 ◦C for HCHO generation. This setup can provide dry HCHO with
a stable concentration (3000 ppm HCHO at 50 ◦C) and is of advant-
ageous compared with the frequently used approach using forma-
lin for HCHO generation [10,29–31,33–37], which would result in
unsteady water (moisture) co-feeding and thus variation in the
inlet HCHO concentration during the reaction. The reactor effluent
was on-line analyzed with a GC 122 chromatograph (Shanghai
Analytical Apparatus Corporation, China), which was equipped
with a molecular 5A column, a catalytic methanation converter and
a flame ionization detector (FID). The reaction temperature was
kept above 60 ◦C to avoid any condensation of HCHO in the reactor.
The inlet and outlet tubings from the reactor were thermostated
at 120 ◦C to prevent possible polymerization of HCHO.

3. Results

3.1. Physical properties of Au/ZrO2 catalysts

The actual Au loadings of Au/ZrO2 samples were determined
by ICP-AES analysis and the deposition efficiency of gold (i.e.,
actual-to-theoretical Au loading) was always near 100% in every
DPU preparation of the samples. Fig. 1 shows the XRD patterns
of ZrO2 and mAu/ZrO2-T samples. ZrO2 in all samples appeared as
polycrystallines containing both monoclinic (JCPDS card 37-1484)
and tetragonal (JCPDS card 50-1089) phases. The XRD patterns of
mAu/ZrO2-T samples were very similar to that of ZrO2 without gold
and were independent of both m and T, indicating that the Au load-
ing and calcinations during the catalyst preparation had little effect
on the phase structure and composition of ZrO2 crystals [16,17]. The

presence of small Au crystallites was uncertain in the XRD patterns
of mAu/ZrO2-T samples since the most possible diffraction signal for
Au crystallites, which would show up at 2� = 38.2◦ (for Au(1 1 1)),
could be overlapped by the signals for monoclinic ZrO2 at 2� = 38.4
and 38.5◦. However, the consistent silence of Au particles in every
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Fig. 2. Representative HAADF-STEM micrographs of mAu/ZrO2-T cataly

RD pattern in Fig. 1 would suggest that Au particles bigger than
nm were of insignificance.

Representative HAADF-STEM micrographs of mAu/ZrO2-T sam-
les are presented in Fig. 2. Metallic Au was characterized as well
ispersed small particles whose sizes were carefully measured by
ariation of the magnification. The bar graph in Fig. 2 shows the cor-
esponding size distribution of metallic Au particles. The average Au
article size was 2.5 nm in 1Au/ZrO2-200 and 2.8 nm in 4Au/ZrO2-
00 sample, indicating that the increase of Au loading has only a
light influence on Au size distribution in the samples when the
alcination temperature was T = 200 ◦C. However, the average Au
article size in 1Au/ZrO2-450 (3.4 nm) was significantly larger than
hat in 1Au/ZrO2-200 sample (2.5 nm), indicating a significant sin-
ering of the Au particles when the catalyst calcination temperature
was raised from 200 to 450 ◦C. For the sample loaded with the least
u (i.e., 0.25Au/ZrO2-200), we detected no metallic Au particle.

The BET surface area, pore volume, particle size and phase com-
osition of ZrO2 in mAu/ZrO2-T samples are listed in Table 1. The
urface area was lowered by 17% for 4Au/ZrO2-200 and 25% for
Au/ZrO2-450 sample, compared with that of the “pure” ZrO2. Such
hanges in the sample surface area could be arisen from a blocking
y Au particles of some pores in the starting ZrO2 support since the
alcination temperature of mAu/ZrO2-T was kept no higher than
hat of the support material (450 ◦C). The sizes of ZrO2 particles,
s indicated by the average crystallite sizes derived from the XRD

atterns as well as the particle sizes from the TEM measurements,
emained unchanged throughout the catalyst preparation process
DPU and the following drying and calcination). Phase composition
f the ZrO2 support as shown in the last column of Table 1 was also
ot changed during the catalyst preparation.
e bar graph shows the corresponding size distribution of Au particles.

