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TiO2-Au aerogels containing different amounts of gold nanoparticles of different sizes (5 and 16 nm)
were successfully synthesized using a sol-gel procedure, and were tested for salicylic acid photo-
degradation under UV irradiation. The structure and morphology of the obtained materials were
investigated using X-ray diffraction, transmission electron microscopy, and N: adsorp-
tion-desorption measurements. UV-Vis spectroscopy was used to study the optical properties. The
effects of the gold nanoparticles on the TiO: crystallization process were twofold, as follows: (i) the
number of crystallized zones was strongly related to the concentration of the gold nanoparticles,
and (ii) the smaller gold particles increased the time taken for the crystallization of the samples. It
was found that the noble metal-doped samples exhibited higher degradation rates compared with
bare titania. It was found that the most active photocatalyst in each studied system was the sample
with the highest concentration of gold nanoparticles. Additionally, the highest degradation rate
value was obtained with the smallest Au nanoparticles (46.4 x 10-3 pmol/(L-s).

© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
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1. Introduction

In recent decades, much progress has been made in at-
tempts to achieve the depollution of soil, water, and air [1-5].
The detection of pollutants has been performed by
pre-extracting large quantities of water and performing chro-
matographic analysis [1,2]. To clean waters before they are
discharged into rivers or sent to be processed for drinking wa-
ter, adsorption on active carbon, chemical oxidation, or aerobic
biological treatments have been applied [3-5]. Nevertheless,
pollution remains a serious issue that attracts the scientific
world’s attention [6-12]. With an increasing number of publi-

cations in the field, the degradation of water and air pollutants
via heterogeneous photocatalytic processes appears to be a
promising solution for this problem [10,12-14]. This is in part
because of its simplicity, as it requires only that a photocatalyst
is in contact with the medium that contains the pollutant (i.e.,
liquid, gas). The catalyst is activated via the absorption of pho-
tons of appropriate energy. As a consequence, electron (e-)-
hole (h+) pairs are generated, and they migrate to the surface of
the photocatalyst. The e- and h* that do not recombine before
reaching the photocatalyst’s surface are engaged in different
reactions with the surface molecules, resulting in the formation
of highly reactive species (i.e, OH radicals) [15], which are
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subsequently responsible for the pollutants’ decomposition
into less harmful components [15,16].

Titanium dioxide is among the most studied semiconductors
for the processes described above, because of its high photo-
sensitivity, low toxicity, and stability. In addition, loading tita-
nium dioxide with gold nanoparticles increases the photocata-
lytic efficiency. This is because the contact between Au and the
TiOz nanoparticles influences the energetic and interfacial
charge transfer processes in a favorable way [17,18]. As al-
ready discussed, when a bare TiO2 semiconductor is irradiated
with UV light, electron-hole pairs are created. However, be-
cause of the small lifetime of these charge carriers (the ap-
proximate lifetime of a generated electron is 30 ps, while that of
a hole is of 250 ns [19-21]), they do not always reach the sur-
face to start the reactions that are responsible for the pollu-
tant’s photodegradation. The presence of Au nanoparticles
helps to avoid this drawback, because the combination of the
gold with the titania matrix results in the formation of an effi-
cient electron trap (Schottky junction), and improves the pho-
tocatalyst’s response to illumination [18,22-24]. More precise-
ly, under UV irradiation, the electronic charge transfer takes
place from the excited TiOz into the Au, while the barrier
formed hinders the inverse charge transition [18,25,26].

The benefit conferred by the addition of the gold nanoparti-
cles to the titania matrix can be further enhanced if the dis-
persed phase (i.e., the gold nanoparticles) are embedded in a
porous TiOz structure. Titania aerogels are realistic candidates
for this task, because aerogels are porous solid materials with
high surface area, ultra-low density, and high homogeneity
[27-29]. Furthermore, the aggregation of the metal nanoparti-
cles can be avoided; the diffusion of analytes (i.e., the pollutant)
is enhanced, and the number of metal/analyte contacts is in-
creased [30]. The positive effects of the gold nanoparticles on
the charge separation efficiency is also exploited in the photo-
catalytic hydrogen generation, where the “lured” electron is
used for hydrogen reduction (at the Au nanoparticle’s surface),
while the hole is used for the degradation of the sur-
face-adsorbed pollutant [31,32].

