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Silver (Ag) nanoparticles were successfully assembled in self-organized TiO2 nanotubes by the polyol pro-
cess. Scanning electron microscopy, transmission electron microscopy, X-ray diffraction, X-ray photoelec-
tron spectroscopy as well as Fourier transform infrared spectroscopy were used for the characterization
of surface morphology, phase composition, microstructure, and valent state of the AgATiO2 catalysts. It
was found that these catalysts showed improved dispersion and increased catalytically active sites.
The electrocatalytic properties of AgATiO2 catalysts for ethanol oxidation were investigated by cyclic vol-
tammetry. The results showed that the Ag doped anatase TiO2 composites exhibited excellent catalytic
activity in electrocatalytic ethanol oxidation in alkaline media. Hence, the composites look promising
in direct ethanol fuel cell applications.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

With the energy shortage becoming more and more serious,
people are looking for environmentally friendly transportation
fuels to replace conventional fossil fuels. At present, considerable
research is focused on the development of high surface area elect-
rocatalysts, which has high catalytic activity for methanol oxida-
tion and resistance to catalyst poisoning [1]. In the past decades,
ethanol has received increased attention because it has fuel charac-
teristics similar to those of methanol. However, from an energy
storage point of view, ethanol appears to be a preferable fuel over
methanol. Also, ethanol is much less toxic and expensive than
methanol; thus, the threat to the environment can be dramatically
attenuated [2]. For these reasons, ethanol was adopted to evaluate
the catalytic activity in this study. Nanosized TiO2, one of the most
popular catalyst materials, has the advantages of physical and
chemical stability, high activity, and low price. Among various
TiO2 morphologies, TiO2 nanotubes are attractive substrates be-
cause of their large specific surface areas, thermal stability, chem-
ical inertness, and nontoxicity [3]. In addition, noble metal
catalysts also attract considerable attention due to their unique
nature. Therefore, metals such as Au, Pt, Rh, and Pd deposited on
the surface of TiO2 have shown excellent performance in the activ-
ity and stability [4–7]. However, these noble metals are too expen-
ll rights reserved.
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sive to use at an industrial scale. Recently, silver doped TiO2

(AgATiO2) nanocomposite structures have attracted much atten-
tion not only because TiO2 is a promising material with desirable
electronic and optical properties, but also because Ag displays
some unique activities in chemical and biological sensing com-
pared with the other noble metals mentioned above [8]. Thus,
the study of Ag modified TiO2 has significant practical value. To
date, it has been shown in many reports that impregnating TiO2

with noble metals, such as Pd, Au, or Pt could effectively improve
the photocatalytic activity of TiO2 [9,10]. However, the electrocat-
alytic activity of Ag doped TiO2 nanotubes has not been subjected
to intensive study. It is well known that TiO2 has three crystal
phases (anatase, rutile, and brookite). However, the influence of
TiO2 crystal phase on the electrocatalytic activity has not been re-
ported in detail.

The photoreduction method was usually employed to synthe-
size Ag doped TiO2 nanotube composites [11]. It was observed that
photoreduced Ag cannot be highly dispersed on the surface of TiO2.
Hence, the amount of active sites on the AgATiO2 surface cannot be
increased significantly. Other methods involving sol–gel, ‘wet’
chemical and ceramic methods, where drying, heating or annealing
at high temperatures are important steps in the preparation pro-
cess [12–14], are too complicated for large-scale production. It is
well known that the polyol process is a convenient, versatile and
low-cost method for the synthesis of metal nanostructures on a
large scale. Based on this technique, a number of metal nanostruc-
tures, such as gold nano-octahedra [15], gold nanoplates [16], Ag
nanowires [17] and Ag nanopowder [18], have been successfully
synthesized in ethylene glycol (EG) solution.
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In order to modify the TiO2 nanotubes by Ag nanoparticles, a
polyol method at low-temperature has been developed to over-
come the difficulties and disadvantages mentioned above. The
Ag+ ions from silver nitrate (AgNO3) can be reduced to metallic
Ag, some of which can be deposited onto the nanotube surface,
while the others may react with the small amount of ruitle TiO2

to form the silver titanate. We have found no study on the prepa-
ration of simultaneously doped and deposited Ag on TiO2 nano-
tubes using this method.

In order to prepare AgATiO2 composite nano-material, a small
amount of sodium borohydride (NaBH4) was added to an EG solu-
tion of polyvinylpyrrolidone (PVP) prior to the addition of AgNO3

aqueous solution. In this process, the AgNO3 solution serves as
the metal salt precursor, NaBH4 as the reductant, and EG as both
a solvent for the precursors and a reductant for the reaction. Previ-
ous studies revealed that the surfactant PVP could act not only as a
stabilizer to prevent the aggregation of the products but also as a
shape controller to assist the formation of anisotropic metal nano-
structures. The advantage of this method is that the EG can serve
not only as solvent but also as reducing reagent. The use of EG
may lead to a more environment-friendly production of Ag nano-
particles deposited on TiO2 surfaces as well as to an increase in sta-
bility of the obtained AgATiO2 colloids [19]. In this study, the Ag
nanoparticles were deposited successfully on different crystal
phases of TiO2. Furthermore, the electrocatalytic activity of the
AgATiO2 catalysts was also evaluated.
2. Experimental

