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1 The interest to supported gold nanoparticles was
generated by the work by Haruta et al. [1] who first
described an extraordinary activity of supported gold
nanoparticles for low�temperature oxidation of CO
was. Supported nanometer Au catalysts have been
proven to be active for CO oxidation at low tempera�
ture [2–4], reduction of NO [5, 6], selective oxidation
of CO in a hydrogen stream [7, 8], catalytic combus�
tion of hydrocarbons [9, 10], and selective hydrogena�
tion [11, 12]. Supported Au nanoparticles possess
unusually high activity for low�temperature oxidation
of CO, whereas they did not demonstrate a favorable
low�temperature behavior in other reactions such as
oxidation of air pollutants yet. It is therefore of interest
to explore their ability to remove other air contami�
nants.

Formaldehyde, emitted widely from furniture,
decorative materials and consumer products, is one of
the most dominant air pollutants in indoor environ�
ments [13, 14]. Long�term exposure to indoor air con�
taining HCHO, even in very small amounts of the
order of a few ppm, can cause adverse effects on
human health [15]. Thus, great efforts have been made
to eliminate HCHO to satisfy the stringent environ�
mental regulations and to achieve better indoor air
quality. Catalytic oxidation was recognized as the most

1 The article is published in the original.

promising technology for removal of HCHO [16–19].
However, the complete oxidation of HCHO can occur
only at moderate temperatures over most of the
reported catalysts [20–22]. To increase the operating
temperatures an extra heating device is needed, that
enhances an operating cost and makes reaction condi�
tions more severe. Thus, this approach is not suitable
for the control of indoor air pollution. Accordingly,
elimination of HCHO at room temperature is highly
desirable due to its environmentally friendly reaction
conditions and energy saving [16, 18, 23]. However,
the development of effective catalysts for HCHO oxi�
dation at ambient temperature is still a challenge for
investigators [18, 24].

Supported noble metals were demonstrated to be
promising catalysts for the complete oxidation of
HCHO at a low and even at ambient temperature [18].
Recently, several studies related to HCHO removal at
a low temperature have been carried out using supported
noble metal (Pt, Rh, Au and Pd) [13, 16, 18, 25]. Pt/TiO2
was identified as the most active among noble metal cat�
alysts supported on TiO2 while Au/TiO2 showed no activ�
ities for HCHO oxidation at room temperature [16, 25].
Li et al. [26] found that 0.73 wt % Au/FeOx catalysts
were inactive in HCHO oxidation at room tempera�
ture while the complete oxidation of HCHO can be
obtained at 80°C when the Au content was increased
to an a level as high as 7.1 wt %. In the literature, the
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gold catalysts for HCHO oxidation were generally
treated by calcinations in air at a high temperature
[16, 22, 25, 26]. This treatment may lead to the
agglomeration of gold nanoparticles especially in the
presence of chloride ion [27]. In addition, the level of
several hundred ppm of HCHO used for the perfor�
mance test is much higher than the actual concentra�
tion of HCHO in indoor environments, which gener�
ally ranges from dozens of ppb to a ppm level. There�
fore, it is of scientific and practical interest to attempt
to study the room�temperature characteristics for low�
concentrated HCHO oxidation over the supported Au
catalysts.

The present work is aimed at extending the applica�
tion of Au nanoparticles to removal of contaminants
from air. It was also of interest to investigate the mech�
anism of conversion of HCHO. Highly active Au/TiO2
catalysts were prepared by impregnation method fol�
lowed by sodium borohydride reduction under mild
conditions. Calcined Au nanoparticles were also pre�
pared for comparison. They were used to study HCHO
oxidation at room temperature. The catalysts were
investigated by X�ray diffraction (XRD), BET surface
area measurements, X�ray photoelectron spectros�
copy (XPS) and transmission electron microscopy
(TEM) techniques. An attempt was made to correlate
the results of characterization of catalysts with their
catalytic performance. Reduced Au/TiO2 catalysts
were successfully used to completely eliminate low
concentrations of formaldehyde in air at room tem�
perature.

