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Abstract The effect of copper addition in the micro-
structure of sol-gel titanium oxide (TiO,) supported on
anodic aluminum oxide (AAO) membranes is reported.
Two deposition methods based on immersion and flow
techniques were used for the coating of the porous AAO
membrane. Copper-free membranes were studied as a
function of different ratios of H/Ti, H,O/Ti, selecting the
most appropriate for the sensitization with copper. For
copper-doped TiO, arrays, the presence of copper causes
the reduction of grain size and enhances titania deposition
inside the AAO pores, although no clear tendency with
copper content was found. The formation of copper-doped
titania nanotubes was validated after dissolving the AAO
membranes, finding a deposition-dependent stability in the
Cu-doped materials. Titania and Cu-doped titania nano-
tubes analyzed as colloidal solutions show band gaps
substantially shifted to the red in comparison to the direct
band gap of near-spherical colloidal materials. These arrays
are important for photocatalysis and for the development of
third generation photovoltaic devices.

Introduction

One-dimensional nanostructures have received much
attention due to their unique properties and potential
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applications. Among the various methods implemented for
fabrication of one-dimensional materials, deposition from
solution has several advantages, such as low cost, scaling
to various sizes and shapes, and stoichiometric control
[1, 2]. Still, the challenge to understand and control the
chemistry at the molecular level, and the geometry and size
of the particles elaborated continue to be an intense area of
research. Among the various nanotubes synthesized, TiO,
nanotubes arrays have been obtained by electrochemical
anodization and by combining sol-gel techniques with
anodic aluminum oxide (AAO) templates [1-11]. Work on
TiO,-based nanotubes with improved properties follow the
promising results of titania nanoparticles, where the
inclusion of doping agents has enhanced full spectrum
photoresponse [11], photocatalytic/catalytic properties
[12-15], and ferromagnetism [16]. In particular, the low
cost and availability of Cu and its activity as a catalyst in
many oxidation and reduction reactions, make its use as a
doping agent for titania matrices very attractive [12, 13,
17-26].

Up to date, the science and engineering applications of
highly ordered titania nanotube arrays seem remarkable,
but as stated in a recent review by Mor et al., the work has
just begun [11]. In this contribution, we study the influence
of copper on the microstructure of Cu-doped TiO, nano-
tube arrays and the effect of two deposition techniques
imposing different nucleation conditions during the sol-gel
template synthesis. The immersion technique is dominated
by strong capillary forces and most likely by the geomet-
rical parameters of the pore and the critical nucleus (i.e.,
nucleation of the solid after hydrolysis/condensation) [26—
28]. On the other hand, forcing the continuous flow of sol—
gel solution through the pores of the AAO membrane
significantly alters the dynamics of nucleation and growth
in a way that could favor the formation of nanotubes with
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few defects and thicker walls, given that a relatively con-
stant reactant concentration is obtained by the flow tech-
nique, in contrast to the concentration gradient formed in
the immersion technique where the reactants inside the
pores have to be replenished by diffusion. Previous reports
on Cu-doped TiO, nanoparticles (17-20 nm) include those
obtained via refined alkoxide sol-gel process [21, 23, 24,
26, 29], as well as those obtained by impregnation and co-
precipitation methods and used in the catalytic and pho-
tocatalytic conversion of phenol, CO, CO,, and NO [12-
15, 19, 20, 25]. No reports were found on the synthesis and
properties of Cu-doped TiO, nanotubes catalysts confined
in an ordered matrix such as AAO templates.

Experimental details

Commercial AAO membranes (Anodisc 13, Whatman),
with 13 mm diameter, 60 pm thickness, and 20 nm pore
diameter were used as the templates. Titania sols were
prepared by mixing either ethyl or isopropyl alcohol (Sigma-
Aldrich) with 35 wt.% HCI1 (JT-Baker), water, and titanium
(IV) isopropoxide (Sigma-Aldrich), keeping the mixture at
ambient conditions under strong stirring; sols containing Cu
ions were obtained by adding CuCl, (Sigma-Aldrich) in the
desired proportions. Filling the AAO templates with titania
or Cu-doped titania sols was accomplished by either
immersing the membranes into the appropriate sol, or by
pumping the sol into the membranes placed at the bottom of
10 mL adapted syringes. A close system was implemented
for better humidity control while the optimization of H,O/
Ti, H™/Ti, type of alcohol, and deposition time, were pur-
sued previous to doping with Cu. The details of these
experimental trials are given in Table 1. Table 2 shows the
composition of the copper containing sols used for the
elaboration of Cu-doped TiO, nanotube arrays. The Cu/Ti
molar ratio was varied in the range of 0.006-0.04 keeping
other parameters constant (i.e., H*™/Ti = 0.13, H,O/
Ti = 1.2, ethanol/Ti = 45). The coated AAO templates
were annealed in air at 450 °C for 1 h. For SEM and TEM
analysis, the dissolution of AAO membranes in 5 wt. %
NaOH solution was accomplished in 45 min in both TiO,/
AAO and TiO,—Cu,O/AAO membranes.

