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Abstract
A series of TiO2 nanoshapes (microurchins, nanobelts, nanowires, microrods
and nanotubes) were prepared and decorated with preformed nanoparticles of
Au-Cu alloy (Au:Cu=3:1 molar, 1 wt.% metal content). The resulting
photocatalysts were tested for the photogeneration of hydrogen using waterethanol gaseous mixtures (H2O:EtOH=1:9 molar basis) under dynamic
conditions (26000 h-1) and compared with a conventional sample prepared
using P25. The use of preformed nanoparticles of Au-Cu alloy with the same
geometric and electronic characteristics ensured a proper assessment of the
influence of the different TiO2 supports on the photoproduction of hydrogen by
providing a similar number and quality of metal-support contact points. The yield
of hydrogen produced on a weight basis over the Au3Cu/TiO2 samples followed
the trend microrods~P25>>nanotubes>nanowires>nanobelts>microurchins. A
stable hydrogen photogeneration rate of ca. 270 μmol H2 g-1 min-1 was obtained
over titania microrods decorated with Au3Cu whereas the photogeneration of
hydrogen over P25 decorated with Au3Cu decreased progressively over time on
stream.
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1. Introduction
The photocatalytic production of hydrogen is one of the most sustainable
processes to obtain renewable hydrogen, which is a powerful energy carrier
that, combined with fuel cells, can help us to manage and store energy in a very
efficient way. Upon light irradiation, electrons and holes accumulate on the
surface of the photocatalyst and H2 can be obtained when these electrons
reduce hydrogen ions [1]. Among the photocatalysts tested so far for hydrogen
generation, TiO2-based materials are the most widely used due to a proper
balance between photocatalytic activity, low cost, availability and stability [2].
Recently, the use of 1D, 2D and 3D nanostructured TiO2 has attracted interest
to improve the photocatalytic performance and several works have been
reported in the literature showing the beneficial effect of controlling the
dimensionality and architecture of TiO2 for the photoproduction of hydrogen [310]. To that end, different synthetic procedures, such as electrochemical
anodization [11-13], atomic layer deposition [14], microwave-assisted synthesis
[15,16], flame synthesis [17], solvothermal methods [18-21] and hydrothermal
methods [22-28] have been used to fabricate diverse types of micro- and
nanoshaped TiO2. However, some of these methods are complex and include
multiple steps or expensive equipment and reagents [29-31]. Among the abovementioned methods, the hydrothermal route is the most used one since it has
many advantages, such as simplicity, scalability and cost-effectiveness.
Nevertheless,
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inconvenience of requiring an acid treatment step and intensive washing, which
are time-consuming and may generate a great variability in the characteristics
and properties of the resulting materials [32,33]. In addition, hydrothermal
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methods usually require long reaction times (up to 72 h). Therefore, the
development of synthetic methods of nanoshaped TiO2 with an improved
efficiency and a short preparation time is highly desirable. In this work, we have
used for the first time (to the best of our knowledge) TiO2 microrods for the
photogeneration of hydrogen, which can be obtained at short reaction times by
simple methods. We compare the photocatalytic efficiency of this material
containing preformed Au3Cu nanoparticles to generate hydrogen from waterethanol mixtures under dynamic gas-phase conditions against well-known
nanoshaped TiO2 nanobelts, nanotubes, nanowires and urchins as well as
standard P25.
It is important to highlight that neither the shape and dimensions of the metal
nanoparticles nor the architecture of the metal-TiO2 interaction are comparable
when the metal nanoparticles are synthesized by conventional impregnation or
photoreduction methods [1,34-36]. The use of preformed nanoparticles
guarantees the same metal particle size and a similar architecture of the AuCu/TiO2 interphase for all the samples tested. Here we have deposited the
metal nanoparticles on the different TiO2 shaped materials in a way that the
characteristics of the metal nanoparticles are common over all the
photocatalysts. In this way, the effect of the shape of the support can be
precisely evaluated. This approach has been used successfully, for instance, in
deciphering the role of nanoshaped CeO2 (nanocubes, nanorods and
nanopolyhedra) in the oxidation of CO over Au/CeO2 catalysts [37]. Here we
have chosen bimetallic nanoparticles of Au-Cu alloy with a Au3Cu composition
since they have shown an excellent performance in the photoproduction of
hydrogen from water-ethanol mixtures in previous experiments using standard
TiO2 decorated with bimetallic nanoparticles with different Au:Cu ratios [38].
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Non-noble metal Cu not only facilitates the separation of carriers, but also
reduces the overpotential of hydrogen evolution, thus promoting the
photocatalytic activity for H2 production [39,40].
2. Experimental Section
2.1 Materials
Commercial TiO2 (P25 ca. 80% anatase and 20% rutile, purity >99.55%) was
purchased from Evonik; sodium hydroxide (NaOH), potassium hydroxide (KOH)
and ethylene glycol ((CH2OH)2) were purchased from Fisher Scientific;
hydrochloric acid (HCl) and titanium(IV) n-butoxide (Ti(OBun)4, 97%) were
purchased from Sigma-Aldrich; absolute ethanol was purchased from Scharlau.
All reagents were used without further purification.
2.2 Preparation of TiO2 nanotubes, TiO2 nanobelts and TiO2 nanowires
For the synthesis of TiO2 nanotubes, nanobelts and nanowires, sodium titanate
nanotubes, nanobelts and nanowires were first prepared by alkaline
hydrothermal treatment of P25 TiO2 powder according to the method described
by Kasuga et al. [41]. In a typical synthesis, about 3.5 g of TiO2 P25 was added
into 280 mL of a 10 M NaOH or KOH aqueous solution. After stirring for 1 h at
room temperature, the white suspension was transferred into a 300 mL Teflonlined autoclave, which was heated at 403-473 K for 20-42 h. Table 1 compiles
the exact synthesis conditions used for the preparation of each nanoshape. The
white precipitate of sodium titanate formed in the hydrothermal synthesis was
collected by centrifugation, washed repeatedly with deionized water until the pH
of the waste washing liquid was near 7, and finally dried at 353 K for 10 h.
Hydrogen titanate nanotubes, nanobelts and nanowires were prepared by
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placing the corresponding sodium titanate nanoshape in contact with a 0.5 M
HCl aqueous solution and stirring the mixture for 7 h. The hydrogen titanate
nanoshapes were collected by centrifugation, washed with deionized until pH∼7,
dried at 353 K overnight and finally calcined at 673-773 K (2 K min-1) for 2-5 h to
obtain the corresponding TiO2 nanotubes, nanobelts and nanowires. The
calcination conditions for each nanoshaped TiO2 support are summarized in
Table 1 as well as the abbreviations used in this work.