2.1. Synthesis of self-organized TiO2 nanotube arrays on Ti substrate

TiO2 nanotubes on Ti substrates were fabricated by anodic
oxidation according to a method reported in the literature [20].
Briefly, commercial pure titanium sheets (11 mm � 9 mm �
0.6 mm, Tianjin Pengbo Company, China) were used as the sub-
strate electrode. Prior to anodic oxidation, the titanium sheets
were ground with different types of emery paper (600#, 1000#,
and 2000#) and then degreased in an ultrasonic bath in ethanol
and deionized (DI) water followed by air drying. Samples were
anodized in water/glycerol (1:1 Vol.%) mixtures containing 0.3 M
NH4F at a potential of 30 V for 3 h. Finally, the as-prepared TiO2

nanotube electrode was annealed at 723 and 923 K under oxygen
atmosphere for 1 h.
2.2. Chemical assembly of Ag nanoparticles in TiO2 nanotubes

PVP was added to water/ EG (1:1 Vol.%) mixtures in a beaker.
The mixture was stirred for about 5 min, and then, NaBH4 was
introduced under stirring. After 1–2 min, AgNO3 was added. These
operations were performed at room temperature. The solution ap-
peared deep brown owing to the presence of Ag+ ions. The con-
centrations of Ag+ ions, NaBH4 and PVP were about 0.035,
0.026, and 0.001 M, respectively. All reagents were analytical
grade. The as-prepared TiO2 nanotube sample was immersed in
this electrolyte under static conditions at 40 �C for 3, 7, and
11 h, and subsequently rinsed with DI water and air dried. The
surface morphology and structure of samples were characterized
by field emission scanning electron microscopy (FE-SEM, Hitachi
S-4800), X-ray diffraction (XRD, RIGAKU/DMAX), and transmis-
sion electron microscopy (TEM, Philips Tecnai G2 F20). Surface
chemical analysis of AgATiO2 coatings were performed by X-ray
photoelectron spectroscopy (XPS) using a PHL1600ESCA instru-
ment equipped with a monochromatic Mg Ka X-ray source
(E = 1253.6 eV) source operated at 250 W. The analysis spot had
a diameter of 200 lm, and the detection angle relative to the sub-
strate surface was 45�. In such conditions, the probed depth was
estimated to be around 3 nm. Peak position was internally refer-
enced to the C1s peak at 284.5 eV. Fourier transform IR Spectra
(FTIR) of AgATiO2 coatings were measured by Fourier transform
IR Spectrometer (WQF-510) to study the chemical interactions
between PVP molecules and AgNO3 as well as the composition
evolution during the Ag formation processes. The obtained
AgATiO2 coatings were first removed from the titanium substrate
and dried under vacuum in a desiccator prior to the FTIR analysis.
Then, the samples were grinded into fine powder, which involves
mixing thoroughly the material to be tested with KBr before
forming a pellet at high pressure.
2.3. Characterization of electrocatalytic properties of AgATiO2

nanotubes

The effect of ethanol on the catalytic activities of the catalysts
was determined by cyclic voltammetry (CV) in acidic medium con-
taining C2H5OH (0.5 M)AH2SO4 (0.1 M) and alkaline medium con-
taining C2H5OH (0.5 M)ANaOH (0.1 M). All the electrochemical
measurements were performed on an electrochemical workstation
(Gamry Reference 600, Gamry, USA). The electrochemical mea-
surements were carried out with a conventional three-electrode
system. The AgATiO2 nanotube electrode was used as the working
electrode, a platinum electrode as the counter electrode and a sat-
urated calomel electrode (SCE) as the reference electrode in all
cases.
3. Results and discussion

Fig. 1 shows the SEM images of the as-formed TiO2 nanotubes
(a, b), Ag-fresh TiO2 (c, d), AgATiO2/723 K (e, f), and AgATiO2/
923 K (g, h) coatings in the top, bottom and cross-sectional views
after 7 h deposition. The morphology of the synthesized TiO2 nano-
tubes is shown in Fig. 1a and b. The nanotubes (with diameter of
120 nm and length of 1.2 lm) are vertically aligned on the Ti sub-
strate by anodization. The bottoms of the tubes have a flute-shape
structure. It is apparent from Fig. 1c the ordered and evenly distrib-
uted Ag nanoparticles with average diameter of 20 nm are formed
preferentially on the exterior mouth of the amorphous TiO2 nano-
tubes. After the nanotubes were annealed at 723 K, the Ag nano-
particles were deposited on them under the same method (see
Fig. 1e). Some Ag nanoparticles were dispersed on the pore open-
ings and showed a distribution less dense than that in Fig. 1c, while
some were deposited into the nanotubes, as indicated by the ar-
rows. It can be presumed that the nanotubes annealed at 723 K
facilitate the Ag formation on the tube surface, leading to high
electrocatalytic activity as discussed later. However, the nanotubes
annealed at 923 K seem to exhibit unfavorable properties for
depositing ordered Ag nanoparticles, as shown in Fig. 1g. It is obvi-
ous that some particle aggregates are located on the tube surface,
while some were not formed completely. This result may be due
to the incomplete reaction of AgNO3, which will be further con-
firmed by XPS results in a later section. Meanwhile, images of
the bottom and cross-section of the Ag doped samples are also
shown in Fig. 1d, f and h. According to the SEM image of the bot-
tom shown in Fig. 1d, the space between two nanotubes is filled
by Ag nanoparticles. Also, the Ag nanoparticles can permeate into
the flutes of tube bottoms by passing through their interstices.
Apparently, the boundary between the Ag nanoparticles and the
nanotubes disappear and become gradually integrated after
annealing at 723 K, as shown in Fig. 1f. In addition, the cross-
sectional image in Fig. 1f shows that the sidewall of the nanotubes
was almost entirely covered by Ag nanoparticles. But the inset in
Fig. 1d shows that Ag nanoparticles mainly adhere to the upper



Fig. 1. SEM top and bottom images of as-formed TiO2 nanotubes (a) and (b), Ag doped fresh TiO2 nanotubes (c) and (d), Ag doped TiO2 nanotubes annealed at 723 K (e) and (f),
Ag doped TiO2 nanotubes annealed at 923 K (g) and (h). The insets show the cross-sectional view of corresponding samples.