In a previous study, we prepared TiO2-Au nanocomposites
by impregnating TiO2 gels with different amounts of Au nano-
particles of given dimensions, followed by supercritical drying.
Their photocatalytic activity was subsequently evaluated using
UV-Vis irradiation [33]. Considering the promising nature of
the results, we propose to obtain a deeper understanding of the
role played by the dimension and concentration of the Au na-
noparticles located inside the TiO2 porous network in deciding
the material’s photocatalytic properties when UV light is used
for irradiation. Thus, in this work, porous nanoarchitectures
based on TiO2 aerogels and Au colloidal particles of two differ-
ent dimensions were obtained.

To achieve the proposed aim, the prepared porous compo-
sites were structurally investigated using X-ray diffraction
(XRD) and UV-Vis spectroscopy, and their morphological par-
ticularities were evaluated using Nz adsorption-desorption
measurements and transmission electron microscopy (TEM).
The photocatalytic activity data were further correlated with
those derived from the morpho-structural analysis.

2. Experimental
2.1. Sample preparation

2.1.1. Preparation of gold nanoparticles

The 16-20 nm gold colloidal suspension was obtained using
a slightly modified Turkevich’s procedure [34]: 25 mmol/L
HAuCls-3H20 (50 mL) was brought to the boil under vigorous
stirring. 1% NaszC3HsO(COO0)s (2 mL) was added to the solution
all at once under vigorous stirring. Stirring and boiling was
continued for 10 min. The solution was then removed from the
heat and stirring was continued until the solution had cooled.

The 4-7 nm gold nanoparticles were prepared according to
the Brust et al. method [35], adapted as follows: 42 mL of 20
mmol/L NaBH4 was added to a 350 mL of 0.5 mmol/L HAuCls
solution. The reaction took place in an ice bath under vigorous
stirring.

2.1.2. Preparation of Au/TiO2 aerogels

TiOz gels were prepared using the one-step sol-gel proce-
dure, using Tis(OCHs)16, HNO3, C2HsOH (EtOH), and H20 at mo-
lar ratios of 1:0.08:21:3.675 [6]. The gels were aged for 3
weeks, and then immersed in different amounts of the Au col-
loidal solutions (50, 200, and 300 mL) for 3 d (16-20 nm Au
nanoparticles), and 1 d (7-10 nm Au nanoparticles), respec-
tively. Afterwards, they were washed with an excess of fresh
EtOH. In the next step, the obtained gels were dried under su-
percritical conditions, using liquid CO2 (T'=313 Kand p = 95.23
atm) with a homemade supercritical drying device.

The samples were coded as follows: S-G (number) - (num-
ber) x (e.g., S-G5-1x); where “S” represents the sample; “G” -
gold; the number after G gives the gold nanoparticles’ average
size in nm, and the last term (number)x gives the quantity of
gold suspension used in the impregnation process (i.e., 1x
means base quantity (50 mL), and 4x means a fourfold quanti-

ty).

2.2.  Methods and instrumentation

2.2.1. Gold nanoparticle size estimations

To confirm the proposed dimensions of the gold nanoparti-
cles, the UV-Vis absorption spectra of the colloidal suspension
were recorded using a JASCO V-650 UV-Vis spectrophotometer.
After the synthesis of the as-prepared samples, the amount of
gold present in the catalysts was estimated using energy dis-
persive X-ray analysis (EDX). Elemental mapping was per-
formed using a JEOL JSM 5510LV scanning electron micro-
scope. The Au amounts given here represent the average values
calculated from measurements performed on four areas of the
same sample. One should note that the difference between the
recorded and the average values was smaller than 6%.

2.2.2. Crystal phase composition, particle size/morphology

To obtain information on the crystallinity characteristics of
the resulting materials, they were analyzed using XRD with a
Bruker D8 Advance diffractometer (Cu K, radiation, A =
0.15406 nm). The crystallite’s dimensions were calculated by
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applying the Rietveld method [36]. These values were further
confirmed by TEM images.

TEM studies revealed the morphology of the samples, and
the presence and distribution of the gold nanoparticles. TEM
micrographs were recorded on a JEOL JEM 1010 TEM operat-
ing at an accelerating voltage of 100 kV and equipped with a
MegaViewlll CCD camera.