Scanning electron microscopy analyses (Stereoscan
440—Leyca Cambridge) were performed to determine the

Table 2 Molar ratios for the preparation of copper-doped titania sols
used in the coating of AAO membranes by flow and immersion
techniques

H'/Ti H,0/Ti C,HsOH/Ti CuwTi Flow/immersion time, h
0.13 12 45 0.000 3.5,45,55
0.13 12 45 0.006 3.5,45,55
0.13 12 45 0.020 3.5,45,55
0.13 1.2 45 0.040 3.5,45,55
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Fig. 1 XRD patterns of TiO,—Cu,O/AAO as a function of flow time
(a) and grazing angle (b)

surface morphology of the samples elaborated. TEM images
were obtained with a field emission transmission electron
microscope (JEOL JEM-2010F FasTEM) working a
200 kV, after dispersing the AAO-free catalyst in ethanol
and by dropping them onto a copper grid. The microstructure

Table 1 Molar ratios for the preparation of titania sols used in the coating of AAO membranes by flow and immersion techniques

H*/Ti H,O/Ti C5;H,OH/Ti C,HsOH/Ti Immersion time, h Flow time, h Sol description
0.05-0.15 1.2 45 - - - Precipitates

0.05-0.18 19 45 3,4,6 - Transparent sol
0.18-0.4 1.2 45 - - 3,4,6 Transparent sol

@ Springer
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and degree of surface coverage inside the AAO pores were
investigated by X-ray diffraction studies (Rigaku Dmax
2200), using Cuk,, radiation (1 = 1.54 A) as the X-ray
source, and Bragg-Brentano and grazing angle analysis
configurations in the 20 range of 10° to 70°. In contrast to the
conventional Bragg-Brentano analysis, where X-ray pene-
tration is of few millimeters causing the pattern to be dom-
inated by the substrate (i.e., AAO membrane), the
comparison of X-ray spectra at various grazing angle 0;,
allows for the differentiation of crystallites grown at the
surface (spectra obtained at lower 0;) from those grown in
the bulk (spectra obtained at higher 6;). In the case of a filled
porous membrane, the increase in peak intensity with
increasing grazing angle indicates the contribution of crys-
tallites grown along the length (bulk) of the pore. If there is a
decrease or constant value in peak intensity with increasing
0;, that will be an indication of titania growth outside the
AAO pores. The average crystal size was obtained from the
most intense peak by means of the Scherrer equation [30],
after correcting for FWHM instrumental error using lan-
thanun hexaboride powder as standard reference material.

(a)

Intensity (a. u.)

Fig. 2 (a) Conventional XRD patterns of TiO,—Cu,O/AAO obtained
by the immersion (I) and flow (F) techniques. Arrays obtained at 5.5 h
deposition time at the atomic (molar) ratios of: Cu/Ti = 0.0016,
H*/Ti = 0.13, H,O/Ti = 1.2, ethanol/Ti = 45. (b) Typical cross-
section SEM image

@ Springer

The optical transmittance of TiO, and Cu-doped TiO, films
and powders was obtained with a Shimadzu UV-3101PC
spectrophotometer in the wavelength interval of 250-
2500 nm.