3.2. Catalytic performance of Au/ZrO2 for the combustion of CO
and HCHO

3.2.1. Effect of the catalyst calcination temperature
Fig. 3 shows the catalytic performance of 1Au/ZrO2-T catalysts

for the CO combustion at 0 ◦C by plotting the CO conversion against
the reaction time-on-stream (TOS). An induction period was clearly
seen for every catalyst except 1Au/ZrO2-450 (T = 450 ◦C), which
produced the lowest CO conversion (ca. 1%). The induction period
over the as-dried 1Au/ZrO2-110 catalyst (T = 110 ◦C) evolved slowly
and extended to 18–20 h when the CO conversion level reached at
15%. The induction period was shortened to 3–4 h by increasing the
catalyst calcination temperature (T) to 200 and 300 ◦C. The steady
CO conversion level (i.e., after the induction period) reached 45% at
T = 200 ◦C (1Au/ZrO2-200) but was then lowered to 20% at T = 300 ◦C
(1Au/ZrO2-300).

A further comparison of the 1Au/ZrO2-110 and 1Au/ZrO2-450
catalysts was made by increasing the reaction temperature to 60 ◦C
for CO combustion. As is shown in Fig. 4, the 1Au/ZrO2-450 catalyst
featured again a much lower activity and no induction period. In
contrast, the activity of 1Au/ZrO2-110 catalyst developed steeply
in the initial 15 min and the induction period extended to longer
than 3 h, during which the CO conversion increased to a level of ca.
80%.

In a separate experiment, the CO combustion reaction over

1Au/ZrO2-110 catalyst was carried out by changing the reaction
temperature between 60 and 0 ◦C. Fig. 5 presents the results of
this experiment. The CO conversion level increased clearly in the
second event at both temperatures although it basically remained
unchanged at 0 ◦C in every event. The continued increase in CO
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Table 1
Textural properties of ZrO2 and Au/ZrO2 samples.

Sample BET surface area (m2/g) Pore volumea (cm3/g) ZrO2 size (nm) ZrO2 phaseb

XLBAc TEMd

ZrO2 129 0.35 M9/T9 11.8 ± 3.2 M85/T15
1Au/ZrO2-200 115 0.34 M9/T9 11.4 ± 3.2 M85/T15
1Au/ZrO2-450 97 0.31 M8/T9 11.4 ± 2.6 M89/T11
4Au/ZrO2-200 107 0.29 M9/T9 11.6 ± 3.1 M84/T16

a Obtained from desorption branch using the BJH method.
b Percentage of the monoclinic phase = 1.6IM(1̄ 1 1)/(1.6IM(1̄ 1 1) + IT(1 1 1)); percentage of the tetragonal phase = IT(1 1 1)/(1.6IM(1̄ 1 1) + IT(1 1 1)).
c Calculated according to the well-known Scherrer equation using the (1̄ 1 1) diffraction (2� = 28.5◦) for monoclinic (M) and the (1 1 1) diffraction (2� = 30.4◦) for tetragonal

(T) zirconia crystallites.
d At least 200 particles were randomly measured to determine the mean diameter of ZrO2 particles according to equation d =

∑
nidi/

∑
ni , where ni and di are the number

and diameter of ZrO2 particles, respectively.

Fig. 3. Performance of 1Au/ZrO2-T catalyst for CO conversion at 0 ◦C. The marks
show the catalyst calcination temperature T.
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Fig. 5. Performance of 1Au/ZrO2-110 catalyst for CO combustion by variation of the
reaction temperature.
ig. 4. CO combustion over 1Au/ZrO2-110 and 1Au/ZrO2-450 catalysts at 60 ◦C.

onversion level in the second event at 60 ◦C demonstrates lively
continued evolution of the induction period at this temperature.
early complete removal of CO by the combustion reaction can
pparently be made possible at 60 ◦C when this 1Au/ZrO2-110 cat-
lyst was subject to a sufficient activity development, though the

pace velocity of the gas feed was as high as 33,600 mL h−1 g cat−1

n this study. These results also suggest that the length of the
nduction period would be dependent of the reaction tempera-
ure.
Fig. 6. Effect of reaction temperature on HCHO conversion over 1Au/ZrO2-T cata-
lysts. The marks show the catalyst calcination temperature T.