Table 1. Synthetic conditions used for the preparation of nanoshaped titania
samples.

Shape

abbreviation

Reaction

Calcination

temperature

temperature

(K) and time

(K) and time

12.5

403 (42 h)

673 (2 h)

12.5

453 (20 h)

773 (5 h)

14

473 (24 h)

773 (2 h)

100

463 (4 h)

-

10

443 (2 h)

673 (4 h)

Reaction

Ratio

medium

(g/L)a

TiO2 prepared by hydrothermal methods
Nanotubes

Ti-NT

Nanobelts

Ti-NB

Nanowires

Ti-NW

Urchins

Ti-MU

NaOH
10 M
NaOH
10 M
KOH
10 M
HCl
5.5 M

TiO2 prepared by polyol method
Microrods

a

Ti-MR

Ethylene
glycol

grams of precursor per liter of solution employed.
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2.3 Preparation of TiO2 urchins
Urchin-like TiO2 microspheres were prepared following the procedure described
in [42]. Titanium(IV) n-butoxide was diluted to a final concentration of 0.29 M in
60 mL of 5.5 M HCl solution. After stirring for 30 minutes, the solution was put
into a Teflon-lined stainless steel autoclave and heated at 463 K for 4 h. The
resulting solid was washed with ethanol, dried at 353 K for 24 h and used
without any further treatment.
2.4 Preparation of TiO2 microrods
TiO2 microrods were prepared by the polyol method following the protocol
described in [43]. Briefly, 2.5 mL of titanium(IV) n-butoxide were mixed with 250
mL of ethylene glycol. The solution was stirred for 1 h and heated at 443 K for 2
h. The resulting precipitate was washed with water, dried at 353 K overnight
and calcined at 673 K (2 K min-1) for 4 h.
2.5 Preparation of Au3Cu/TiO2 photocatalysts
Bimetallic Au-Cu nanoparticles encapsulated with dodecanethiol monolayer
shells were synthesized according to the two-phase method described for the
synthesis of dodecanethiol-capped monometallic Au nanoparticles [44,45] and
metal alloys [46]. The Au:Cu atomic ratio was fixed at 3:1 following previous
reports [38]. The size of the as-prepared Au-Cu nanoparticles was determined
by TEM to be 2.2±0.3 [47].The Au-Cu nanoparticles were suspended in toluene
and impregnated onto each TiO2 nanostructure by incipient wetness
impregnation. The nominal Au-Cu loading was 1 wt.% with respect to TiO2. This
metal loading was determined as an optimum value in previous studies [48]. To
ensure the same metal loading over the different TiO2 supports, equal aliquots
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from a single toluene suspension were used with an automatic micropipette.
Samples were dried at 353 K for 24 h and calcined at 573 K (2 K min-1) for 4 h
to eliminate the dodecanethiol shell and to assure a strong contact between the
bimetallic nanoparticles and the TiO2 supports as reported elsewhere [47]. The
resulting photocatalysts were labeled as AuCu/Ti-NT, AuCu/Ti-NB, AuCu/TiNW, AuCu/Ti-MU, and AuCu/Ti-MR and correspond to Au3Cu nanoparticles
anchored on TiO2 nanotubes, nanobelts, nanowires, urchins and microrods,
respectively. For comparative purposes, conventional titania P25 was also
impregnated with Au-Cu nanoparticles and calcined following exactly the same
procedure. The resulting sample was labeled as AuCu/Ti-P25. The elemental
composition of the resulting samples was analyzed by ICP-OES.
2.6 Characterization
Scanning electron microscopy (SEM) images were recorded at 5 kV using a
Zeiss Neon40Crossbeam Station instrument equipped with a field emission
source. Microstructural characterization by high resolution transmission electron
microscopy (HRTEM) was performed at an accelerating voltage of 200 kV in a
JEOL 2010F instrument equipped with a field emission source. The point-topoint resolution was 0.19 nm and the resolution between lines was 0.14 nm.
Samples were dispersed in alcohol in an ultrasonic bath, and a drop of
supernatant suspension was poured onto a holey carbon-coated grid. X-ray
diffraction (XRD) analysis was performed using a Bruker D8 diffractometer with
Cu Kα radiation (40 mA, 40 kV). X-ray photoelectron spectroscopy (XPS) was
carried out on a SPECS system equipped with an Al anode XR50 source
operating at 150 mW and a Phoibos MCD-9 detector. The pass energy of the
hemispherical analyzer was set at 25 eV and the energy step was set at 0.1 eV.
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Data processing was performed with the CasaXPS program (Casa Software
Ltd., UK). Atomic fractions were calculated using peak areas normalized on the