Results

Transparent and precipitate-free sols were obtained at rel-
atively low H/Ti molar ratio in ethanol, in agreement with
the findings reported by Anderson et al. [31]. Pumping
these sols through AAO templates renders uniform deposits
on the pore inner surface in closed systems. Figure 1 gives
the structural characterization of Cu-doped TiO, supported
on AAO membranes (TiO,—Cu,O/AAO) obtained by the
flow method; here the increment in peak intensity with flow
time can be observed in the conventional XRD analysis
shown in Fig. la, while the trend of increasing peak
intensity with increasing grazing angle indicative of
homogeneous coating inside AAO pores is shown in
Fig. 1b. The protruding background in the range from 15°

Mag = 15.00 KX

Fig. 3 SEM images of TiO,—Cu,O/AAO obtained at 5.5 h immer-
sion time with Cu/Ti = 0.02 (a) and Cu/Ti = 0.04 (b)

Detector = SE1
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to 40° corresponds to the XRD pattern of the AAO mem-
brane and the sharper peaks to the main diffraction planes
of the anatase phase. SEM images of these samples (not
shown) indicates that up to 4 h flow time there is a gradual
increase in pore filling that does not manifest as a unique
nanotube wall thickness, but rather as a distribution of
values given the broad pore size-distribution of commercial
AAO templates. This make the estimated wall thickness
difference of nanotubes formed at deposition times <4 h
difficult to asses by SEM analysis. Above 4 h deposition
time, most narrow AAO pores are completely filled and an
outer titania layer begins to form being 100-200 nm
thicker in samples obtained by flow. The comparison of
copper-doped samples obtained at 5.5 h by the two depo-
sition methods and annealed at the same conditions is
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Fig. 4 Crystal size of titania and Cu-doped titania nanotube arrays
obtained by the immersion (solid line) and flow techniques (dashed
lines). (1) Cw/Ti = 0; (2) Cu/Ti = 0.006; (3) Cu/Ti = 0.02; (4) Cu/
Ti = 0.04

Fig. 5 TEM images of titania
(a) and copper-doped titania
particles (b) obtained by
immersion

shown in Fig. 2a. Here the conventional Brag-Brentano
geometry was used to examine the samples and the lower
peak intensity of those obtained by immersion suggest
inferior titania content inside the pores, given that titania
outlayers were removed by carefully rubbing the AAO
surface. Figure 2b shows the typical cross-sectional image
of coatings obtained by either technique where small pores
appear completely filled and larger pores partially filled.

The effect of Cu on titania deposition is illustrated in
Fig. 3, where SEM images of TiO,—Cu,O/AAO mem-
branes obtained by immersion at different Cu/Ti ratio show
a more uniform but thinner coating when increasing the
Cu/Ti ratio from 0.02 (Fig. 3a) to 0.04 (Fig. 3b); similar
effects occur in samples obtained by flow. Thinning of the
coating not necessarily correlates with the variation in
crystallite size. Figure 4 shows the variation of crystallite
size with respect to immersion/flow time and/or copper
content and it is notorious that the larger crystals are
obtained by immersion regardless of their thinner coatings.

Titania and copper-doped titania particles formed at
long deposition times and obtained after the dissolution of
AAO membranes are shown in Figs. 5 and 6. Figure 5a
corresponds to TEM images of Cu-free TiO, nanotubes
formed inside wide pores of AAO membranes by the
immersion technique, and Fig. 5b to a magnified TEM
image of Cu-doped TiO, nanorod formed also by immer-
sion. The dark spots of Fig 5b were identified as small
5 nm CuO and Cu(OH), clusters by FFT indexation of the
lattice fringes. At lower magnification, SEM images show
the dominance of tubular material but close inspection
verifies the abundance of narrow nanowires. Additionally,
the well-defined nanotube geometry of copper free titania
obtained by the flow technique (Fig. 6a) switch to copper-
doped titania sheets (Figs. 6b—c), particularly in Cu-doped
nanotubes obtained by immersion.

@ Springer
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The optical characterization of titania and copper-doped
titania films and powders is given in Fig. 7. The band gaps
were calculated from the equations describing the optical
absorption of direct (n = 2) and indirect (n = 1/2) transi-
tions in crystalline materials [32]. The plot of (adhv)" vs. hv,

Fig. 6 SEM images of titania (a) and copper-doped titania particles
(b—c) obtained after the dissolution of AAO membranes: (a) and (c¢)
refer to deposits obtained by flow, and (b) to materials obtained by
immersion