The combustion of HCHO under isothermal reaction conditions
was characterized by a reasonably stable HCHO conversion over
every mAu/ZrO2-T catalyst; no induction period was observed for
this combustion reaction. Fig. 6 shows the catalytic performance
of 1Au/ZrO -T catalysts for the combustion of HCHO at different
2
temperatures. The HCHO conversion level at each reaction temper-
ature was shown as the averaged conversion data during a reaction
period of 2 h. It is apparent that the catalyst calcination temperature
T has a significant effect on its activity for HCHO combustion. The
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Fig. 7. Performance of mAu/ZrO2-200 catalysts for CO combustion at 0 ◦C.
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ig. 8. Performance of mAu/ZrO2-200 catalysts for HCHO combustion at 60 ◦C.

atalyst of T = 200 ◦C (1Au/ZrO2-200) induced a HCHO conversion
s high as 75% at 60 ◦C while the one of T = 450 ◦C (1Au/ZrO2-450)
ffected almost no HCHO conversion at the same temperature. The
CHO conversion was 20% and 25%, respectively, over the other two
atalysts of T = 110 and 300 ◦C. Therefore, the catalyst activity order
or the HCHO combustion reaction is 1Au/ZrO2-200 > 1Au/ZrO2-
00 > 1Au/ZrO2-110 > 1Au/ZrO2-450. This order agrees with that of
he same catalysts for the CO combustion reaction at 0 ◦C, as shown
n Fig. 3.

.2.2. Effect of Au loading
The effect of Au loading on the two combustion reactions was

tudied by fixing the catalyst calcination temperature at T = 200 ◦C
nd varying the Au loading in the range of 0.25–4.0 wt%. The per-
ormance of these mAu/ZrO2-200 catalysts for the CO combustion
eaction at 0 ◦C is shown in Fig. 7. A distinct induction period
f 3–5 h was seen again, irrespective of the Au loadings. The CO
onversion level increased with increasing the Au loading of the cat-
lyst except for m = 0.25 and 0.5 wt% Au, these two catalysts effected
ery similar CO conversion levels after their induction periods. The

ightfold increments in Au loading from 0.5 to 4.0 wt% enhanced
he CO conversion level by sixfold (from 15% to 95%).

Fig. 8 shows the performance of mAu/ZrO2-200 catalysts for the
ombustion of HCHO at 60 ◦C. No induction period was observed
ver all of these catalysts. As it was already seen in the CO combus-
Fig. 9. CO combustion at 0 ◦C over mAu/ZrO2-200 catalysts in the presence of mois-
ture (2000 ppm H2O).

tion reaction (Fig. 7), the conversion of HCHO also increased, from
20% to 90%, with increasing the Au loading. Interestingly, a dou-
bling of the Au loading from 1 to 2 wt% Au had little effect on HCHO
conversion but the doubling from 0.25 to 0.5 wt% Au nearly dou-
bled the HCHO conversion level, which are distinctive from their
behavior in the CO combustion reaction.

Since the combustion reaction of either CO or HCHO is exother-
mal, reactant conversion levels higher than 50% during both
reactions could result in significant temperature jump, even when
the catalysts were diluted with quartz sand as in this study. In order
to make assessment to the “real” activity, we evaluated the mass
specific activity (MSA) and turnover frequency (TOF) of Au in each
catalyst by setting 15% for the up limit to the CO conversion and
40% to the HCHO conversion for the combustion reactions. These
kinds of catalytic reaction data were measured by increasing the
space velocity (or reducing the contact time with the catalyst) of
the reactant. Table 2 reports the activity data by MSA and TOF of
Au in mAu/ZrO2-200 catalysts. The MSA data for the combustion
reaction of CO decreased with increasing the Au loading but, very
surprisingly, the change in the Au loading did not alter the MSA data
for the combustion reaction of HCHO. Thus, the relative activity by
MSA of Au for the CO combustion reaction to that for the HCHO
combustion (i.e., MSAR), shown in the last column of Table 2, also
decreased with increasing the Au loading.