EXPERIMENTAL SECTION

Catalyst Preparation

Both reduced and calcined Au/TiO2 catalysts were
prepared using TiO2 powder (P25, “Degussa”) as a
support and HAuCl4 as the precursor compound. The
reduced Au/TiO2 catalysts (denoted as Au/TiO2�R)
were prepared as follows. TiO2 was uniformly dis�
persed into the HAuCl4 solution. After impregnation
for 1 h, NaBH4 solution as reducing agent was quickly
added into the suspension (molar ratio NaBH4 : Au =
10 : 1) with vigorous stirring. After reduction, the sus�
pension was dried at 80°C with continuous stirring.
Finally, the samples were heated at 120°C in air for 4 h
without further high temperature treatment. The cal�
cined Au/TiO2 catalyst (denoted as Au/TiO2�C) was
prepared as follows. TiO2 was added into the HAuCl4
solution with stirring. One hour later, the suspension
was dried at 80°C with continuous stirring. The dried
samples were further heated at 120°C for 4 h, followed
by the calcination at 400°C in air for 4 h.

Catalyst Characterization

TEM images were recorded with a Tecnai G2
20 microscope operated at 200 kV. Surface areas were
computed using the BET equations determined by

measurements of N2 adsorption–desorption iso�
therms at 77 K using a Micromeritics ASAP 2020
instrument. Prior to the measurements, the samples
were degassed at 573 K for 2 h. XRD patterns were col�
lected with a Bruker D8 Advance X�ray powder dif�
fractometer, using CuK

α
 (λ = 1.5418 Å) radiation. The

working voltage of the instrument was 40 kV and the
current was 40 mA. The intensity data were collected
in a 2θ range from 20° to 90°. XPS measurements of
the catalysts were performed with a Physical Electron�
ics 5600 multi�technique system using a monochro�
matic AlK

α
 source for the surface composition. The

binding energy (BE) was determined by utilizing C1s
line as a reference with energy of 285.0 eV.

Measurement of Catalytic Activity

The oxidation of HCHO was performed in a quartz
tubular fixed�bed reactor with a 6 mm ID at atmospheric
pressure and ambient temperature (25 ± 1°C). In a typi�
cal experiment 0.5 g of the catalyst (40–60 mesh) was
loaded in the reactor. Gas�phase formaldehyde was
obtained by bubbling the flow of zero air (only
21 vol % O2 and 79 vol % N2) through a saturator with
HCHO solution. An air mixture containing 10 ppm
HCHO, water vapor (50% relative humidity) was
introduced as the reactant. The total flow rate was
1 L/min, corresponding to a gas hourly space velocity

(GHSV) of 120000 mL  h–1. The contents of
HCHO and CO2 in the air stream were ruonitored
using an HCHO analyzer (Formaldemeter 400, “PPM
Technology”) and CO2 analyzer (HAL�HCO201,
“Chinaway Environmental Instruments”), respec�
tively.

RESULTS AND DISCUSSION

Catalyst Characterization

Representative TEM micrographs for Au/TiO2�R
and Au/TiO2�C (1 wt %  Au) are presented in Fig. 1.
Significant differences between the TEM micrographs
of the Au/TiO2�R sample and the thermally treated
catalyst are evident. It can be seen that small Au nano�
particles of about 3.5 nm, uniformly distributed on the
surface of the Au/TiO2�R catalyst (Figs. 1b and 1c),
become much larger on the Au/TiO2�C catalyst (Fig. 1a).
The gold nanoparticles are hardly discernable in the
image of the 0.1%Au/TiO2�R (Fig. 1d) catalyst due to
a low gold content. Au particles prepared by the
impregnation method are usually larger than 30 nm
because the interaction of the Au precursors with the
metal oxide support is weak, and chloride remaining
on the support surfaces markedly promotes the coagu�
lation of Au particles during calcination [27, 28].
However, mild preparation conditions for Au/TiO2�R
in this study can avoid significant Au sintering and
conglobation, and favor the formation of uniform Au
clusters with small size.

1−
catg
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Table 1 summarizes the BET surface areas com�
puted for Au/TiO2 samples and for pure TiO2. There
are small differences in the surface area of the
1%Au/TiO2�C catalyst and that of pure TiO2. Never�
theless, while the 0.1 wt % Au/TiO2�R catalyst shows
nearly the same surface area as the pure TiO2 the value
of the surface area decreases with increasing Au con�
tent. The reason is that Au nanoparticles can cover the
surface of TiO2 and block its pores. As observed on the
TEM images, many Au nanoparticles are highly dis�
persed in the Au/TiO2�R catalyst, and that may cause
the loss of the surface area [4]. Despite of the slight
reduction in the BET surface area, the Au/TiO2�R
catalyst prepared by sodium borohydride reduction
under mild reaction still preserves a well developed
surface.