@ Springer

where o is the absorption coefficient, d is the thickness of
the absorbing layer, and hv is the photon energy, provides
the value of band gap from extrapolation of the linear part
of the curve near the onset of absorption. For titania and
Cu-doped titania films deposited from sol-gel baths on
Corning glass substrates (near spherical particles), no sig-
nificant band gap shift is observed between copper-free and
copper-doped materials, neither a clear tendency with
copper content, in agreement with previous report [26]. For
titania and Cu-doped titania nanotubes analyzed as col-
loidal solutions (Fig. 7b), the band gap is substantially
shifted to the red in comparison to the near spherical par-
ticles presented in Fig. 7a.
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Fig. 7 Optical band gap determination assuming direct transitions:
(a) titania and Cu-doped titania films deposited on Corning glass
substrates; (b) titania and Cu-doped titania nanotubes analyzed as
colloidal solutions after AAO elimination
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Discussion

In contrast to the abundant literature on the elaboration of
titania nanotubes and nanorods by means of AAO templates,
and on some reports on the synthesis of titania-supported
copper nanoparticles via refined alkoxide sol-gel process,
no reports were found for copper-doped titania catalysts
confined in an ordered matrix. Our results indicate that we
succeeded in obtaining titania and copper-doped titania
nanotubes inside the ordered pore array of AAO templates,
with two deposition techniques imposing different nucle-
ation and growth conditions. Both deposition techniques
depend on the characteristics of the template to tune an
homogeneous transition from nanotubes to nanorods at
longer deposition times; they rendered polycrystalline
material that is sensitive to the presence of metal salts in the
sol-gel bath an apparently, with the commercial AAO
attempted here, the array is a combination of nanotubes and
nanorods at long deposition times. The presence of Cu slows
down titania precipitation causing smaller crystallite sizes
and thinner titania layers inside and outside AAO pores.
Small titania crystals are indicative of the interaction
between CuO and TiO, due to a high vacancy (surface
defects) and/or large hydroxyl concentration (surface func-
tionality) [29]. Although, there are reports in the literature
regarding the formation of sheet-type structures in Zr-doped
TiO, nanotubes synthesized at low acid/metal alkoxide
ratios [33], the fact that both Cu-free and Cu-doped TiO,
nanotubes were synthesized under the same H+/Ti ratio,
make us believe that sheet formation is due to the lower
stability in NaOH of Cu-doped TiO, caused by the abundant
in situ intercalation of Cu?™ ions, instead of an ill-defined
geometry during AAO-coating. Finally, the smaller crys-
tallite size and superior chemical stability toward NaOH of
Cu-doped titania nanotubes produced by the flow technique,
suggest different growth mechanisms. The flow technique
renders thicker deposits conformed of small crystallites (fast
nucleation/slow growth), while the immersion technique
favors the formation of nanotubes with thinner walls con-
formed of larger crystals (slow nucleation/fast growth).
None of these microstructural differences manifest them-
selves as clear differences in the optical absorption spectra
of the powders, although detailed studies are in progress to
determine the optical properties of TiO,-nanotube, TiO,-
nanorod, and TiO,-nanotube-nanowire arrays. It is notorious
though, the red-shift in the absorbance spectra of colloidal
TiO, nanotubes when compared to the normal band gap of
TiO, film. It cannot be explained by differences in particle
size/geometry since it has also been reported for nontubular
18 nm colloidal TiO, particles [26]. The shift most likely
reflect sensitization by defects in the network of TiO, (i.e.,
abundance of lower valence Ti states), which could be

enhanced by local changes in Ti/O ratio in confined AAO
environment.

Conclusions

The effect of copper addition in the microstructure of sol—
gel TiO, supported on AAO membranes is reported. Two
deposition methods based on immersion and flow tech-
niques were used for the coating of the porous AAO
membrane with TiO,. We found that the presence of cop-
per decreases the thickness and crystallite size of titania
coatings, and causes its lower chemical stability toward
NaOH, giving Cu-doped titania nanosheets. Titania and
Cu-doped titania nanotubes analyzed as colloidal solutions
show band gaps substantially shifted to the red in com-
parison to the direct band gap of near-spherical materials
grown on Corning glass substrates, most likely due to TiO,
network defects. These findings are relevant in the field of
photocatalysis and solar energy conversion, where the
combination of well-defined geometries, small particle
size, and broader spectrum photoresponse, may contribute
to the overall improvement of the devices.
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