Table 3 compares the activity data of the present Au/ZrO2 cat-
alysts for the combustion of HCHO with those different catalysts
published in recent literature. It should be noted that the present
Au/ZrO2 catalysts can be regarded as the most active catalysts,
including also supported Pt and Pd catalysts [9], for the removal
of HCHO from air by catalytic combustion.

3.2.3. Effect of moisture on CO combustion
One of the major differences between CO and HCHO combustion

is that H2O is a must product of the HCHO combustion. Moisture
(H2O) would be produced at a level of 1500 ppm if the HCHO con-
version level reached 50% during the combustion of HCHO in this
present work. In contrast, the moisture residue would be lower
than 10 ppm in the reactant gas feed of the CO combustion reaction
under “dry” condition. It has already been known that a presence
of moisture would strongly affect the catalysis of Au in the CO com-

bustion [23–26]. In order to gain an insight into the moisture effect
on the present Au/ZrO2 catalysts, 2000 ppm H2O was added to the
CO combustion reactor by passing the reaction feed gas through a
bubbling reservoir filled with a saturated aqueous solution of NaCl
and thermostated with a NaCl-ice bath at ca. −20 ◦C.
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Table 2
Activities of Au/ZrO2 catalysts.

Sample Au sizea (nm) CO oxidation (0 ◦C) HCHO oxidation (60 ◦C) MSAR
b

MSAc (10−5mol s−1 g−1
Au ) TOFd (10−2 s−1) MSAe (10−5mol s−1 g−1

Au )) TOF (10−2 s−1)

0.25Au/ZrO2-200 n.d.f 20.7 (10.7) – 9.3 – 2.2 (1.2)
0.5Au/ZrO2-200 n.m.g 12.5 (10.5) – 8.6 – 1.5 (1.2)
1Au/ZrO2-200 2.5 ± 0.8 10.8 (10.1) 4.2 (3.9) 8.9 3.4 1.2 (1.1)
2Au/ZrO2-200 n.m. 9.3 (10.6) – 9.2 – 1.0 (1.2)
4Au/ZrO2-200 2.8 ± 0.7 8.2 (10.0) 3.4 (4.1) 9.2 3.9 0.9 (1.1)
1Au/ZrO2-450 3.4 ± 1.3 0.2 0.1 0 0 –

a At least 100 particles were randomly measured to determine the mean diameter of Au particles according to the equation d =
∑

nidi/
∑

ni , where ni and di are the
number and diameter of Au particles, respectively.

b MSAR = (MSA for CO combustion)/(MSA for HCHO combustion). Numbers in parentheses are obtained using the CO combustion rates measured under the moist condition
(2000 ppm H2O).

c The mass specific activity (MSA) data were obtained at the reactant conversion levels lower than 15% by reducing the contact time. Data in parentheses refer to those
obtained under moist condition (2000 ppm of H2O).

d The turnover frequency (TOF) data were calculated based on the average Au particle size, assuming closed-shell Au particles of nearly spherical shape [6]. Data in
parentheses refer to those obtained under moist condition (2000 ppm of H2O).

e Obtained at HCHO conversion levels lower than 40% by reducing the contact time.
f Not detected by HAADF-STEM.
g Not measured.

Table 3
Comparison with the literature data on HCHO combustion over supported gold and other metal catalysts.

Samplea Rxn. temp. (◦C) CHCHO (ppm) Conv. (%) MSAb (10−5 mol s−1 gmetal
−1) Ref.