The crystallinity of pure TiO2 and Au/TiO2 was
investigated using XRD measurements (Fig. 2). The
XRD patterns of 1 wt % Au/TiO2�R are essentially the
same as that of pure TiO2. In agreement with formerly
reported results [26], Au peaks of the reduced catalyst
were not significant, suggesting that Au nanoparticles
are very small and highly dispersed on the support. In
contrast, weak Au peaks were observed in the spectrum
of the calcined sample, suggesting the presence of
large Au nanoparticles which were also observed in the

TEM micrographs (Fig. 1a). The peaks at 2θ = 38.2°
and 44.4° are attributed to (111) and (200) lattice
planes of Au, respectively [26].

Catalytic Test

Figure 3 shows the time dependence of HCHO
removal efficiency for the reduced and calcined cata�
lysts Au/TiO2 together with the data obtained for pure
TiO2 at ambient temperature. The oxidation of HCHO
by pure TiO2 can be excluded since no CO2 was iden�
tified during the reaction. Removal of HCHO in the
presence of pure TiO2, 1%Au/TiO2�C and

Au

Au

Au

20 nm20 nm

20 nm20 nm(a) (b)

(c) (d)

Fig. 1. TEM micrographs of Au catalysts: 1%Au/TiO2�C (a), 1%Au/TiO2�R (b), 0.5%Au/TiO2�R (c) and 0.1%Au/TiO2�R (d).

Table 1.  BET surface areas of Au/TiO2 catalysts and pure TiO2

Sample SBET, m2/g

TiO2 50.8

0.1%Au/TiO2�R 50.3

0.5%Au/TiO2�R 45.7

1%Au/TiO2�R 44.1

1%Au/TiO2�C 50.6
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0.1%Au/TiO2�R at the initial stage was mainly
ascribed to adsorption of the pollutant gas by TiO2.
The results show that the activities of catalysts were

greatly influenced by the catalyst preparation meth�
ods. When compared with 1%Au/TiO2�C, the
Au/TiO2�R catalyst shows an improved efficiency to
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Fig. 2. XRD patterns of TiO2, 1%Au/TiO2�C and 1%Au/TiO2�R.
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Fig. 3. The efficiency of HCHO removal for 1%Au/TiO2�R (1), 0.5%Au/TiO2�R (2), 0.1%Au/TiO2�R (3), 1%Au/TiO2�C (4)
and pure TiO2 (5).
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remove HCHO (Fig. 3). Only about 2.5% of HCHO
was converted at the stationary stage over the
1%Au/TiO2�C catalyst, whereas the conversion was
remarkably increased to 98.5% over 1%Au/TiO2�R.
When the Au loading on the reduced catalysts was
reduced to 0.5 and 0.1 wt %, the conversion of HCHO
decreased respectively to 80.4 and 12.3%. It is under�
standable that a high Au loading provides additional
active sites for HCHO oxidation, thus leading to
higher HCHO conversions.

The most important factors controlling the cata�
lytic activity of Au catalyst appear to be the particle
size, the nature of a support and the oxidation state of
Au [29]. It is well known that dispersion and particle
size of noble metal nanoparticles are crucial factors for
catalytic activity. The smaller the size of nanoparticles
the higher the number of active surface atom and
active center formed on the catalyst surface, and a bet�
ter catalytic activity [22]. As observed in the TEM
images, highly dispersed metallic Au nanoparticles
with mean size of about 3.5 nm were formed in the
Au/TiO2�R catalyst. In spite of the fact that the aver�
age size of Au nanoparticles is similar for 1%Au/TiO2�
R and 0.5%Au/TiO2�R catalyst, the former catalyst
shows a higher HCHO conversion than the latter. This
phenomenon can be explained by a higher mobility of
lattice oxygen in the 1%Au/TiO2�R catalyst.

The residual chlorine was identified in both
1%Au/TiO2�C and Au/TiO2�R by XPS. The surface
chlorine concentration in the 1%Au/TiO2�R catalyst
(2.75 wt %) is much larger than that in the
1%Au/TiO2�C sample (0.25 wt %) (Table 2), indicat�
ing that some chlorine was removed from 1%Au/TiO2�C
during calcinations while a considerable amount of
chlorine was accumulated on the surface of the cata�
lyst after NaBH4 reduction. On the contrary, much
higher conversions of HCHO were observed in the
presence of the 1%Au/TiO2�R catalyst than with the
calcined sample. Highly efficient Au/TiO2 catalysts
for this reaction can be prepared in a very simple pro�
cess and the dechlorination is not imperative.

