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a b s t r a c t

Titanium oxide nanotubes (TN) were synthesized and used as support for Au nanoparticles obtained by
deposition–precipitation with urea. The activity of Au/TN catalysts prepared under different conditions
was tested in the oxidation of CO. The results indicate that titanium oxide nanotubes (TN) can be used as
support for gold nanoparticles obtained by deposition–precipitation, since adequate gold nanoparticle
sizes (<5 nm.) for CO oxidation can be obtained.

Varying the preparation conditions of the catalysts it was found that the best catalyst performance is
obtained by calcining the TN support at temperatures higher than 400 ◦C, temperature at which the triti-
tanate phase obtained in the as-prepared material is completely transformed into TiO2-anatase. Higher
calcination temperatures lead to a significant decrease in the surface area of TN.

It was also observed that the activity of the Au/TN catalysts was negatively affected by long storage
periods. This fact was evidenced by the significant increase in gold particle size, which is apparently due
to the high mobility of gold nanoparticles on the support.
Increasing the gold loading from 3 to 9 wt% does not improve the CO oxidation activity because, at
9 wt% Au the particle sintering increases leading to particles greater than 5 nm, which are not effective
for CO oxidation.

To obtain good catalytic activity it is necessary to pretreat the catalysts at least at 300 ◦C to assure
the complete reduction of the gold precursor. The use of hydrogen or air in the catalyst pretreatment to
obtain the reduction of the gold precursor did not affect the performance catalysts.
. Introduction

Titanium oxide nanotubes (TN) prepared by hydrothermal syn-
hesis have attracted special attention since 1998, when Kasuga
ublished his work describing them for the first time [1]; since then
ome researchers have published works related to their synthesis
2–19,28] or applications [20–27]. TN present three main advan-
ages: high specific area (400 m2/g) [1], low cost, and feasibility
o be produced in great quantities. These materials can be poten-
ially used in the fields of photocatalysis [20,29,31], solar cells [21],
dsorbents [22] and heterogeneous catalysis [23–28,30,32,33].
pecifically, TN have been used as catalytic support for differ-
nt metal active phases (metallic, oxides or sulfides): platinum

or cyclohexene hydrogenation–dehydrogenation [23], copper for
O reduction with NH3 [24], cobalt and molybdenum for fuels
ydrodesulfurization (HDS) [25–27], iridium and cobalt for water

∗ Corresponding author at: UNICAT, Departamento de Ingeniería Química, Fac-
ltad de Química, Universidad Nacional Autónoma de México, Cd. Universitaria,
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© 2010 Elsevier B.V. All rights reserved.

splitting for hydrogen production [28], iron for photocatalytic oxi-
dation of acetaldehyde [29], gold for water–gas shift reaction [30],
photocatalytic mineralization of benzene [31] and CO oxidation
[32,33].

Gold is a metal with no reactivity in bulk, but if it is divided into
nanoparticles it displays high activity for several reactions; Haruta
et al. showed that gold nanoparticles supported on oxides can per-
form the carbon monoxide (CO) oxidation [35]. This application is
interesting for pollution control because of the capability of gold
nanoparticles to oxidize CO at temperatures even lower than 0 ◦C.
It has been shown that the reactivity of gold depends on both the
nanoparticle size, which must be lower than 5 nm [36], and on the
support used. Titanium oxide has demonstrated to be one of the
best supports [36,37], despite its low specific area (45 m2/g) as in
Degussa P-25 [38]. A way to improve the Au/TiO2 catalysts would be
the use of TiO2 supports with high specific surface area. It appears
interesting then to analyze the performance of Au nanoparticles
supported on TiO2 nanotubes in the CO oxidation reaction, and

test their activity and stability when some of the preparation and
catalyst activation conditions are varied.

An adequate way to support gold nanoparticles on TiO2 with
sizes below 5 nm is the deposition–precipitation method used by

dx.doi.org/10.1016/j.cattod.2010.06.014
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:jrs@unam.mx
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ig. 1. (a) SEM image of as-prepared TN; (b) TEM image of as-prepared TN; and (c
bserved.

anella et al. [38–40], which uses urea to increase the solution pH
nstead of sodium hydroxide as proposed by Haruta et al. [35]. The
forementioned method allows the deposition of metal loadings
lose to 100% of the metal in solution.