basis of acquisition parameters after subtraction of the background,
experimental sensitivity factors and transmission factors provided by the
manufacturer. Raman spectroscopy was performed over the range of 50 to 800
cm-1 on a Renishaw inVia Qontor confocal Raman microscope using a laser
excitation source of 532 nm directed to the sample through a Leica DM2700 M
microscope. The scattered light was collected and directed to the CCD detector
of the Raman spectrometer with a grating of 2400 lines mm-1. The power of the
laser at the sample was kept below 5 mW cm-2. UV-Vis reflectance
spectroscopy was performed on a Shimadzu UV3600 UV-vis/NIR apparatus
equipped with a diffuse reflectance cell and using BaSO4 as reference standard.
Surface area measurements (BET method) were carried out with a
Micromeritics ASAP2020 gas adsorption instrument. The materials were
degassed at 500ºC for 10 h prior to the adsorption experiments. Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES) was carried out
using an Agilent 5100 instrument.
2.7 Photocatalytic experiments
A controlled amount of the photocatalyst (between 0.5 and 7 mg) was dispersed
in ethanol and exposed to ultrasonication to obtain an homogeneous
suspension, which was poured onto a circular porous cellulose membrane
(Albet, pore size 35-40 μm, 80 g m-2, thickness 0.18 mm) forming a circle of
supported photocatalyst of 1.8 cm in diameter. The impregnated membrane
was dried at 323 K for 1h. The photocatalytic tests were performed with the
impregnated membrane at room temperature and atmospheric pressure in a
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tubular glass photoreactor [49]. An argon stream was bubbled through a
Drechsel bottle containing a liquid mixture of ethanol-water in order to obtain a
gaseous reactant mixture of EtOH:H2O=1:9 (molar), which was directly
introduced in the photoreactor and forced to pass through the impregnated
membrane at a gas hourly space velocity (GHSV) of ca. 26000 h-1. An UV-light
source (from SACOPA, S.A.U.) consisting of four LEDs emitting at 365±5 nm
was aligned to a synthetic quartz glass cylindrical lens to transmit the light
towards the photocatalyst. An irradiance of 82 mW cm-2 at the position of the
photocatalyst was measured with a UVA sensor (model PMA 2110, Solar Light
Co.), which registers the UV radiation within a spectral response of 320-400 nm,
connected to a radiometer (model PMA2200, Solar Light Co.). The outlet of the
photoreactor was connected to a GC (micro gas chromatograph Agilent 490)
equipped with MS 5Å, Plot U and Stabilwax columns for a complete analysis of
the photoreaction products, which were monitored on-line every 4 minutes.
3. Results and discussion
3.1 Characterization
The nanoshaped titania supports were characterized by X-ray diffraction,
Raman spectroscopy, scanning electron microscopy and UV-Vis spectroscopy
and their surface area was determined by BET measurements. Additionally, the
AuCu/TiO2

photocatalysts

were

also

characterized

by

high-resolution

transmission electron microscopy, Raman spectroscopy, UV-Vis spectroscopy
and X-ray photoelectron spectroscopy. Figure 1 shows the XRD patterns of the
different nanoshaped titania supports prepared in this work. The diffraction
peaks corresponding to titania nanotubes and titania microrods indicate that
these samples are constituted by crystalline anatase, with a mean crystallite
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size (Scherrer method) of about 11 and 8 nm, respectively (Table 2). The
presence of the anatase polymorph in these samples is in accordance to other
works that used the same preparation method [43,50]. Regarding the sample of
titania microrods, there is a trace signal at about 31° which may correspond to
brookite. The XRD pattern of the titania nanowires shows, in addition to
anatase, the presence of the TiO2(B) polymorph with a mean crystallite size of
about 20 nm. The same mixture is identified in the XRD pattern of the titania
nanobelts, but in this case the TiO2(B) polymorph is dominant, which exhibits a
crystallite size of ca. 21 nm. The existence of the TiO2(B) polymorph in these
samples is also in accordance to works reported by others that used similar
hydrothermal preparation methods [51,52]. The XRD profile of the titania
urchins clearly show peaks corresponding solely to the rutile polymorph with a
mean particle size of ca. 27 nm.