The surface area and the pore size distribution of the syn-
thesized samples were determined using N2 adsorption-de-
sorption measurements performed on a Sorptomatic 1990
instrument. The surface area was calculated using the Brunau-
er-Emmett-Teller (BET) three-parameter method.

2.2.3. Determination of the band-gap energies

The band-gap energy of the composites was calculated from
their diffuse reflectance spectra (not shown), which were rec-
orded using a Jasco V650 diode-array spectrophotometer in the
wavelength range of 200-800 nm. Reflectance data were con-
verted to F(R) values using the Kubelka-Munk theory [37,38].
The band gap was obtained from the plot of [F(R)-E]1/2 versus
energy of the exciting light (E), assuming that the investigated
porous samples were indirect band-gap crystalline semicon-
ductors.

2.3.  Assessment of the photocatalytic activity

The photocatalytic activity of the composites was estab-
lished from the degradation rate of salicylic acid, which is used
as a standard pollutant molecule, as reported by Silva et al.
[39]. The decrease in the salicylic acid concentration with time
(Co = 0.5 mmol/L for all investigated samples) was monitored
using a Jasco V-530 UV-Vis spectrophotometer (monitoring the
intensity of the band located at 295 nm). The composites were
immersed in salicylic acid solution and irradiated using six
lamps (6 W each, with Amax= 365 nm) in a positive irradiation
geometry. Before irradiation, the cell with the sample was kept
in the dark for 15 min to achieve equilibrium of the adsorp-
tion-desorption process. The initial photocatalytic degradation
rate ro was used to evaluate the efficiency of the given photo-
catalyst. The value of ro was evaluated as described in our pre-
vious publications [40].

3. Results and discussion
3.1. Characterization results of the TiOz-Au nanomaterials

The UV-Vis absorption spectra for the two mother-colloidal
solutions applied in the impregnation process are shown in Fig.
1. The figure revealed two surface plasmon resonances at 510
and 518 nm. The resulting estimated Au nanoparticle dimen-
sions were approximately 4-7 nm and 14-18 nm, respectively
[41,42].

The obtained TiO2-Au aerogels were investigated using TEM
and XRD to identify the crystalline phases, to evaluate the crys-
tallites’ size, and to prove the existence of gold nanoparticles on
the aerogels’ surface. In the S-G5 series, anatase and brookite
were found, together with a substantial amount of amorphous

4-7 nm sized
Au particles

14-18 nm size
Au particles

Absorbance

1 L 1 L 1 L 1 L
300 400 500 600 700
Wavelength (nm)

Fig. 1. UV-Vis spectra for the two mother-colloidal solutions applied in
the impregnation process.

matter (the XRD patterns are presented in Fig. 2), which is usu-
al for non-thermallytreated aerogels.

The crystallite sizes determined by applying the Rietveld
method [36] to these samples were 8-9 nm for both the ana-
tase and brookite particles (Table 1). These sizes were con-
firmed by TEM. Aerogels belonging to the S-G16 series reveal
diffraction peaks characteristic of the anatase phase only, the
estimated mean size of the crystallites being ~ 7 nm. No traces
of gold were detected by XRD, probably because of the very low
gold content (see Table 1). However, the presence of the noble
metal nanoparticles was confirmed in the TEM micrographs
(Fig. 3). The gold nanoparticles’ size was estimated to be ap-
proximately 4-7 nm (sample series S-G5) and 14-18 nm (sam-
ple series S-G16), respectively.

° @) e Anatase
o Brookite

Intensity

S-G5-1x
& S-G-0
. . . . 1 . 1

Anatase
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20 30 40 50 60 70 80
20(°)

Fig. 2. XRD patterns for the aerogels containing 5 nm (a) and 16 nm (b)
gold particles.
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Table 1

Structural characteristics and salicylic acid photodegradation rate/efficacy for all of the investigated samples.