0.25Au/ZrO2-DPU 60 3000 21 9.3 This work
4Au/ZrO2-DPU 60 3000 33 9.2 This work
1Au/�-Fe2O3-CP ca. 55c 5000 50 6.2 9
1Pt/�-Al2O3 ca. 55 5000 50 6.2 9
1Pd/�-Al2O3 ca. 55 5000 50 6.2 9
1Au/TiO2-IM ca. 70 100 ca. 15 0.09 10
1Pd/TiO2-IM ca. 62 100 ca. 22 0.14 10
1Rh/TiO2-IM ca. 62 100 ca. 77 0.49 10
0.42Au/MgO-CD ca. 135 3000 ca. 8 6.9 32
0.38Au/�-Al2O3-CD ca. 135 3000 ca. 10 9.6 32
0.29Au/TiO2-CD ca. 60 3000 ca. 5 6.3 32
0.23Au/CeO2-CD ca. 60 3000 ca. 10 16 32
0.41Au/TiO2-DP 30 450 ca. 20 0.41 34
0.67Au/�-Fe2O3-CP 50 600 50 2.9 35
0.71Au/�-Fe2O3-IM 75 600 50 2.7 35
0.42Au/CeO2-DP ca. 53 600 ca. 32 3.7 36
0.85Au/ZrO2 ca. 60 67.2 ca. 20 0.10 37

a Samples are noted as “xMetal/Support-Preparation Method” where x is metal loading (wt%), DPU for deposition–precipitation with urea, CP for co-precipitation, IM for
impregnation, CD for colloid deposition, and DP for deposition–precipitation.
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b Mass specific activity (MSA) was calculated from data obtained at reaction tem
onversion level (less than 50%).

c With uncertainty for reading data from figures.

Fig. 9 shows the reaction time courses of each mAu/ZrO2-200
atalyst for the CO combustion reaction under the presence of
000 ppm moisture. A comparison of the data in Fig. 9 with those

n Fig. 7 clearly indicates that the presence of moisture resulted in
limination of the induction period of the CO combustion reaction
bserved under the “dry” condition (Fig. 7). The catalyst activ-
ty data by MSA of Au were again measured at CO conversion
evels lower than 15% under the moist condition, which are also
eported in Table 2 for comparison with those measured under the
dry” condition. The MSA data of 0.25Au/ZrO2-200 and 0.5Au/ZrO2-
00 catalysts decreased and that of 1Au/ZrO2-200 unchanged but
hat of 2Au/ZrO2-200 and 4Au/ZrO2-200 even increased slightly as
ompared with those measured under the “dry” condition. Con-
equently, the MSA data of Au in these mAu/ZrO2-200 catalysts
ecame close (ca. 10 × 10−5 mol s−1 gAu

−1) for the CO combustion
eaction under the moist condition. Thus, the relative activity by
arameter MSAR became almost invariant (Table 2).
. Discussion

This work provides the first comparison of Au catalysis for
he removal of CO and HCHO from air by catalytic combustion.
ure comparable to 60 ◦C (reaction temperature used in this work) or at low HCHO

The most important difference observed between these two com-
bustion reactions was that the mAu/ZrO2-T catalysts of T ≤ 300 ◦C
showed consistently a distinct induction period in the early stage
of the CO combustion reaction under the “dry” condition but their
catalysis for the combustion of HCHO proceeded steadily without
any induction period. However, the catalytic performance of these
same catalysts for the CO combustion reaction under the moist con-
dition (i.e., when 2000 ppm H2O was added to the reacting gas feed)
was found very similar to their performance for the combustion of
HCHO. These results would indicate that the active gold sites for the
HCHO combustion reaction are closely related with those active for
the combustion of CO under the moist condition.

It has been frequently shown [2,15,21–23] that small metallic
Au particles are crucial for the CO combustion/oxidation cataly-
sis. According to Haruta [2], Au particles with sizes less than ca.
5 nm are the key to efficient CO combustion catalysis. Smaller Au
particles would generally show higher MSA numbers [4,8]. How-

ever, a complete reduction of cationic gold species in the supported
catalysts would usually require calcinations of the catalysts at a
temperature no lower than 400 ◦C, which could also induce sig-
nificant Au sintering [14,16,33,35]. The unreduced cationic gold
species in the final catalysts would in turn affect the activity and sta-
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ility of the co-existing metallic Au particles for the CO combustion
eaction [5,7,15,17].