Figure 1. XRD patterns of the TiO2 supports prepared in this work.
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Table 2. Crystalline structure, dimensions, surface area and band gap of the
nanoshaped titania supports and dimensions of Au3Cu nanoparticles in
AuCu/TiO2 photocatalysts.

Sample

AuCu/Ti-NT

AuCu/Ti-NB

AuCu/Ti-NW

AuCu/Ti-MU

AuCu/Ti-MR

Elemental compositione

TiO2

Crystalline

Surface area

AuCu ϕ

dimensionsa

structureb

(m2 g-1)c

(nm)d

Au

Cu

(eV)f

Anatase

274

5.0±0.4

0.74

0.08

3.32

35

5.0±0.3

0.78

0.09

3.31

250

4.9±0.3

0.75

0.08

3.34

Rutile

40

4.6±0.6

0.78

0.09

3.06

Anatase

61

5.8±0.5

0.74

0.08

3.27

L=0.1-1 μm
ϕ=10 nm
L=0.5-2 μm

Anatase (9)

W=20-100 nm

TiO2(B) (91)

L=0.1-10 μm

Anatase (75)

ϕ<10 nm

TiO2(B) (25)

L=2-10 μm
ϕ=20-50 nm
L=1-20 μm
ϕ=1-5 μm

Band gap

measured by SEM; bmeasured by XRD and Raman spectroscopy (in parentheses the

a

relative amount of each phase determined by the Beuvier equation is given);
measured by BET method; dmeasured by TEM; ewt.%, measured by ICP-OES;

c

measured by UV-Vis from Tauc plots.

f

The same polymorph distribution was obtained from Raman spectroscopy
(Figure 2a), which is not limited to crystallinity as it occurs with XRD, and
suggests that all the titania samples are totally crystalline. In titania nanotubes
and microrods only bands corresponding to anatase at 144, 197, 399, 513, 519
and 639 cm-1 were present [53,54], whereas in titania urchins the bands at 115,
143, 235, 445 and 610 cm−1 corresponded to pure rutile [53,55]. The spectra of
titania nanowires and nanobelts was more complex, with contributions from
both anatase and TiO2(B) polymorphs. In addition to the bands corresponding
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to anatase, new bands at 121, 237, 250, 294, 365, 431, 468, 552 and 655 cm−1
were present, which are ascribed to the TiO2(B) polymorph [56]. Since it is
difficult to obtain a reliable estimation of the amount of the different TiO2
polymorphs present in the samples from XRD data when anatase is in low
quantities in anatase-TiO2(B) mixtures, the Beuvier equation has been used to
obtain an estimation of the amount of each polymorph from the Raman spectra
[57]. The Beuvier equation is experimental and states that %anatase=y/(6.25.2y), where y=IA/(IA+IB), being IA and IB the integrated intensities of the main
peaks of anatase and TiO2(B), respectively. The amount of each phase is about
anatase:TiO2(B)=3:1 for titania nanowires and anatase:TiO2(B)=1:9 for titania
nanobelts (Table 2). As expected, virtually the same spectra were obtained after
deposition of the Au3Cu preformed nanoparticles (Figure 2b), except for a slight
redshift of the bands corresponding to anatase, as has been already reported to
occur for Au nanoparticles supported on anatase [35].