The oxidation state of Au species was also impor�
tant for CO oxidation [30, 31]. Some authors believe
that ionic Au provides the active sites for CO oxidation
[32, 33], others claimed metallic Au to be the active
species [1, 30, 34]. The XPS analysis was carried out to

identify the oxidation states of Au particles. XPS spec�
tra of the Au4f are shown in Fig. 4a. It can be observed
that the Au4f peak for 1%Au/TiO2�C was centered at
84.9 eV, this energy is higher than that of Au0, but
lower than those of Au+ and Au3+. These results sug�
gest the existence of gold species in a transition state
between metallic and cationic gold. It is reported that
Au4f7/2 peaks of Au0 (e.g. Au), Au+ (e.g. AuCl) and
Au3+ (e.g. NaAuCl4) are centered at 83.8, 86.1 and
87.3 eV, respectively [3, 35]. Calcination at high tem�
perature resulted in partial reduction of cationic Au to
metal. In the case of the reduced Au catalyst, the peaks
of Au4f7/2 and Au4f5/2 are centered at 83 and 86.65 eV
(Δ = 3.65 eV), suggesting that Au nanoparticles are
fully reduced into metallic state [30, 36]. Interestingly,
the Au4f7/2 showed a significant negative shift of 1 eV
for Au/TiO2�R, with respect to that of bulk metallic
Au (84.0 eV), indicating a very strong interaction
between Au particles and the support. A strong metal–
support interaction (SMSI) was confirmed by the BE
shifts of O1s and Ti2p.The main peaks of O1s and
Ti2p3/2 on 1 wt % Au/TiO2�C are located at 530.6 and
459.8 eV, respectively, which are close to values char�
acteristic of lattice oxygen and Ti4+ in TiO2 [37]. In
comparison, the corresponding O and Ti peaks on
1%Au/TiO2�R made a significant negative shift of
1 and 1.4 eV. The strong metal–support interaction
can influence the electronic properties of the surface
Au [38]. It was proposed that electron transfer from
TiO2 to Au core should be responsible for the shift of
Au4f BE [30, 36, 39]. It is reasonable to suggest that
electron transfer from the TiO2 support to Au particles
is facilitated due to a large difference in the work func�
tion between Au (5.27 eV) and TiO2 (4.1 eV). This
effect can be more pronounced for smaller Au parti�
cles due to the reduced coordination number of surface
Au atoms [40]. The charge transfer was also proved by
the notable BE shift of Ti2p of 1%Au/TiO2�R. As shown
in Fig. 4c, Ti2p3/2 peak of 1%Au/TiO2�R was shifted to
a lower energy in comparison with the calcined sam�
ple, suggesting that Ti4+ is reduced into a lower valence
and exists as TiOx (x < 2). Oxygen vacancies on TiOx
play an important role in anchoring the Au particles
and in transferring electron to Au [41]. In this way they
facilitate adsorption of oxygen at the perimeter of Au
particles. Negatively charged Au clusters also show

Table 2.  XPS data for 1 wt % Au/TiO2 catalysts

Catalyst

BE, eV
Surface atomic ratio 

OII /OI

Surface content, wt %

Au4f7/2 OII OI Ti2p Au Cl

Au/TiO2�C 84.9 532.2 530.6 459.8 0.075 0.23 0.25

Au/TiO2�R 83 531.4 529.6 458.4 0.19 0.75 2.75
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enhanced O2 adsorption since the donation from the
metal to the anti�bonding π* orbital of O2 is enhanced
[30, 42]. Charge transfer from Au nanoparticles to
oxygen activates the oxygen molecule [43]. It was pos�
tulated that the activated oxygen exists in the form of
Au–O complexes on the Au catalyst [34]. It is highly
active and could easily exchange with the oxygen in
the gas or in the molecules adsorbed on the catalysts
[44, 45]. Negatively charged Au nanoparticles and
oxygen vacancies generated by the reduction of sup�
ports can facilitate the electron transfer and contribute

to the activation of oxygen and delivery of oxygen to
the sites active in oxidation. This can explain why
nano�sized Au particles deposited on reducible sup�
port, such as TiO2 and CeO2, show an increased activ�
ity for CO oxidation compared to gold particles on
non�reducible support such as SiO2 and Al2O3 [46].