The induction period observed in the CO combustion reaction
nder the “dry” condition was strongly associated with the catalyst
alcination temperature T (Figs. 3 and 4). According to our earlier
ork [16,17], this temperature T would determine the percent-

ge of cationic gold species in mAu/ZrO2-T catalysts. The content
f cationic gold in the 1Au/ZrO2-T samples of T = 200, 300 and
50 ◦C would be ranked in the order of 1Au/ZrO2-200 > 1Au/ZrO2-
00 > 1Au/ZrO2-450. The induction period was the most prominent
ver 1Au/ZrO2-200 and less prominent over 1Au/ZrO2-300. The
ontent of cationic gold in the 1Au/ZrO2-450 sample should be zero
ince the high temperature calcination (T = 450 ◦C) could assure a
omplete reduction of the cationic gold to form metallic Au par-
icles [6,16,17]. The CO combustion reaction conducted over this
Au/ZrO2-450 catalyst showed no induction period both at 0 and
0 ◦C (Figs. 3 and 4). These observations directly relate the induction
eriod with the remaining unreduced cationic gold in the cata-

yst samples [15,21–23]. We thus have enough reason to associate
he induction period with a continued reduction of the remaining
ationic gold to form metallic Au particles that are active for the CO
ombustion reaction.

The induction period was least obvious at 0 ◦C over the
Au/ZrO2-110 sample (Fig. 3) in which cationic gold species would
revail [16,17]. This could be due to a very slow reduction rate of the
ationic gold species at such a low reaction temperature. According
o Kung and co-workers [15], metallic Au could function as the cata-
yst for the reduction of cationic gold species by CO at 0 ◦C. Thus, the
ack of metallic Au in the 1Au/ZrO2-110 sample should be respon-
ible for the least obvious induction period over the 1Au/ZrO2-110
atalyst in Fig. 3. This explanation is strongly supported by the
istinctly detected induction period over the same 1Au/ZrO2-110
atalyst in Figs. 4 and 5 when the reaction temperature was raised
o 60 ◦C to induce easier reduction of the cationic gold species. In
ontrast, the CO combustion reaction over the 1Au/ZrO2-450 cat-
lyst at 60 ◦C had also no induction period (Fig. 4), which further
orroborates that the reduction of cationic gold species is respon-
ible for the induction period in the CO oxidation catalysis under
he “dry” condition.

The most important finding of this work would be that the addi-
ion of 2000 ppm H2O to the reacting gas mixture can eliminate
he distinct induction period of the CO combustion reaction over
Au/ZrO2-200 catalysts. This elimination of the reaction induc-

ion period also uncovered the similarity in gold catalysis for the
ombustion reactions of CO and HCHO over the mAu/ZrO2-200
atalysts (Figs. 8 and 9 and Table 2). The MSA of Au in the CO
ombustion reaction decreased more or less with increasing the
u loading under the “dry” condition but changed little under

he moist condition. This dramatic change in the catalyst perfor-
ance indicates that the added moisture changed the nature and/or

mount of active sites for the CO combustion reaction. Multiple
unctions of moisture (H2O) in Au-catalyzed CO combustion reac-
ion were reported in the literature [18,23–26]. A low concentration
f moisture (ca. 200 ppm) could effect positively by H2O-assisted
ctivation of oxygen and removal of surface carbonate species while
high concentration of H2O (e.g., 6000 ppm) could effect negatively
y blocking the catalytically active sites [25,26]. The moisture could
lso promote in situ CO reduction of cationic gold species [23,24].
e showed very recently that residual H2O in freshly prepared

u/TiO2 samples can promote the reduction of Au3+ and induce
gglomeration of metallic Au particles even during storage under

mbient conditions [18]. For those catalysts that showed promi-
ent induction periods in the CO combustion reaction under the
dry” condition (Fig. 7), the catalytic CO combustion rates at the
nitial stage of the reaction under the moist condition (Fig. 9) were
ven significantly higher. These remarkable increments in the CO
ay 158 (2010) 415–422 421