Figure 2. Raman spectra of (a) the TiO2 supports and (b) the AuCu/TiO2
photocatalysts prepared in this work.
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The nanoshape of the TiO2 supports was confirmed by electron microscopy.
Figure 3 shows representative SEM images under different magnification and
the mean dimensions of TiO2 of each sample are compiled in Table 2. Titania
urchins showed a spherical morphology with particles ranging from ca. 5 up to
20 μm in diameter. Within these particles, the rutile crystals were perfectly
radially aligned (Figure 3a) and measured between 20 and 50 nm in diameter
(Figure 3b). Titania nanobelts occurred as individual particles in the Ti-NB
sample (Figures 3c and 3d). Their morphology was very homogeneous and the
width of the particles was about 20-100 nm and their length ranged mostly
between 0.5 and 2 μm. Sample Ti-NW showed a tangled morphology of TiO2
wires with a diameter below 10 nm. The length of the nanowires varied from
about 0.1 up to 10 μm (Figures 3e and 3f). Accordingly, the surface areas
exhibited by Ti-NB and Ti-NW samples were 35 and 250 m2 g-1, respectively
(Table 2). Figure 3g corresponds to a low-magnification image of the Ti-MR
sample, which was constituted by well-defined TiO2 microrods of ca. 1-20 μm in
length and a diameter of about 1-5 μm. The surface area of the Ti-MR sample
was 61 m2 g-1 (Table 2), which is higher than expected taking into account the
dimensions of the microrods; however, as shown in Figure 3h, the surface of
the microrods was not smooth, the microrods were decorated by smaller TiO2
particles, which accounted for a higher surface area exposed than bare
microrods. Figures 3i and 3j correspond to the sample Ti-NT and show a
tangled morphology of TiO2 nanotubes. They exhibited a rather homogeneous
diameter of about 10 nm and lengths between 100 nm and 1 μm. The surface
area measured was 274 m2 g-1 (Table 2).
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Figure 3. SEM images of the TiO2 supports prepared in this work: Ti-MU (a,b),
Ti-NB (c,d), Ti-NW (e,f), Ti-MR (g,h) and Ti-NT (i,j).
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The nanoshaped titania supports were decorated with preformed Au3Cu
nanoparticles as explained in the experimental section and the resulting
AuCu/TiO2 photocatalysts were characterized by SEM and HRTEM. Given the
small size of the AuCu metal nanoparticles, their detailed analysis by SEM was
not possible. However, even if SEM was unable to accurately determine the
size of the metal nanoparticles, it proved to be useful to study the dispersion of
the metal nanoparticles on the titania supports. As an example, Figure 4 shows
representative SEM images of the AuCu/Ti-MR sample. Figure 4a corresponds
to the area enclosed in the white rectangle shown in the inset of Figure 4b
recorded using secondary electrons, whereas Figure 4b corresponds to exactly
the same area but recorded using backscattered electrons. As it is well-known,
backscattered electrons are more sensitive to differences in the atomic weight
of the elements present in the sample, which in our case means that the Au3Cu
metal nanoparticles are easy to identify as bright dots in the image with respect
to the TiO2 support. This is exactly what it is seen in Figure 4b, where some of
the metal nanoparticles are enclosed by white circles. A similar good dispersion
of the metal nanoparticles on the titania support were observed for the other
AuCu/TiO2 samples, which means that the impregnation method used was
successful in preparing photocatalysts decorated with individual Au3Cu metal
nanoparticles.
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Figure 4. SEM images of the area enclosed in the white square of a TiO2
microrod in sample AuCu/Ti-MR (see inset in b) recorded with secondary
electrons (a) and backscattered electrons (b). AuCu nanoparticles are inside the
white circles in (b).
A complete microstructural characterization of the AuCu/TiO2 photocatalysts
was carried out by HRTEM. Figures 5a and 5b show representative images of
the outer part of the urchins in the AuCu/Ti-MU sample. The urchins are
crystalline and the lattice fringes of the crystallites corresponded to rutile, as
expected from XRD and Raman results. The surface of the rutile crystallites
exhibited mainly the {110} planes at 3.2 Å (Figure 5a). The metal nanoparticles
appeared darker in the images because they showed strong electron diffraction
and exhibited lattice fringes corresponding to Au3Cu alloy (Figure 5b). They
were rounded (with no developed facets) and their size was in the range 4-5 nm
(Table 2), which is in accordance to the size growth expected after calcination
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at 573 K as reported previously [47]. The microstructure of the titania nanobelts
was also totally crystalline and their surface exposed almost exclusively the
{200} planes at 5.8 Å of the TiO2(B) polymorph (Figure 5c). The HRTEM images
also showed abundant regular voids inside the nanobelts as brighter areas, as
described elsewhere for TiO2(B) [58]. The titania nanobelts appeared decorated
with well-dispersed and rounded Au3Cu metal nanoparticles with a narrow size
distribution centered at about 5 nm (Figures 5c and 5d). The titania nanowires
were also perfectly crystalline (Figures 5e and 5f) and the main planes exposed
at the surface belonged to the {001} family at 6.2 Å of the TiO2(B) polymorph
[59]. The microrods in the Ti-MR sample could not be studied by HRTEM
because their thickness exceeded the maximum allowed value of thickness for
electrons to be properly transmitted through the sample. However, HRTEM
images were recorded at the corners of the microrods and the presence of
titania nanoparticles measuring ca. 4-6 nm was unambiguously recognized,
confirming previous SEM observations. The lattice fringes at 3.4 Å correspond
to the (101) crystallographic planes of anatase (Figures 5g and 5h). Finally,
HRTEM allowed to confirm the structure of the titania nanotubes in AuCu/Ti-NT
(Figures 5h and 5i). As illustrated in the images, the nanotubes showed welldefined planes at the edges, whereas their central part appeared brighter,
indicating the existence of a hollow structure. The nanotubes were aligned
parallel to the (100) crystallographic planes of anatase at 6.2 Å. The size of the
Au3Cu metal nanoparticles was similar to those recorded over the other
samples (Table 2) in accordance to the preparation method using preformed
Au3Cu alloy nanoparticles. Also, the metal loading was similar (Table 2).
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Figure 5. HRTEM images of photocatalysts AuCu/Ti-MU (a,b), AuCu/Ti-NB
(c,d), AuCu/Ti-NW (e,f), AuCu/Ti-MR (g,h) and AuCu/Ti-NT (i,j).
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The surface of the AuCu/TiO2 photocatalysts was studied by XPS. In addition to
adventitious carbon, the only detected signals came from the TiO2 support and
the Au3Cu nanoparticles. In all cases, sodium and sulfur signals were absent,
indicating that the surfaces of the photocatalysts were not contaminated with
residual Na from NaOH used during the hydrothermal treatments and with S
from the thiolate shells of the preformed Au3Cu alloy nanoparticles. This
observation is important since organic fragments at the surface of titania
photocatalysts can act either as a recombination electron-hole centers or as
promoters in the photogeneration of hydrogen [60]. The Ti 2p region recorded
for each photocatalyst is shown in Figure 6. In all cases the spectra were
dominated by signals at 458.5±0.2 eV (Ti 2p3/2) and 464.2±0.2 eV (Ti 2p1/2)
characteristic of Ti4+ in the TiO2 structure (with a spin-orbit splitting of 5.7 eV). In
the spectrum corresponding to the sample AuCu/Ti-MR, the existence of
another doublet at 456.8 eV (Ti 2p3/2) and 462.3 eV (Ti 2p1/2) characteristic of
Ti3+ was also observed [59,61]. This can be due to a stabilization effect of
oxygen vacancies by small anatase nanoparticles of 4-6 nm at the surface of
the microrods (Figure 5h). Traces of Ti3+ were also detected in the spectrum of
the sample AuCu/Ti-MU, but to a much lower extent. Figure S1 shows the Au 4f
spectra of the AuCu/TiO2 photocatalysts. In all cases, the binding energies of
Au 4f7/2 and Au 4f5/2 were at 84.3±0.1 and 87.1±0.1 eV, respectively, which
indicated the presence of metallic Au in the AuCu nanoparticles deposited on all
the nanoshaped titania supports. The spectra recorded in the Cu 2p region
(Figure S2) was quite noisy given the low concentration of Cu in the preformed
nanoparticles, but the binding energies of Cu 2p3/2 and Cu 2p1/2 recorded at
about 932.3 and 952.4 eV, respectively, and the absence of satellite lines were
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consistent with Cu being in metallic state in AuCu alloy [62]. As expected, the
surface atomic Au/Cu ratio was similar for all samples at about 2.9±0.3.