278 Y.Q. Liang et al. / Journal of Catalysis 278 (2011) 276–287
part of the tube wall. Unfortunately, the nanotube structures were
destroyed as shown in the bottom and cross-sectional images in
Fig. 1h. The destruction can be ascribed to the high-temperature
annealing at 923 K. The irregular nanotubes and the rutile struc-
ture (obtained by annealing at 923 K) may retard the formation
of Ag nanoparticles.



Fig. 2. SEM top images of Ag doped fresh TiO2 nanotubes by different deposition times, (a) 3 h, (b) 7 h and (c) 11 h (the insets shows the cross-sectional images of the
corresponding samples).
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In order to investigate the formation process of Ag nanoparti-
cles, the SEM images of Ag doped fresh TiO2 nanotubes under dif-
ferent deposition times are shown in Fig. 2. In the initial period
(3 h), the nucleation of Ag metal takes place. But the Ag metal is
not completely evolved, with masses of the agglomerates on the
top of the tubes. Afterward (7 h), the Ag nuclei formed in the initial
stage provide sufficient new nucleation locations, giving rise to
growth of the Ag metal particles (�20 nm). After 11 h, the nano-
tube structures almost disappear and the as-formed nanosized
Ag grains begin to interconnect with each other, along with an
enlargement in average diameter to �27 nm. The nanocrystal
agglomeration accelerates the growth of crystal nuclei during this
time. The insets in Fig. 2 show the cross-sectional images of the
corresponding samples. It can be seen that the distribution of Ag
nanoparticles on the tubewalls increases with the deposition time,
while the tube length decreases. After depositing for 11 h, the tube
structure disappears gradually and only a large amount of Ag par-
ticles can be observed in the SEM image.

The samples were further characterized by XRD. Fig. 3I shows
the XRD patterns for the different samples in Fig. 1. For the as-
prepared TiO2 thin film (Fig. 3I-a), the nanotubular layer has an
amorphous structure. After the deposition of Ag nanoparticles,
the five diffraction peaks situated at 38.2, 44.38, 64.66, 77.56,
and 40.67� are observed, which are due to the Ag (1 1 1), (2 0 0),
(2 2 0), (3 1 1) and Ti (1 0 1) lattice planes, respectively. To address
the possible effects of the crystal structure on the performance of
the metal oxide as a catalyst support material, some samples of
TiO2 nanotubes were annealed at 723 and 923 K for 1 h in air
before the immobilization of Ag nanoparticles. Fig. 3I-b shows
the XRD pattern of AgATiO2/723 K. Two diffraction peaks at 25.6�
and 48.0� correspond to the facets of anatase TiO2 (1 0 1) and
(2 0 0). Moreover, a weak peak located at 27.86� can be observed,
which is ascribed to rutile TiO2 (1 1 0). This result indicates that
the amorphous structure of TiO2 nanotubes can be transformed
to anatase TiO2 and little amount of rutile TiO2 after annealing at
723 K. Fig. 3I-c shows the XRD result of AgATiO2/923 K. Compared
with the pattern in curve b, another peak appears at 54.35�, which
is attributed to rutile TiO2 (2 1 1). These results confirm the trans-
formation of the anatase TiO2 to rutile without any significant
change of Ag peaks after annealing at 923 K. As shown in Fig. 1c
and d, the Ag nanoparticles could be easily deposited on the
surface of the TiO2 tubes annealed at 723 K. Therefore, it can be
deduced that the higher crystallinity of the anatase phase plays
an important role in improving the bonding strength between Ag
and TiO2. It is worth noting that the relative intensity of the
(2 0 0) to (1 1 1) diffraction peaks in Fig. 3I-a, b, and c (0.42, 0.33,
and 0.33) was lower than the conventional value (0.46). Here, only
(1 1 1) and (2 0 0) peaks were used in the calculation since the
intensities of other Ag (h k l) were much lower. This result indi-
cated that the synthesized silver nanoparticles in our system were
highly preferred (1 1 1) orientation, because deposited Ag atoms
have enough energy to move and the (1 1 1) plane has the lowest
free surface energy [21].

Fig. 3II shows the XRD spectra of the Ag doped fresh TiO2 coat-
ing after different deposition times (3, 7, and 11 h). The diffraction
peaks in Fig. 3II-a shows the coexistence of Ag and Ti. As shown in
the cross-sectional images in Fig. 2, the distribution of Ag nanopar-
ticles on the tubewalls increases and the tube structure disappears
with the deposition time. Therefore, the relative intensity of the Ag
peaks increase while the Ti peaks become weak in Fig. 3II-b and
disappear in Fig. 3II-c. Moreover, the Ag peaks gradually become
narrower with an obvious increase in the peak height, indicating
high crystallinity of the Ag crystals, in good agreement with the
SEM results described previously (Fig. 2).