Sample Au content  Phase content 2 (%) Crystallite size ® (nm) Aper/  Averagepore Eg/  Degradation rate d Degradation
(Wt%) Anatase  Brookite Anatase  Brookite (m?/g) size (nm) (eV) (10-3 umol/(L-s)) efficiency 9 (%)
S-G-0 — am © am am am 593 11 3.17 — —
S-G5-1x 0.12 72.90 27.10 8 8 419 5 3.18 9.1 20
S-G5-4x 0.19 83.99 16.01 9 9 325 4 3.15 12.6 15
S-G5-6x 0.22 100.00 — 9 — 417 4 3.15 46.4 30
S-G16-1x 0.14 am — — — 559 9 3.28 6.5 13
S-G16-4x 0.24 100.00 — 7 — 564 14 3.28 6.5 12
S-G16-6x 0.34 100.00 — 7 — 566 9 3.22 23.2 25
P25 — 89.00 11.00 25 40 nps np np 6.1 8

aGiven by Rietveld analysis of XRD (error +0.5) [36].  Given by XRD analysis (error £0.6). < Absorption band gap from UV-Vis measurements.

dError +1.0. e Amorphous TiOz. f11.00% rutile. eNon-porous sample.

Considering all of the parameters listed above, it is clear that
the gold nanoparticles’ presence in the gel system influenced
the crystallization pathway of the titania during the supercriti-
cal drying process. Accordingly, different crystallinity grades,
particle sizes, and crystal phase compositions were obtained.
This was further supported by the study of sample S-GO (the
reference sample without any Au nanoparticles). As can be
observed from Fig. 2, this sample was highly amorphous, and
revealed no defined features that could be associated with the
presence of a given crystalline phase. This could mean that the
Au nanoparticles acted as crystallization centers for the TiOx.
Direct evidence for this was provided by the presence of dif-
ferent crystalline phases of TiOz in different proportions in the
two sample series. First, in the case of the S-G5 series, both
anatase and brookite particles were present. Second, in the
S-G16 series, only the anatase phase was observed. Further-
more, the titania grain size was also dependent on the size of
the gold nanoparticles. More precisely, while in the sample
S-G5 series the anatase particles’ mean diameter was 8-9 nm,
in the S-G16 series this value was 7 nm or below (in some cases
the crystallinity grade was quite low, and the grain size could
not be correctly estimated).

Another consequence of the gold’s presence was the de-
crease in the surface area (see Table 1). Considering that no
significant variation in the TiO2 crystallite size was detected as
the gold content increased in sample series S-G5, it is not sur-
prising that the surface area values were also similar for all of
the studied Au concentrations. For the aerogels in the S-G16
system, on the other hand, the gold nanoparticles were less

homogeneously dispersed (as observed using TEM), which may
explain why the surface area values were slightly lower than
those of the pure TiOx.

Another important aspect must be considered when dis-
cussing this feature, namely the titania matrix’s capability to
encapsulate the gold nanoparticles. Considering that the BET
measurements revealed that the dominating pore size in the
pure titania samples was 11 nm (see Table 1), we expected
that the 5 nm gold nanoparticles would be uniformly distrib-
uted through the matrix. In contrast, the 16 nm Au particles
were larger than the dominating pore size of the pure titania,
and were consequently expected to either agglomerate on the
TiO2 surface or, at least, present a less uniform distribution
throughout the sample. This was confirmed by a close investi-
gation of the TEM images shown in Fig. 3.

All of the above-mentioned structural modifications were
highly dependent on the presence of the gold nanoparticles.
This suggested that the sites of the crystallization events were
the contact zones between the two materials. The importance
of this zone was also observed at Ge-Si contact interfaces [43],
where the deposited germanium followed the silicon’s crystal
lattice in a few atomic layers, adjusting its own crystal system.
Lopez and coworkers’ [44] theoretical study concerning
Au/TiOz interfaces also predicts the critical importance of the
surface contacts. They concluded that the electronic structure
of the supported metals depended significantly on the geomet-
rical situation of the Au nanoparticles (which in our case var-
ied, because in series S-G16, the Au nanoparticles are mostly
localized on the surface of the titania particles, while in the case

Fig. 3. Selected TEM images of the samples from series S-G5 (a) and S-G16 (b). The arrows indicate the presence of the gold nanoparticles.
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of S-G5 they are situated in the pores). In other words, a semi-
conductor with its surface covered with Au nanoparticles be-
haves totally differently compared with the same semiconduc-
tor with Au nanoparticles inside the particle matrix. These rela-
tions are important in the analysis of the photocatalytic activity,
which is presented later.