Figure 6. Ti 2p XP spectra recorded over the AuCu/TiO2 photocatalysts.

Figure 7 shows the UV-Vis absorption spectra of the nanoshaped titania
supports (Figure 7a) and the AuCu/TiO2 photocatalysts (Figure 7b). The intense
absorption feature at about 300-400 nm is characteristic of the O 2p-Ti 3d
transition (from valence band to conduction band) of TiO2, being the position of
the absorption edge determined by the structural characteristics and
polymorphism of titania. Table 2 compiles the band gap energies for each
nanoshaped titania support obtained from Tauc plots. As expected, the band
gap of the titania urchins, 3.06 eV, was clearly lower than those of the other
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nanoshapes because the titania urchins were composed exclusively by rutile,
which exhibits a lower band gap [9]. The band gap of TiO2(B) is about 0.1 eV
lower than that of anatase [63], which explains the slight lower band gap energy
recorded for sample Ti-NB with respect to Ti-NT and Ti-NW (3.31 vs. 3.32-3.34
eV). In contrast, titania microrods, which were constituted exclusively by
anatase, showed a red shift of the absorption edge with respect to the other
titania nanoshapes containing anatase, which resulted in a low band gap
energy of 3.27 eV. This could be explained by the presence of small anatase
nanoparticles of 4-6 nm decorating the titania microrods, as evidenced by
HRTEM (Figure 5h), since it has been reported that there is a dependency of
anatase crystallite size on its optical properties; the smaller the particle size the
smaller the band gap of anatase until the Bohr radius is reached [64]. The band
gap energies of the titania nanoshapes were essentially unaltered after
deposition of the preformed Au3Cu metal nanoparticles (Figure 7b), in
accordance to similar studies on Au/TiO2 photocatalyts [35].
As expected, after deposition of the preformed metal nanoparticles a new
absorption band at 500-650 nm was observed due to the localized surface
plasmon resonance (LSPR) of the Au3Cu alloy nanoparticles. The band was
rather broad, according to the presence of 4-6 nanometer-sized Au3Cu
nanoparticles [38]. In all samples except for AuCu/Ti-MR, the LSPR band was
centred at 555±3 nm, which is a direct demonstration that the photocatalysts
contained Au3Cu metal nanoparticles with a similar size, in accordance to
HRTEM measurements (Table 2). However, the photocatalyst AuCu/Ti-MR
exhibited a LSPR band at a higher wavelength, 567 nm, which pointed to the
presence of larger Au3Cu metal particles. This is also in accordance to HRTEM,
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which showed a mean Au3Cu nanoparticle size larger than that of the other
samples (5.8 vs. 4.6-5.0 nm, respectively).