Fig. 3. XRD patterns for AgATiO2 nanotube coatings (I-a), AgATiO2/723 K coatings
(I-b), AgATiO2/923 K coatings (I-c), corresponding to the samples in Fig. 1. XRD
patterns for AgATiO2/3 h (II-a), AgATiO2/7 h (II-b), AgATiO2/11 h (II-c), correspond-
ing to the samples in Fig. 2.
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TEM analyses give further and direct evidence of the existence
of Ag nanoparticles on TiO2 nanostructures with respect to various
heat treatments. Fig. 4 depicts the TEM images for the Ag-fresh
TiO2 (I), AgATiO2/723 K coatings (II), and AgATiO2/923 K coatings
(III). Fig. 4I and II shows that all samples have similar mean particle
sizes. Fig. 4I shows that the Ag nanoparticles are mainly dispersed
on the tube wall and bottom. In addition, Ag agglomerates can also
be observed in Fig. 4I, which should be attributed to the rapid over-
growth of Ag nanoparticles on the original TiO2 nanotubes [22].
The high-resolution TEM (HRTEM) images of single particle, lo-
cated in different areas, are shown in Fig. 4I-a and I-b, where clear
lattice fringes can be observed. The amorphous TiO2 could also be
seen clearly. The interplanar spacings of 0.235 and 0.204 nm of
crystal lattices are fairly close to those of the (1 1 1) and (2 0 0)
plane of Ag. The selected area electron diffraction (SAED) pattern
(inset in Fig. 4I) agrees well with the results of the XRD analysis,
which indicates that the Ag nanoparticle is of a single, chemically
ordered phase rather than a simple mixture of monometallic
nanoparticles. Fig. 4II shows the TEM images of the deposited Ag
nanoparticles on the TiO2 nanotubes annealed at 723 K. The nano-
particles are almost uniformly distributed across the surface
of each nanotube without aggregation, which are revealed by the
lattice fringes of the Ag (1 1 1) plane (0.235 nm) in the HRTEM
images shown in Fig. 4II-a and II-b. Also, the structure of the
TiO2 nanotubes is clearly identified as the anatase (1 0 1) plane
(0.35 nm) in Fig. 4II-a, which is further confirmed by the SAED pat-
tern shown in the inset of Fig. 4II. It is worth noting that two grains
were observed in Fig. 4II-b, as indicated by the black circles. The
upper one was identified as Ag2Ti4O9, and the lower one as Ag2-

TiO3. There are only two compounds known in the Ag/Ti/O system.
One is Ag2Ti4O9, which is isostructural to thallium titanate. The
other is Ag2TiO3 with a novel polymeric titanate anion: TiO6 octa-
hedra are connected by common edges to form one-dimensionally
extended chains [23]. It is well known that the crystal structure of
TiO2 is TiO6 octahedra. The crystal structure of Ag2TiO3 exhibits a
novel polymeric metatitanate anion, which consists of distorted
TiO6 octahedra. It means that the Ag2TiO3 still retain the original
form of the TiO6 octahedra. Hence, the Ag atoms may react with
the TiO2 to form the Ag2TiO3. The reaction mechanism was still
not so clear up to date. Each TiO6 octahedron in Ag2TiO3 shares
one vertice and four edges with neighboring ones (the structure
is similar with that of the ruitle TiO2). In this study, a small quan-
tity of ruitle TiO2 was also detected except for the anatase TiO2 in
AgATiO2/723 K coating in Fig. 3I-b. Therefore, it can be inferred
that Ag atoms may react with the small amount of ruitle TiO2 to
form the Ag2TiO3. The formation mechanism of the other silver
titanate Ag2Ti4O9 need to be further studied. These silver titanates
were not observed in AgATiO2/923 K coating since the poor adhe-
sion between the Ag nanoparticles and TiO2 nanotubes. However,
the two compounds were not detected by XRD, because of the tiny
samples used. The HRTEM images (Fig. 4III) of AgATiO2/923 K
coating demonstrate that the Ag particles penetrated into the
nanotubes, but the tube structure was destroyed because of the
high-temperature annealing. Fig. 4III-a and III-b shows the marked
(by parallel lines) interplanar spacings of 0.235 and 0.204 nm
corresponding to those of the (1 1 1) and (2 0 0) lattice planes of
Ag. The corresponding HRTEM image of the TiO2 substrate indi-
cates that the spacings of the adjacent fringes of the bristles are
0.352 and 0.324 nm, corresponding to the spacings of the (1 0 1)
and (1 1 0) planes of the anatase and rutile TiO2, respectively
[24]. This result reconfirms that the anatase TiO2 can be trans-
formed to the rutile form by annealing at 923 K.