3.2.  Photocatalytic performance of the TiOz-Au nanomaterials

As shown in Fig. 4, the most active photocatalyst from the
S-G5 series proved to be the sample S-G5-6x, with a degrada-
tion rate of 46.4 x10-3 umol/(L-s) and #30% removal, while the
least active was sample S-G5-1x, with a degradation rate of 9.1
x10-3 pmol/(L-s) rate, and 20% salicylic acid removal. The
same trend was observed in the S-G16 series. Thus, as Fig. 4
reveals, the most effective catalyst was sample S-16-6x with a
degradation rate of 23.2 x10-3 umol/(L-s) and 25% removal,
and the least active one was S-G16-1x with a degradation rate
of 6.5 x10-3 umol/(L-s) rate and 13% removal. All of the reac-
tion rates and degradation efficiencies are presented in Table 1.
P25 was also tested under similar conditions, and the obtained
reaction rate was 6.1x10-3 pmol/(L-s) with 8% salicylic acid
removal.

Summarizing the results presented above, one can conclude
that the photocatalytic efficiency increased as the concentra-
tion of gold nanoparticles increased. Furthermore, if we esti-
mate the ratio of the reaction rates for the best/worst sample
in each series, we obtain 5.1 (for series S-G5) and 3.5 (for series
S-G16). The less effective enhancement for series S-G16 was
probably a result of the “boundary” zone, as shown by Lopez et
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Fig. 4. Salicylic acid degradation curves for the samples containing 5
nm (a) and 16 nm (b) gold nanoparticles.

al. [44]. This zone also acts as a charged double layer that hin-
ders the electron transfer, which is crucial for noble met-
al-containing titania [45,46].

In general, when titania aerogels are loaded with gold na-
noparticles, the photocatalytic efficiency increases [47]. This is
because upon UV irradiation, the photo-generated electrons
migrate to the Fermi energy level of the Au nanoparticles. At
the same time, the formed Schottky barrier hinders the inverse
migration; hence, charge recombination is avoided. The elec-
trons accumulated on the gold clusters or in the conduction
band of titania are further transferred to the oxygen absorbed
on the surface, and form O2:- or 022-. On the other hand, the
holes accumulated in the valence band of titania act as hydrox-
ylation agents with aromatic compounds [15,16,47]. As the
number of Au-TiO2 contacts increases, the number of elec-
tron-hole pairs generated also increases, which leads to higher
photocatalytic activities, as observed in Table 1.

Besides the energetic aspects, in Table 1 we can observe
that the samples from series S-G5 had lower specific surface
areas compared with the samples from series S-G16. In our
recent paper [48], we demonstrated that in noble metal (sil-
ver)-deposited titania aerogels, the surface area decreases as
the number of crystalline zones increases. The higher crystal-
linity grade was also found to be responsible for the observed
activities [48]. Since the photocatalytic activity of the S-G5
samples was enhanced compared with the S-G16 samples (see
Table 1), one can assume that the number of crystalline sites
was higher in the S-G5 series.

Another enhancing factor (this is not yet proven experi-
mentally) for the sampleseries S-G5 could have been the pres-
ence of the brookite nanoparticles. Their role is not yet entirely
clarified in the literature, but several reports can be found in
which brookite was proven to be a key factor [46,49,50] in the
achieved activity. More precisely, materials containing two
kinds of semiconductors or two phases of the same semicon-
ductor show enhanced photocatalytic activity, because of the
formation of hetero-junctions. As already mentioned, anatase
and brookite were present in the S-G5 series. Considering that
the band-gap energies of those two are 3.2 and 2.98 eV, respec-
tively, the photo-generated electrons from the anatase phase
can easily migrate to the conduction band of brookite. Thus, the
recombination of e--h+ is avoided, and the photocatalytic effi-
ciency is enhanced. A similar situation was observed by Yu et
al. [50] on a Ag-TiOz multiphase nano-composite thin film. In
addition, some theories say that brookite’s role is strongly re-
lated to its indirect bandgap [51]. However, caution should be
taken, because in our samples the brookite concentration was
relatively low (*10% from the crystalline mass, amorphous
component not calculated).

To the best of our knowledge, the majority of gold-titania
catalysts are prepared via the reduction of gold on the titania
surface [46,52]. This sample preparation procedure results in
materials that make the observation of the Au-TiO2 boundary
zone’s effect on the photocatalytic activity rather difficult. The
above-mentioned observations and results related to the pho-
tocatalytic activity of the as-prepared samples could therefore
have a significant impact on the future synthesis of catalysts.
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