In the present work we analyze the possibility to obtain highly
ctive CO oxidation catalysts by the deposition of gold nanopar-
icles, smaller than 5 nm, over titanium oxide nanotubes (TN). In
articular, attention will be focused on the changes produced in
he CO oxidation activity when the calcination temperature of the
upport, the storing time of catalysts, the gold loading and thermal
reatment conditions before reaction (temperature and gas type)
re varied. To this end the supports and catalysts were character-
zed by N2 fisisorption, X-ray diffraction and transmission electron

icroscopy (TEM). The catalysts were evaluated in the CO oxidation
eaction using a temperature-programmed reaction system.

. Experimental

.1. Support preparation

Titanium oxide nanotubes (TN) were prepared as described else-
here according to Kasuga’s method [1]. In short, 2 g of TiO2 (P-25,
egussa) were mixed with 134 mL of an aqueous solution of NaOH

10 M). The mixture was kept under stirring in a Teflon autoclave
t 110 ◦C for 24 h. Then, the autoclave was quickly cooled to room
emperature and opened to recover a white precipitate, which was
horoughly washed with distilled water and with an aqueous solu-
ion of HCl (0.1 M). The product was then filtered, dried in air at
20 ◦C for 12 h and later calcined in static air at 300–500 ◦C for 4 h.

.2. Au/TN preparation

One gram of TN was suspended in 37 mL of an aqueous solution
f HAuCl4·3H2O (0.0042 M) and urea (0.42 M) at room tempera-
ure in a vessel protected from light. Then the suspension was
eated up to 80 ◦C and kept under stirring for 16 h to allow the
eposition–precipitation of gold over the support surface, then the
ixture was centrifuged to recover the solid. To eliminate residual

ons, the solid was stirred in 50 mL of distilled water at 50 ◦C and
entrifuged again at 50 ◦C, this process was repeated four times. The
olid was then dried under vacuum at 80 ◦C for 2 h and stored away
rom light in a desiccator under vacuum at room temperature. The
ame procedure was applied to prepare a Au/TiO2 catalyst but in

his case the support employed was titania P-25 (Degussa). Cata-
ysts with 3 and 9 wt% Au were prepared. The catalyst with high Au
oad was only used for the experiments performed to analyze the
ffect of gold load.
nified TEM image of a nanotube, where a central channel and wall details can be

2.3. Characterizations

SEM images and EDX microanalysis were obtained using a
JEOL JSM-5900 LV scanning electron microscope equipped with
an Oxford-Isis energy dispersive X-ray analyzer. TEM images were
obtained using a JEOL 2010 transmission electron microscope at
200 kV. For TEM analysis the samples were dispersed by ultrason-
ication in ethyl alcohol for 20 min and a drop of the supernatant
liquid was placed onto a holey carbon film supported on a copper
grid. The structure of the nanotubes was characterized by X-ray
diffraction (XRD) using a Siemens D5000 diffractometer with a
Cu K� source (� = 1.5406 Å). Textural properties were determined
by nitrogen physisorption, using a Micromeritics TriStar appara-
tus. The specific area was calculated from Brunauer–Emmett–Teller
(BET) equation and the pore size distribution was analyzed with the
Barrett–Joyner–Halenda (BJH) method. The catalytic experiments
were performed in a In Situ Research RIG-150 catalyst character-
ization system, using a fixed bed quartz reactor with 42.5 mg of
catalyst and gas flow of 100 mL/min. The gas mixture consisted of
98% of N2, 1% of CO and 1% of O2. The exit gases were analyzed
with an online gas chromatograph (Agilent Technologies 6890N)
equipped with FID detector and a HP Plot Q column. The tempera-
ture during the reaction tests was programmed from −5 to 300 ◦C
with a linear ramp of 2 ◦C/min. Before the reaction the catalyst was
pretreated for 2 h with air or hydrogen (80 mL/min) at temperatures
between 200 and 400 ◦C.