Figure 7. UV-Vis spectra recorded over the nanoshaped titania supports (a) and
the AuCu/TiO2 photocatalysts (b).

3.2 Photocatalytic performance
Photocatalytic experiments can be strongly affected by mass transfer and
photon delivery limitations [48]. For that reason it is very important to carry out
preliminary experiments to define the testing conditions that will allow a proper
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comparison of the photocatalytic performance between the different samples.
This procedure is particularly important when calculating apparent quantum
efficiencies [65], [66]. A first set of experiments were carried out to study the
photon transfer limitations in our continuous tubular photoreactor at a fixed
contact time value of ca. 0.14 s by varying the amount of photocatalyst
deposited in the membranes used under a constant irradiance of 82 mW cm-2.
As a representative example, Figure 8 shows the normalized photocatalytic
hydrogen rates (μmolH2 gcat-1 min-1) obtained over the Ti-MR sample. It is clearly
observed that the amount of catalyst should be in the 1-1.5 mg range for an
optimum photon usage and that a larger quantity of photocatalyst resulted in a
lower hydrogen photoproduction normalized rates than the 1-1.5 mg range.
Similar results were obtained over the other titania nanoshaped supports and
over the AuCu/TiO2 samples. On the other hand, at a given photocatalyst
loading, the contact time was varied between 0.07 and 0.28 s and we did not
observe limitations of mass transfer in these conditions.

Figure 8. Hydrogen photoproduction rates obtained over the Ti-MR sample at
room temperature and atmospheric pressure in a tubular glass photoreactor
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operating under dynamic conditions. EtOH:H2O=1:9 (molar), GHSV=26000 h-1,
82 mW cm-2.

Both the nanoshaped titania supports and standard P25 as prepared and after
decoration with preformed nanoparticles of Au-Cu alloy were tested at room
temperature and atmospheric pressure for the photogeneration of hydrogen
under dynamic conditions using a gaseous mixture of EtOH:H2O=1:9 (molar) at
a gas hourly space velocity of GHSV=26000 h-1 for 2 h. The only products
obtained were hydrogen and acetaldehyde in equimolar amounts according to
the well-known photodehydrogenation reaction of ethanol, C2H5OH → CH3CHO
+ H2 [1]. Figure 9 shows the hydrogen photoproduction rates obtained for each
sample over time on stream.
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Figure 9. Hydrogen photoproduction rates obtained over the titania nanoshaped
supports and P25 and over the AuCu/TiO2 photocatalysts over time on stream
at room temperature and atmospheric pressure in a tubular glass photoreactor
operating under dynamic conditions. EtOH:H2O=1:9 (molar), GHSV=26000 h-1,
82 mW cm-2.
It is important to highlight that all the samples exhibited a very stable
photocatalytic generation of hydrogen except for AuCu/Ti-NT and AuCu/Ti-P25,
which showed a progressive deactivation. This could be related to a strong
adsorption of acetaldehyde on the surface of the photocatalysts, which in turn
could inhibit the hole scavenging by ethanol molecules [67,68].
Figure 10 shows the hydrogen photoproduction rates and apparent quantum
efficiencies (AQE) values for each sample recorded after 2h on stream. For the
bare nanoshaped titania supports the photogeneration rate of hydrogen
followed the trend Ti-NT>>Ti-MR~Ti-P25>Ti-NW>Ti-NB>Ti-MU. It is interesting
to note the higher photoactivity of the titania nanotubes, which are composed
solely by anatase, than the standard P25 titania sample, where the coexistence
of anatase and rutile has shown superior photocatalytic properties than pure
anatase conventional nanoparticles. This can be due either to a higher number
of surface photocatalytic sites due to the high surface area exhibited by Ti-NT
with respect to Ti-P25 (274 vs. 47 m2 g-1, respectively), or to the nanotubular
architecture, which has been reported to decrease the electron-hole
recombination rate [69]. Also, titania microrods, which are constituted by
anatase only, exhibited a similar hydrogen photoproduction rate than Ti-P25. In
this case, the surface areas of both samples were similar (60 vs. 47 m2 g-1),
which suggests that the microrod architecture was responsible for the relatively
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high photoactivity observed. In contrast, titania nanobelts and nanowires, in
spite of their 1D architecture, showed lower hydrogen photoproduction rates.
This can be ascribed to the presence of TiO2(B), which has been reported to be
less photoactive than anatase [70,71]. The titania microurchins showed the
lowest hydrogen photogeneration rate due to the exclusive presence of rutile,
which has the fastest electron-hole recombination rate. In this case the 1D
architecture did not provide with additional advantages.