XPS was used to determine the surface compositions of the Ag
doped TiO2 nanotubes. Fig. 5 shows the O 1s, N 1s, Ag 3d, and Ti
2p XPS spectra for the Ag doped fresh TiO2 nanotubes, and Ag
doped nanotubes annealed at 723 and 923 K. Fig. 5a–c are the
high-resolution XPS spectra of O 1s for the AgATiO2, AgATiO2/
723 K, and AgATiO2/923 K coatings. The spectra exhibit a primary
peak at approximately 529.7 and two subpeaks at 531.4 and
532.2 eV in Fig. 5a. The main peak located at 529.9 eV is attributed
to titanium dioxide at the surface of the substrate. The peak at
531.4 eV is attributed to correspond to OAH groups, and the peak
at 532.2 eV can be attributed to physisorbed water [25]. It can be
seen from Fig. 5c that the peak located at 533.2 eV disappeared,
but a peak appeared at 532.2 eV for nanotubes annealed at 723
and 923 K. This may result from the incorporation of CAO bonds
of EG on the TiO2 coatings. Fig. 5d shows the N 1s XPS spectra
for the three coatings mentioned above. The N 1s peak of the
AgATiO2/923 K coating was at 399.5 eV, suggesting the presence
of amino groups [26], probably coming from the PVP that did not
completely decompose. However, the position of the N 1s peak
shifted a little to lower binding energies (399.2 eV) in the Ag-fresh
TiO2 and AgATiO2/723 K coatings, which may be ascribed to the in-
crease of Ag0 state obtained from the reduction of Ag+ in AgNO3.
This result also confirms that the TiO2 nanotubes annealed at
923 K are unfavorable for doping Ag nanoparticles, in good agree-
ment with the SEM results. Fig. 5e shows the Ag 3d spectra of the
three Ag doped titanium oxide coatings. The binding energy of the
Ag 3d5/2 electrons in Ag-fresh TiO2 and AgATiO2/723 K coatings is
368.2 eV. The above information suggested that Ag existed in the



Fig. 4. TEM micrographs for the Ag doped fresh TiO2 nanotubes (I), Ag doped TiO2 nanotubes annealed at 723 K (II), Ag doped TiO2 nanotubes annealed at 923 K (III). The inset
shows the electron diffraction pattern corresponding to the square frame.
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Fig. 5. XPS spectra of (a–c) O 1s, (d) N1s, (e) Ag 3d, and (f) Ti 2p core levels for Ag doped fresh TiO2 nanotubes, Ag doped TiO2 nanotubes annealed at 723 K and Ag doped TiO2

nanotubes annealed at 923 K.
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metallic state in the two coatings. As it is known, there are three
states of Ag: the Ag0 state with bonding energy of 368.2 eV, the
Ag2O state with bonding energy of 367.7 eV, and the AgO state
with energy of 367.0 eV [27,28]. The Ag 3d5/2 peak of the
AgATiO2/923 K coating is located at 367.8 eV. Therefore, it is clear
that both Ag0 and Ag+ exist in this coating. That is, Ag+ may exist in
two forms in the residual AgNO3 state or the Ag2O state. The exis-
tence of Ag+ in the AgNO3 state indicates that AgNO3 was not com-
pletely reduced. This result is consistent with the N 1s XPS results.
The existence of Ag+ in the Ag2O state is attributed to the oxidiza-
tion of Ag0 particles by the reverse spillover of oxygen-ions from
the TiO2 nanotube crystallites [29]. Fig. 5f shows a representative
spectrum of Ti 2p of the three coatings. The binding energy of Ti
2p3/2 is observed at approximately 458.3 eV for the Ag-fresh
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TiO2 and AgATiO2/723 K coatings, which is assigned to the Ti4+

[25]. It is known that the two peaks at 457.4 and 458.3 eV match
the trivalent and tetravalent states of Ti. Because the binding en-
ergy (458 eV) of the AgATiO2/923 K coating is located between
the two peaks, both Ti3+ and Ti4+ exist in this coating. The forma-
tion of Ti3+ could be the result of the oxidation of CO with molec-
ular oxygen taking place only when the TiO2 surface was
preannealed to above 900 K to produce vacancy sites (Ti3+ sites)
[30]. Therefore, the presence of Ti3+ in the AgATiO2/923 K coating
is the result of the TiO2 surface reaction at the high temperature
of 923 K.

To probe the chemical interactions between PVP molecules and
AgNO3, the FTIR spectra of the pure PVP, pure AgNO3, and the
as-prepared Ag doped TiO2 nanotubes were obtained at room
temperature in the region 4000–400 cm�1 (Fig. 6I). To facilitate
comparison, the magnified IR spectra of pure PVP and AgATiO2

nanotubes are given, as seen in Fig. 6I-a. It is obvious that the IR
spectrum of the AgATiO2 nanotubes is similar to that of pure
PVP, indicating the existence of PVP on the AgATiO2 nanostruc-
tures. For pure PVP, the bands at 2955, 2924, and 1662 cm�1 are
usually thought to originate from CAH stretching, asymmetric
CH2 stretching and C@O stretching vibrations (amide I) of the
pyrrolidone ring in PVP molecules [31]. In the case of the AgATiO2

nanostructures, the three bands are found to shift to lower wave-
numbers compared with those of pure PVP (2917, 2855 and
1644 cm�1). The red-shift of the peaks should be due to the
Fig. 6. FTIR spectra of: (I) pure PVP, Ag doped fresh TiO2 nanotubes for 3 h, pure AgN
enlargement of the later two curves; (II) Ag doped fresh TiO2 nanotubes for 3 h, 7 h, 11
chemical interaction between the PVP molecules and the AgATiO2

surface [32], which was treated with EG saturated with AgNO3

[33]. This band displacement indicates the coordination of amide
carbonyl oxygen with Ag species [34]. Besides, the Ag atoms on
the surface of the nanotubes may be coordinated with the oxygen
atoms of the carbonyl in PVP molecules [31]. The strong vibration
associated with the NO�3 group is located at about 829 and
1397 cm�1, as shown in Fig. 6I-b. The band at 1384 cm�1 still exists
in the AgATiO2 spectrum, which indicates the presence of AgNO3