3. Results and discussion

3.1. Nanotube synthesis

SEM observations of the as-prepared material showed the pres-
ence of bundles of filaments of different widths, 40–100 nm, and
lengths of several hundreds of nanometers (Fig. 1a). The presence
of nanotubes was made evident by the observation of the samples
by TEM. Fig. 1b and c shows some details of the tubular structure
of the filaments. The nanotube walls seem to be formed by several
layers separated by ca. 0.7 nm, in good agreement with previous
reports of 0.78 and 0.71 nm in the separation of the layers form-
ing the nanotube wall [2,5]. The inner diameter of the observed TN
ranged from 5 to 15 nm, and the outer diameter from 11 to 18 nm.

Since the TN are intended to be used as catalyst supports, it is
important to know the textural and structural changes that they

undergo with the calcination temperature. Fig. 2 shows the TEM
images of TN calcined in static air at 300 and 500 ◦C. It is evident that
as the calcination temperature is increased, the tubular structure
of the TN, which was well defined for the as-prepared material,
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Fig. 2. TEM images of TN calcined in static a
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ig. 3. XRD diffractogram of TN as-prepared and calcined in static air at different
emperatures.

ecomes less defined at 300 ◦C and clearly deteriorated at 500 ◦C.
n fact at 500 ◦C the formation of some round anatase particles of
bout 20 nm is clearly evident.

The chemical structure of the TN also changes with the calci-
ation temperature. Fig. 3 shows the XRD diffractograms of these
aterials. Initially, the diffractogram corresponding to the uncal-

ined nanotubes presents peaks at 2� = 9.54, 24.40, 26.98, 32.28,
8.40 and 50.02, which have been previously assigned to trititanate
r trititanic acid (H2Ti3O7) in tubular form [2,17]. These peaks
iminish their intensity when the material is calcined at 300 ◦C,
hile the main peak corresponding to titanium oxide-anatase at

� = 25.34◦ begins to appear. At calcination temperature of 400 ◦C
he trititanate peaks disappear and instead the peaks correspond-
ng to anatase are clearly displayed. Calcination at 500 ◦C only
ncreases the crystallization of the anatase phase.

The textural properties of the material also reflect the struc-
ural and morphological changes observed by TEM and XRD. Fig. 4a
hows the N2 adsorption–desorption isotherms of TN calcined at
ifferent temperatures. The isotherms have a shape similar to that
eported by Idakiev for titanium oxide nanotubes [30]. As the cal-
ination temperature is increased, the isotherm retains its shape
lthough the amount of nitrogen adsorbed decreases indicating a
eduction in pore volume. Indeed, Table 1 shows that as the cal-
ination temperature is increased the pore volume decreases and

he average pore diameter increases. Table 1 also shows how the
pecific area decreases in the uncalcined TN from 318 m2/g to 296,
55 and 104 m2/g as the calcination temperature is fixed at 300,
00 and 500 ◦C, respectively. Looking at the pore size distribution,
ir for 4 h at: (a) 300 ◦C and (b) 500 ◦C.

calculated from the BJH equation in the desorption branch, the
peak maximum concerning the pore size of the uncalcined mate-
rial appears at 16 nm, and increases to 18, 21 and 22 nm when the
material is calcined at 300, 400 and 500 ◦C, respectively (Table 1
and Fig. 4b).

Changes in pore size are probably caused by variations in the size
of interlayer spacing of nanotube walls with temperature; Suzuki
and Yoshikawa [34] observed that interlayer spacing changed from
9.2 to 7.9 Å when nanotubes were heated from room temperature to
200 ◦C. In Fig. 3 one peak at 9.2◦ is observed for the uncalcined nan-
otubes. This peak corresponds to the interlayer spacing in nanotube
walls in contrast, there is no peak corresponding to this feature
in calcined nanotubes. This information indicates that the inter-
layer spacing changes from 9.6 to <2 Å when the nanotubes are
heated from room temperature to 300 ◦C. Interlayer spacing reduc-
tion is probably caused by the loss of interlayer water [34], the
effect of reducing the interlayer spacing in a spiral is an increase in
the inner diameter. The decrease of specific area with calcination is
caused by two reasons: the elimination of interlayer spacing in the
nanotube walls and transformation of trititanic acid into anatase.
As mentioned above, the nanotubes change their structure with
calcination, and anatase presents a lower specific area.