The presence of activated oxygen was confirmed by
XPS spectra of O1s. In Fig. 4b XPS spectra of
1%Au/TiO2�R are compared with those of
1%Au/TiO2�C. It can be seen that O1s spectra of
Au/TiO2�R exhibit two strong peaks: a main peak at
529.6 eV (denoted as OI) and a shoulder at 531.4 eV
(denoted as OII). These results indicate that two types
of oxygen exist on the surface of the Au/TiO2 catalyst.
The peak due to OI can be attributed to the lattice oxy�
gen of TiO2 [44, 47–49]. The peak of OII can represent
an active state of oxygen, which possesses a high
mobility and might be deeply involved in the redox
cycles of HCHO oxidation. It can be proposed that OII
is attributable to chemisorbed oxygen in the form of
Au–O complexes on the surface of Au catalyst. XPS
spectra of O1s agree well with the observed XANES
spectra observed over a fully reduced Au/TiO2 catalyst
in the previous reports [34, 43]. It can also be found
that OII peak of the 1%Au/TiO2�R catalyst is much
stronger than that of the 1%Au/TiO2�C sample. As
shown in Table 2 and Fig. 4b, the OII/OI ratio of 0.19
calculated from the deconvoluted peak observed for
the 1%Au/TiO2�R sample, is significantly higher than
the ratio of 0.075 found for the calcined sample. A
larger content of OII atoms accounts for a higher
HCHO conversion over 1%Au/TiO2�C as evidenced
by results of the catalytic activity test (Fig. 3). It can be
concluded that the 1%Au/TiO2�R catalyst is superior
to the calcined sample in terms of the ability to activate
O2 and form the surface oxygen.

As shown in Table 2, the surface concentration of
Au on Au/TiO2�C is only 0.23%, which is apparently
smaller than a bulk loading of the 1 wt %  Au. This
indicates that Au species predominantly occupy posi�
tions in the inner pores of the support of the calcined
catalyst and that causes a decreased surface concentra�
tion of Au species [38]. However, as shown in Table 2, the
surface concentration of Au in the reduced catalyst
increases to 0.75%. A higher content of Au nanoparti�
cles on the surface of TiO2 facilitates a contact of the
gold with HCHO molecule from the feed stream. The
enrichment of Au particle on the surface leads to a
higher concentration of active sites and to a larger
amount of activated oxygen involved in the oxidation
of HCHO. These factors account for a much higher
activity of the 1%Au/TiO2�R catalyst compared with
the 1%Au/TiO2�C sample.

The changes in textural properties of Au/TiO2 are
related to the aggregation state of Au. As described
above, BET surface area of the calcined catalyst
remained nearly the same as that of pure TiO2 while it
is reduced to 44.1 m2/g for the 1%Au/TiO2�R catalyst.
An increased surface concentration of Au is appar�
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Fig. 4. XPS spectra of 1 wt % Au/TiO2�R and Au/TiO2�C:
a—Au4f, b—O1s, c—Ti2p.
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ently responsible for a decrease in the BET surface
area. It seems that Au nanoparticles attached to the
surface of TiO2 can block the adsorption sites of TiO2.
The highest HCHO conversion was obtained over
1%Au/TiO2�R with the lowest BET surface area, sug�
gesting that the oxidation of HCHO is not sensitive the
values of the BET surface area.

The account given in this work indicates that
Au/TiO2 catalysts, prepared by sodium borohydride
reduction, can be successfully used to completely
eliminate low�concentrated formaldehyde in air at
room temperature. The 1 wt % Au/TiO2�R catalyst
was found to be highly efficient for the oxidation of
low�concentrated formaldehyde at room temperature.
In the presence of this catalyst a 98.5% conversion of
HCHO was achieved whereas the Au/TiO2�C sample
was nearly inactive under the same conditions. Highly
dispersed metallic Au nanoparticles with a small aver�
age size (~3.5 nm) were identified in the 1 wt % Au/
TiO2�R catalyst. A significant negative shift of Au4f
peak with respect to bulk metallic Au was observed for
the 1 wt % Au/TiO2�R catalyst but no similar phenom�
ena was found for the calcined sample. More Au nano�
particles and a higher content of active oxygen were
identified on the surface of the Au/TiO2�R compared
to the Au/TiO2�C sample. The treatment by sodium
borohydride reduction is favorable for the formation of
finely dispersed metallic Au nanoparticles with small
size. These particles facilitate the electron transfer,
and increase the content of surface Au nanoparticles
and activated oxygen. And these factors contribute to
the high catalytic activity of Au catalysts in the oxida�
tion of HCHO.
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