in the AgATiO2 nanostructures. However, the vibrational peak at
1397 cm�1 became much weaker and the one at 829 cm�1 disap-
peared compared with those of the pure AgNO3, suggesting that
the interaction of the NO�3 related groups with PVP had been weak-
ened for AgATiO2 nanostructures. That is, the formation of the Ag
nanostructures doped on the nanotubes was almost completed at
this stage [35]. For the FTIR spectrum of pure PVP, other absorption
bands positioned between 890 and 1155 cm�1 in Fig. 6I-a can be
ascribed to the vibration of CAO stretching (1096 cm�1), amide I
(CAN) (1074 cm�1), out-of-plane rings CAH bending (1017 and
962 cm�1), respectively [36,37]. It can be seen that these absorp-
tion bands are weaker than those of pure PVP. Simultaneously,
the peaks at 1287 (AC„N) and 1440 cm�1 (OAH) disappeared.
These results indicate that the (AC„N) in PVP and (CH2AOH) in
EG had been partially decomposed after reaction and the Ag nano-
particles were embedded in the TiO2 nanotubes by coordination
through the O atoms of PVP [34,35,38].
O3, (a) represents the enlargement of the former two curves, (b) represents the
h.



Fig. 7. (I) Cyclic voltammograms in 0.5 M C2H5OH and 0.1 M H2SO4: (a) pure TiO2

nanotubes, (b) Ag-fresh TiO2 nanotubes, (c) AgATiO2 nanotubes annealed at 723 K
and (d) AgATiO2 nanotubes annealed at 923 K; (II) Ag-fresh TiO2 nanotubes for
different deposition times (a) 3 h, (b) 7 h, (c) 11 h. Scan rate: 50 mV/s.
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To further track the composition evolution during the reaction
process, IR spectra of the Ag nanoparticles doped on the TiO2 nano-
tubes for different deposition times (3, 7 and 11 h) were performed
(see Fig. 6II). The absorption band at about 613 cm�1 is assigned to
the TiAO vibration, which is in good agreement with the XRD re-
sults [39]. The intensities of the bands between 890 and
1155 cm�1 as well as the one at 1644 cm�1 became dramatically
weaker with deposition time, implying a lower content of organics
in the PVP composite. Moreover, the absorption band at 1397 cm�1

(NO�3 ) at 7 and 11 h disappears compared with that at 3 h, which
indicates that the Ag+ ions have been completely reduced to Ag
nanoparticles at 7 h.

Based on the results of XPS and FTIR, the reactions during the
deposition process can be deduced to be as follows. The EG
(HOCH2CH2OH) is a nonelectrolyte with polar groups, such as
CAO, CAH, and HAO, which can be absorbed onto TiO2 by hydro-
gen bonding [40]. In addition, NaBH4, as a strong reducing agent,
can provide H� ions to reduce Ag+ ions to Ag0 atoms directly. The
PVP could not only act as a stabilizer to avoid the aggregation of
Ag nanoparticles but also participate in the reduction of Ag+ ions
(as confirmed by FTIR and XPS) although the reduction mechanism
is still not clear at present. In the presence of AgNO3, some Ag+ ions
were bonded to the polar side groups such as CAO, CAH, and HAO
in EG according to Eq. (1) [19], and others were reduced by the H�

supported by NaBH4 based on Eq. (2). Hence, the reduction of Ag+

ions on the surface of TiO2 in the EG/NaBH4 solution can occur eas-
ily. Both PVP and EG are supposed to repress agglomeration of Ag
nanoparticles. In this manner, the Ag nanoparticles can be obtained
on the TiO2 nanotubes.

Agþ þHOACH2CH2AOH! Ag0 þHOACH2CHOþ 2Hþ ð1Þ

Agþ þ OH� þH� ! Ag0 þH2O ð2Þ

In order to address the possible effects of the crystal structure of
the metal oxide (supported as a catalyst) on the catalytic perfor-
mance of ethanol, the electrocatalytic performance of the amor-
phous, anatase, and rutile TiO2 doped with Ag nanoparticles was
investigated in acidic and alkaline media. Fig. 7I shows cyclic vol-
tammetric curves for TiO2 nanotubes (a), Ag-fresh TiO2 (b),
AgATiO2/723 K coating (c), and AgATiO2/923 K coating (d) in acidic
electrolyte solution containing C2H5OH (0.5 M)AH2SO4 (0.1 M) at a
scan rate of 50 mV/s. The hysteresis of (a), (b) and (d) shown as in-
sets in Fig. 7I indicates a nonreversible behavior of the interface in
the anodic and cathodic sweeps. This behavior was mainly ascribed
to the irreversible doping–dedoping process of the counter anion
(SO2�

4 or HSO�4 ) in films [41]. However, the AgATiO2/723 K coating
under the same electro-experimental conditions has a pair of redox
peaks, namely, the oxidation peaks at 0.014 and 0.48 V and the
reduction peak at 0.25 V (Fig. 7I-c). In acidic media, the reaction
in the electro-oxidation of ethanol has been suggested to follow
the series of steps as follows [42,43]:

Agþ OH� ¼ AgAðOHÞads þ e� ð3Þ

TiO2 þ OH� ¼ TiO2AðOHÞads þ e� ð4Þ

Agþ C2H5OH ¼ AgAðC2H5OHÞads ð5Þ

AgAðC2H5OHÞads þ 3OH� ¼ AgAðCH3COÞads þ 3H2Oþ 3e� ð6Þ

AgAðCH3COÞads þ AgAðOHÞads ¼ AgACH3COOHþ Ag ð7Þ

AgAðCH3COÞads þ TiO2AðOHÞads

¼ AgACH3COOHþ Agþ TiO2 ð8Þ
The dissociative adsorption of water molecules on the Ag nanopar-
ticles and TiO2 nanotubes creates the AgA(OH)ads and TiO2A(OH)ads

surface groups in the first step (Eqs. (3) and (4)). The steps of Eqs.
(5) and (6) involve the dehydrogenation process of the C2H5OH at
the Ag surface, leading to the formation of the poisonous CO-
containing intermediates (ACH3CO) deposited on the active sites
of the Ag [44]. To continue the catalytic oxidation reaction, the
AgA(OH)ads and TiO2A(OH)ads groups adjacent to the Ag nanoparti-
cles may readily oxidize the CO-containing groups bonded to the
peripheral Ag atoms, and the adsorbed CO-containing intermediates
are removed from the surface to regenerate the active Ag sites (Eqs.
(6) and (7)). That is, the weak plateau (O1) at 0.014 V was attributed
to the direct oxidation of ethanol (CH3CH2OH@CH3CH2O�@H+) via a
dehydrogenation pathway. Here, ‘‘CH3CH2O’’ is the dehydrogena-
tion intermediate [45]. The second large anodic peak (O2) at
0.48 V was related to the formation of (ACH3CO)ads, which results
from the dehydration of ethanol [46].

It is clearly seen that the peak current density for the oxidation
of ethanol is in the following order: 0.064 (for TiO2 nanotubes) (a)
<0.44 (for AgATiO2/923 K coating) (d) <1.08 (for Ag-fresh TiO2

coating) (b) <1.44 mA/cm2 (for AgATiO2/723 K coating) (c). The
peak current density results confirm the efficiency of crucial Ag
nanoparticles toward the catalytic oxidation of ethanol. The Ag
nanoparticles can improve the adsorption of ethanol on the



Fig. 8. (I) Cyclic voltammograms in 0.5 M C2H5OH and 0.1 M NaOH: (a) pure TiO2

nanotubes, (b) Ag-fresh TiO2 nanotubes, (c) AgATiO2 nanotubes annealed at 723 K
and (d) AgATiO2 nanotubes annealed at 923 K; (II): Ag-fresh TiO2 nanotubes for
different deposition times (a) 3 h, (b) 7 h, (c) 11 h. Scan rate: 50 mV/s.
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catalytic sites, and the anodic current for the oxidation of ethanol is
ultimately increased. Another noticeable feature is that for the
AgATiO2/723 K electrode, the onset potential for ethanol oxidation
is much lower than those for the other three electrodes. It is known
that the onset potential is related to the breaking of CAH bonds
and the subsequent removal of intermediates by oxidation with
(OH)ads [47,48]. A lower onset potential indicates that the overpo-
tential for ethanol oxidation is lower and that electrocatalytic eth-
anol oxidation occurs more easily on the electrode [49]. In order to
gain insight into the effect of deposition time on the electrochem-
ical properties, the cyclic voltammograms of the Ag-fresh TiO2

coating at deposition times of 3, 7, and 11 h are also presented. It
can be seen that there is a strong oxidation peak at 0.7 and a reduc-
tion peak at 0.058 V in the Ag-fresh TiO2-11 h coating. However,
the Ag-fresh TiO2-3 h and Ag-fresh TiO2-7 h coatings have only
an irreversible oxidation peak at 0.52 and 0.55 V (Fig. 7II). All sam-
ples exhibit features of the hydrogen adsorption/desorption region
between�0.4 and 0.28 V (vs SCE), and the oxide formation/desorp-
tion regions are observed at potentials of 0.45, 0.455, and 0.71 V for
the Ag-fresh TiO2-3 h, Ag-fresh TiO2-7 h, and Ag-fresh TiO2-11 h
catalysts, respectively. It is known that the integrated intensity of
hydrogen desorption represents the number of active sites of Ag
nanoparticles. The coulombic charges for hydrogen desorption
(QH) on the Ag-fresh TiO2-3 h, Ag-fresh TiO2-7 h, and Ag-fresh
TiO2-11 h catalysts were 1.46, 3.74, and 5.78 mC cm�2, respec-
tively. The electrochemical active surface area (EASA) is calculated
according to the formula EASA = QH/(Qref1�[Ag]), where [Ag] is the
Ag loading in the electrode ([Ag] = 0.027, 0.048 and 0.056 mg/
cm2). Qref1 is a constant that represents the charge required to oxi-
dize a monolayer of H2 on bright Ag. The calculated EASA of the Ag-
fresh TiO2-11 h catalyst is higher than the corresponding values for
the Ag-fresh TiO2-7 h and Ag-fresh TiO2-3 h catalysts, which means
that the former has a larger EASA than the later two. The higher
EASA appears to be due to the increased surface area of the Ag
nanoparticles when exposed to the ethanol solution. Therefore, a
longer deposition time results in an increased density of the active
sites on the electrode surface.