3.2. Gold catalysts supported on TN

Table 2 summarizes the support calcination temperatures, gold
load, storing time before reaction, and pretreatment conditions
(temperature and type of gas) for the AuTN catalysts used in the
experimental tests. Samples are named AuTN-01, AuTN-02, etc.
The TN were calcined at three different temperatures in static air
during 4 h, and later were decorated with gold nanoparticles using
the method of deposition–precipitation with urea. To corroborate
that gold nanoparticles did not sinter to large sizes during reaction,
the TEM images used to evaluate the gold particle size distribution
and to observe the nanotubes structure were taken from catalyst
samples after reaction. Fig. 5a shows a TEM image of the AuTN-01
catalyst after reaction where gold nanoparticles with average size
of 3.2 nm are observed. It is well known that good catalytic activ-
ity for CO oxidation is obtained from gold nanoparticles smaller
than 5 nm [36]. The TEM micrographs also showed that the tubular
structure of nanotube was preserved after reaction.

3.2.1. Effect of calcination temperature of the support (TN) on CO

oxidation activity

Fig. 6 shows the plots of CO conversion with reaction temper-
ature for Au/TN catalysts prepared with supports calcined at 300,
400 and 500 ◦C (samples AuTN-01, AuTN-02 and AuTN-03). The cat-
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Fig. 4. (a) Adsorption isotherms of TN uncalcined and calcined in static air for 4 h at different temperatures. (b) Pore size distribution of TN obtained from the desorption
branch of the corresponding isotherm using the BJH equation.

Table 1
Textural properties of TN as-prepared and calcined at different temperatures.

Sample Specific surface area (m2/g) Pore volume (cm3/g)a Average pore size (Å)b Pore size at maximum (Å)c

TN before calcination 318 1.14 110 116
TN calcined at 300 ◦C 296 1.16 118 181
TN calcined at 400 ◦C 155 0.99 186 207
TN calcined at 500 ◦C 104 0.83 225 224

a BJH desorption cumulative volume of pores between 17.000 Å and 3000.000 Å diameter.
b BJH desorption average pore diameter (4 V/A).
c Taken from Fig. 4b.

Table 2
Catalysts prepared at different synthesis and pretreatment conditions.

Sample Support calcination temperature (◦C) Wt% Au Storing time (months) Pretreatment temperature (◦C) Pretreatment gas

AuTN-01 300 3 1 300 Air
AuTN-02 400 3 1 300 Air
AuTN-03 500 3 1 300 Air
AuTN-04 300 3 12 300 Air
AuTN-05 400 9 1 300 Air
AuTN-06 400 3 1 200 Air
AuTN-07 400 3 1 400 Air
AuTN-08 400 3 1 300 Hydrogen

F ld par

a
A
a
c
c
(

ig. 5. (a) TEM image of TN decorated with gold nanoparticles. (b) Histogram of go

lyst AuTN-01 displayed low activity compared with AuTN-02 and
uTN-03. In fact, these catalysts where the support was calcined

◦
t 400 and 500 C displayed nearly the same activity reaching 100%
onversion at about 200 ◦C. In order to compare activity of the AuTN
atalysts with a reference, a catalyst with 3 wt% Au over titania
Degussa P-25) was prepared.
ticles size obtained of the TEM image. dav: average size; �: standard deviation.

Fig. 6 shows that this catalyst is slightly more active than Au
over nanotubes at low temperatures but at 100 ◦C and beyond its

activity is lower than AuTN-02 and AuTN-03.

TEM images of AuTN catalysts (Fig. 7) show that the sizes of gold
nanoparticles are in good agreement with the observed activity of
the catalysts since AuTN-01 having an average gold particle size of
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Fig. 7. Particle size histograms for Au/TN catalysts at different calcination temper-
atures of support: (a) 300 ◦C; (b) 400 ◦C; and (c) 500 ◦C. Pretreatment temperature
of the catalysts before reaction: 300 ◦C. dav: average size; �: standard deviation.
ig. 6. Activity of Au/TN catalysts (3 wt% Au) over supports calcined at different
emperatures and Au/titania (P-25) for CO oxidation.