Figure 10. Hydrogen photoproduction rates and apparent quantum efficiencies
(AQE) obtained over the titania nanoshaped supports and over the AuCu/TiO2
photocatalysts after 2h on stream in a tubular glass photoreactor operating
under dynamic conditions. EtOH:H2O=1:9 (molar), GHSV=26000 h-1, 82 mW
cm-2.

The addition of Au3Cu alloy nanoparticles clearly promoted the photogeneration
of hydrogen as expected [38,62] except for Ti-MU. The photoactivity of the
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different titania morphologies decorated with the Au3Cu alloy nanoparticles
followed

the

trend:

AuCu/Ti-MR~AuCu/Ti-P25>AuCu/Ti-NT>AuCu/Ti-NW>

AuCu/Ti-NB>AuCu/Ti-MU. The promotion of the photogeneration of hydrogen
was particularly significant for AuCu/Ti-MR and AuCu/Ti-P25 with respect to
their respective Ti-MR and Ti-P25 supports (Figure 10), although the
performance of AuCu/Ti-MR was clearly superior because, as pointed out
earlier, the photoproduction rate of hydrogen obtained over AuCu/Ti-P25
decreased over time on stream (Figure 9). The apparent quantum efficiency
(AQE) for the photogeneration of hydrogen was calculated using the equation
AQE = (2 nH2/np) × 100, where nH2 is the number of molecules of generated H2
and np the number of incident photons reaching the catalyst [72]. The maximum
AQE recorded was ca. 3.1% for AuCu/Ti-MR (Figure 10).

It should be pointed out that the number and quality of contact points between
the Au3Cu alloy nanoparticles and the different titania supports was similar
because, as discussed earlier, we used preformed nanoparticles of Au3Cu alloy
with the same characteristics. Therefore, it is possible to compare in a proper
way the role of the titania morphology on the photoproduction of hydrogen after
decorating the surface with the Au3Cu nanoparticles. Taking into account that
the hydrogen photogeneration rates of Ti-MR and Ti-P25 were very similar (50
vs. 52 μmol H2 g-1 min-1) and those recorded for AuCu/Ti-MR and AuCu/Ti-P25
were also very similar (272 vs. 268 μmol H2 g-1 min-1), it is likely that the
enhancement of electron transport between the surface of titania microrods and
of P25 and the Au3Cu alloy nanoparticles follows a similar route. In contrast, the
enhancement of hydrogen photoproduction over AuCu/Ti-NT was ca. only twice
than that of the Ti-NT support (176 vs. 90 μmol H2 g-1 min-1, respectively), which
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could be an indication that a different electron transport mechanism takes place
between the surface of titania nanotubes and AuCu alloy nanoparticles with
respect to Ti-MR and Ti-P25, even if Ti-NT are constituted by anatase. The
particular titania microrod architecture, therefore, can be considered to play a
key role on the photogeneration of hydrogen. Finally, the photocatalytic
performance of the AuCu/Ti-MR sample (16.3 mmol H2 g-1 h-1) is significantly
better compared with other M/TiO2 systems reported in the literature operating
under similar conditions [73,74]. In particular, Chen et al. reported hydrogen
photoproduction rates of 11.6 and 10.3 mmol H2 g-1 h-1 in ethanol-water
mixtures (10 vol% alcohol) for Ni/P25 TiO2 and Au/P25 TiO2, respectively [75].
4. Conclusions
A series of well-defined titania 1D architectures (tubes, wires, rods, belts and
urchins) were synthesized, characterized and tested for the photogeneration of
hydrogen under dynamic conditions and in gas phase from water-ethanol
mixtures and their photocatalytic performances were compared with a standard
TiO2 P25 sample. The hydrogen photoproduction rates normalized on a weight
basis followed the trend:
nanotubes>>microrods~P25>nanowires>nanobelts>microurchins
The good results obtained over titania nanotubes could be due to a higher
number of surface photocatalytic sites than the other samples, due to its high
surface area (275 m2 g-1), or to the nanotubular architecture, which exhibits a
low electron-hole recombination rate. The anatase morphologies (nanotubes
and microrods) were superior to the samples containing the TiO2(B) polymorph
(nanowires and nanobelts) and rutile (microurchins). These titania 1D structures
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were decorated with the same amount of Au3Cu alloy nanoparticles and the
photoproduction of hydrogen was strongly enhanced, but to a different degree
depending on the architecture of the titania support considered. The hydrogen
photoproduction rates normalized on a weight basis followed the trend:
AuCu/microrods~AuCu/P25>AuCu/nanotubes>
AuCu/nanowires>AuCu/nanobelts>AuCu/microurchins
The strong enhancement of the photogeneration of hydrogen over the titania
microrods decorated with AuCu alloy nanoparticles merits to be highlighted. In
addition, the photoproduction of hydrogen exhibited by this sample was very
stable, whereas the standard TiO2 P25 sample decorated with Au3Cu
nanoparticles suffered a progressive deactivation during time on stream.
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