combustion rates indicate that the elimination of the induction
period by the addition of 2000 ppm H2O would be accounted for by
a H2O-promoted rapid reduction of the cationic gold species. This
kind of reduction chemistry proceeded so quickly that it became
completed or equilibrated by the moment when the reactor outlet
gas was sampled for the first time, i.e., in less than 5 min from the
start of the reaction. The so-called H2O-assisted activation of oxy-
gen [25,26] did not operate in the present reaction systems since
the MSA data of Au measured under the moist condition for the
1Au/ZrO2-200 and 2Au/ZrO2-200 catalysts were very close to those
obtained after the induction periods under the “dry” condition.
The remarkable activity loss of 0.25Au/ZrO2-200 and 0.5Au/ZrO2-
200 catalysts could be due to H2O-promoted agglomeration of
very small metallic Au particles, a point which we addressed very
recently on freshly prepared Au/TiO2 samples [18].

Small metallic Au particles are also crucial for the combustion
reaction of HCHO [30,33–36]. The decrease in the catalytic rate of
1Au/ZrO2-T catalysts with T increasing from 200 to 450 ◦C for the
HCHO combustion reaction could be mainly due to growth of the
Au particles (Fig. 2 and Table 2), similar consideration was pre-
sented earlier to account for the calcination temperature effects of
Au/CeO2 and Au/Fe2O3 catalysts on their catalytic activity also for
the combustion of HCHO [30,35,36].

The most significant difference observed between the CO and
HCHO combustion reactions is that the combustion of HCHO
proceeded with no induction period. Except of this, the two
combustion reactions resembled each other over the present
mAu/ZrO2-T catalysts. Because H2O is a must product of the HCHO
combustion reaction (e.g., 1500 ppm H2O would be produced when
a half of the HCHO reactant became combusted) and the reac-
tion temperature for the combustion of HCHO was set significantly
higher than that for the combustion of CO (60 ◦C versus 0 ◦C),
H2O-promoted reduction of the remaining unreduced gold cations
would easily occur, using HCHO and/or its derived reaction inter-
mediates including CO [10] as the reactant. This argument is well
supported by the similarity of the HCHO combustion reaction to
the CO combustion reaction under the moist condition but not
the “dry” condition. In situ reduction of cationic gold during HCHO
combustion reaction over Au/CeO2 [36] and Au/ZrO2 [37] catalyst
was detected by ex situ XPS characterization. The invariant relative
activity data that are shown as MSAR in the brackets of the last col-
umn in Table 2 would be an indication that the catalysis by Au in the
CO combustion reaction under the moist condition also operates in
the HCHO combustion reaction.

The above discussion is made with no consideration of any pos-
sibility for a presence of un-reducible cationic gold in our Au/ZrO2
catalysts during the HCHO combustion reaction as well as during
the CO combustion reaction under the moist condition or after the
induction period under the “dry” condition. There is evidence in
the literature showing that some co-existing cationic gold species
could enhance the activity of supported Au catalysts for the CO com-
bustion reaction [5–7,15,17]. This issue remains open for further
investigation.

5. Conclusions

This work is the first to compare Au catalysis in the combustion
reactions of CO and HCHO. The most important difference observed
between the two combustion reactions was that the mAu/ZrO2-
T catalysts of T ≤ 300 ◦C showed consistently a distinct induction

period in the early stage of the CO combustion reaction under the
“dry” condition but their catalysis for the combustion of HCHO pro-
ceeded steadily without any induction period. The concentration
of unreduced cationic gold in the fresh catalyst determined the
prominent of the induction period. Addition of 2000 ppm H2O to the
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eacting gas feed eliminated the induction period of the CO combus-
ion reaction, due to a rapid H2O-promoted reduction of the cationic
old. The catalytic performance of Au/ZrO2 catalysts for the CO
ombustion reaction under this moist condition closely resembled
hat for the HCHO combustion reaction. These data demonstrate
hat gold active sites for the combustion of HCHO are associated
losely with those for the combustion of CO under the moist con-
ition. These results could also help to understand Au catalysis for
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