.39 nm (Fig. 7a), was the least less active catalyst. On the other
and, AuTN-02 and AuTN-03 show average gold particle sizes of
.26 (Fig. 7b) and 2.42 nm (Fig. 7c), respectively. These two catalysts
isplay almost the same activity although AuTN-02 is slightly more
ctive, which is in agreement with its smaller gold average particle
ize. In any case, it seems that the decrease in the particle size below
.42 nm has little effect on the catalytic activity.

The changes observed in the catalytic activity can be rationalized
y observing the structural changes in the supports with calcina-
ion temperature, as observed by X-ray diffraction. As Fig. 3 shows,
alcination of the support at 300 ◦C only produced the partial trans-
ormation of trititanic acid to anatase, while the calcination at 400
r 500 ◦C led to the disappearance of the reflections associated with
rititanic acid and only peaks corresponding to the anatase phase
re observed with crystallization increasing at 500 ◦C. It seems,
hen, that Au/trititanic acid catalysts are much less active than
he Au/anatase. TEM images (Fig. 7) obtained after reaction indi-
ated that the tubular shape of the support was present in AuTN-01
nd AuTN-02, and slightly present in AuTN-03. So, it seems that
lthough the catalytic activity might be related to the support
hape, the chemical structure of the support has a more important
mpact on the catalyst activity.

.2.2. Effect of storing time of catalysts
Zanella et al. [40] noted that gold nanoparticles supported on

itania (P-25 Degussa) increase their average size when stored for
ong periods of time. Clearly this behavior has a detrimental effect
n catalytic activity. In our case, Fig. 8 shows the activity evolution
or the catalysts belonging to the same preparation batch but stored
ifferent times (up to 11 months difference). As it can be observed,
here is a decrease in catalytic activity between the catalyst stored

month (AuTN-01, average particle size 3.2 nm, Fig. 5b) and the
ne stored for 12 months (AuTN-04, average particle size 7.84 nm,
ig. 9). The increase in the particle size is probably due to the fact
hat metallic gold, being a noble metal is not strongly bonded to the
upport, but by van der Waals interactions and therefore possesses
igh mobility on the surface, facilitating its sintering.

.2.3. Effect of gold loading
The activity of Au/TN catalysts with two different gold load-

ngs (3 and 9 wt% Au, samples AuTN-02 and AuTN-05, respectively)
s compared in Fig. 10. The activity displayed by both catalysts is

imilar, although the catalyst AuTN-05 is slightly more active.

The cause of this phenomenon can be inferred from the analysis
f the particle size histograms obtained from TEM images of the cat-
lysts. A high density of gold nanoparticles is observed in AuTN-05,
while the catalyst AuTN-02 had a good dispersion of nanoparti-
cles (Fig. 7b). The high density of nanoparticles causes sinterization,
which produce bigger particles, expanding the distribution of par-
ticle size (Fig. 11), increasing average gold particle size from 2.26 to
4.23 nm. Gold activity decreases if nanoparticles size increases, but
in the case of catalyst AuTN-05 the activity was compensated by
the increased amount of particles formed from a higher gold load
(3 wt% vs 9 wt%).
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Fig. 8. Activity of Au/TN catalysts (3 wt% metallic gold) for CO oxidation with
different storing time. Calcination temperature of support: 300 ◦C; pretreatment
temperature: 300 ◦C.

Fig. 9. Histogram of particle size of Au/TN catalyst stored for 12 months. dav: average
size; �: standard deviation.

F
c

3

a
p
F
f
A

Fig. 11. Histogram of particle size of Au/TN catalyst with 9 wt% of metallic gold.
Calcination temperature of support: 400 ◦C. Pretreatment temperature: 400 ◦C. dav:
average size; �: standard deviation.

Fig. 12. Activity of Au/TN catalysts (3 wt% of gold) for CO oxidation at different pre-
treatment temperatures. Calcination temperature of support: 400 ◦C; pretreatment
gas: air.

activity could be ascribed to differences either in the dispersion of
ig. 10. Activity of Au/TN catalysts for CO oxidation with different gold loads. Cal-
ination temperature of support: 400 ◦C. Pretreatment temperature: 300 ◦C.

.2.4. Effect of pretreatment temperature of catalyst
Another variable to consider is the temperature at which cat-

lyst is pretreated prior to reaction. With this process, the gold
recursor is reduced to obtain metallic gold ready for reaction.

ig. 12 shows the activity of the catalysts pretreated at three dif-
erent temperatures. The catalyst pretreated at 200 ◦C (sample
uTN-06) shows very low activity, while the catalysts pretreated at
Fig. 13. Histogram of particle size of Au/TN catalyst (3 wt% of Au) pretreated at
200 ◦C. dav: average size; �: standard deviation.

300◦C (sample AuTN-02) and 400 ◦C (sample AuTN-07) have high
activity, being the last one the more active. These differences in
the particles or in the reduction extent of the gold precursor.
A comparison of the particle size distribution of the AuTN-06

(Fig. 13) with AuTN-02 (Fig. 7b) shows similar gold particle size
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ig. 14. Activity for CO oxidation of Au/TN catalysts (9 wt% of metallic Au) pretreated
ith different gases. Pretreatment temperature: 300 ◦C; calcination temperature of

upports: 400 ◦C.

istribution and practically equal average sizes (4.4 nm vs 4.7 nm).
hese results indicate that the observed difference in activity is
ot associated with the dispersion of the gold particles on the sup-
ort but rather to differences in the reduction extent of the catalyst
uTN-06 respect to AuTN-02. In other words, the gold precursor
upported on TN is not completely reduced at 200 ◦C, and therefore
o achieve high activity it is necessary to pretreat the catalyst in air
t least at 300 ◦C. It was previously reported that gold nanoparti-
les supported over titania (P-25, Degussa) are reduced at 200 ◦C
39]. It appears then that when supported on TN they require a
igher reduction temperature and that this difference is probably
ssociated to the different nature of the supports.

.2.5. Effect of pretreatment gas
To analyze the importance of the nature of the gas used in the

retreatment of the catalyst, the activity of catalysts pretreated
ith air or hydrogen was compared. It is known that the precursor
recipitated using the deposition–precipitation with urea method
roduces Au3+ species [40] that can be reduced in air to Au◦ in two
teps: first the precursor is oxidized into Au2O3 and then this oxide
educes to Au◦, because it possesses a positive �Hf (+19.3 kJ/mol),
hich allows reduction to take place at temperatures above 100 ◦C

41,42]. When pretreatment takes place with hydrogen, the gold
recursor is directly reduced from Au3+ to Au◦.

Fig. 14 shows the activity of Au/TN catalysts pretreated with
ir (AuTN-02) or hydrogen (AuTN-08). As it can be observed, the
ctivity of the Au/TN catalysts do not vary with the pretreatment
as (air or hydrogen), indicating that neither the reduction extent
or the particle dispersion are greatly affected by the nature of the
educing gas (hydrogen or air).

. Conclusions

Nanoparticles of <5 nm can be deposited over titanium oxide
anotubes when urea is used to increase the pH during the
eposition–precipitation of gold.

Au/TN catalysts display high activity in the CO oxidation reac-
ion. At reaction temperatures above 120 ◦C their activity is higher
han displayed by Au nanoparticles deposited on TiO2 (P-25
egussa)

Varying the preparation conditions of Au/TN catalysts it was

ound the following:

a) The best catalytic performance was obtained when the TN
support was calcined at temperatures of 400 and 500 ◦C, tem-

[

[

Today 166 (2011) 172–179

peratures at which the trititanic acid obtained during the TN
synthesis is completely transformed into TiO2-anatase.

b) To obtain high activity in the CO oxidation reaction it is neces-
sary to pretreat the Au/TN catalyst at least at 300 ◦C to assure
the complete reduction of the gold precursor.

(c) The use of hydrogen or air in the pretreatment of the catalyst
does not affect its performance in the CO oxidation reaction.

d) Long periods (12 months) of catalyst storage negatively affect
the activity of Au/TN catalysts because they produce significant
increases in gold particle size due to the high mobility of the
gold nanoparticles on the support.

(e) Increasing the gold load from 3 to 9 wt% Au did not cause an
important improvement in the CO oxidation activity of AuTN
catalysts because gold particles larger than 5 nm, which are not
effective for CO oxidation, are obtained.
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