Fig. 8I shows the typical cyclic voltammograms of the same
coatings in Fig. 7I in alkaline media (0.5 M C2H5OH and 0.1 M
NaOH). Similar phenomena can be observed in Fig. 8I as in
Fig. 7I. However, compared with Fig. 7I, all the coatings show obvi-
ous oxidation and reduction peaks except the TiO2 nanotube coat-
ing. The lower electrocatalytic activity of TiO2 nanotube coating in
alkaline media may be the result of slower charge transfer [50]. Be-
sides, the peak current density for the AgATiO2/723 K coating in-
creases significantly. The coulombic charge Q(ACH3CO)ads is related
to the electro-oxidation of the adsorbed CO-containing intermedi-
ates in the reactions of (3) and (7). Q(ACH3CO)ads was used to com-
pare the active surface of the catalysts [51]. [Ag] represents the Ag
loading in the electrode. EASA(ACH3CO)ads can also be calculated by
the equation of EASA(ACH3CO)ads = Q(ACH3CO)ads/(Qref2�[Ag]), where
Qref2 is the charge density required to oxidize a monolayer of CO-
containing intermediates on bright Ag. The values of the charge
Q(ACH3CO)ads for the AgATiO2/723 K coating in acidic and alkaline
media are 0.54 and 1.02 mC cm�2, respectively, and the product
Qref2�[Ag] is a constant value. The calculation so obtained shows
that the active surface in alkaline media is larger than that in acidic
media, which indicates a higher catalytic activity in alkaline media
[1]. In addition, in the forward scan, the peak at about 0.35 V (ver-
sus SCE) is smaller than the potential of 0.45 V in acidic media,
which indicates that the electrocatalytic ethanol oxidation in alka-
line media occurs more easily than that in acidic media by use of
AgATiO2/723 K coating as a catalyst. The steps for the oxidation
and reduction of ethanol are as follows. Initially, the reaction sites
are covered by a layer of adsorbed CO-containing intermediates
generated from ethanol dehydrogenation. Some of the weakly ad-
sorbed CO-containing intermediates begin to be oxidized with the
increasing potential. Then, ethanol oxidation takes place. Subse-
quently, the backward scan will provoke reduction process [50].

For better understanding of the above described synergistic ef-
fect of the Ag nanoparticles and the TiO2/723 K support, Fig. 9 sche-
matically illustrates the likely reaction steps of the oxidation of
CO-containing intermediates on the Ag nanoparticle, which can
also be described by the reactions of Eqs. (3)–(8) mentioned above.
Fig. 9a shows the reactions of Eqs. (3), (5), (6), and (7) and Fig. 9b
shows the reactions of Eqs. (4), (5), (6), and (8).

The AgA(CH3CO)ads groups were formed by ethanol oxidation
(Eqs. (5) and (6)). Because alkaline media can provide sufficient
OH� to form abundant TiO2A(OH)ads groups with anatase TiO2, a
reaction between TiO2A(OH)ads and AgA(CH3CO)ads occurred, giv-
ing rise to AgACH3COOH and enhancing both the current density
and the poison resistance. Fig. 8II shows the cyclic voltammograms
of the same coatings in Fig. 7II in alkaline media (0.5 M C2H5OH
and 0.1 M NaOH). It can be seen that the Ag-fresh TiO2-11 h coat-
ings show two oxidation peaks related to the oxidation of ethanol
and the corresponding intermediates produced during the ethanol
oxidation [52]. Besides, both the oxidation and reduction peaks are
observed in Fig. 8II, indicating the redox of the Ag-fresh TiO2 coat-
ings was reversible in alkaline media. Moreover, the peak currents
related to the oxidation of ethanol in alkaline media did not in-
crease greatly for the three coatings when compared to the system



Fig. 9. Schematic diagram of the electrocatalytic mechanism in acidic and alkaline
media. (a) The synergistic effect of the Ag nanoparticles on CO-containing
intermediates (ACH3CO) oxidation; (b) the synergistic effect of the Ag nanoparticles
and TiO2 nanotubes on CO-containing intermediates (ACH3CO) oxidation.
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supported in acidic media. However, the EASA shows the same re-
sult with Fig. 7II that the longer deposition time results in a higher
EASA, which indicates that the Ag-fresh TiO2/11 h coating has the
best electrocatalytic activity in both acidic and alkaline media.

The results obtained mentioned above may indicate that the Ag
nanocrystal has been reconstructed during the stability test and
the basal plane of Ag (1 1 1) becomes the main plane, as shown
in Fig. 4. The more exposed Ag (1 1 1) surface on Ag nanoparticles
would lead to higher activity [53]. Furthermore, the AgATiO2/
723 K coatings process significantly improved the performance of
catalytic activity in both acidic and alkaline media. There are two
possible explanations for this observation. The first possibility is
relatively weak adherence of Ag nanoparticles onto the nonan-
nealed nanotubular surfaces [54]. The other possibility is that a
small amount of silver titanates were obtained by depositing Ag
nanoparticles on the TiO2/723 K nanotubes (as shown in Fig. 4),
which indicates that the Ag cannot only be deposited but also be
doped in the TiO2 nanotubes. It is known that crystal structure dis-
tortion can contribute to superior catalytic activity [55,56]. There-
fore, the TiO6 distortion of silver titanates may result in the narrow
band-gap and increased state density of AgATiO2/723 K coating,
facilitating the migration of charge carriers and enhanced catalytic
activity [57]. However, the catalytic activity of AgATiO2/923 K was
lower than that of AgATiO2/723 K. This result can be attributed to
two reasons. On the one hand, the low catalytic activity is most
likely caused by less Ag deposition; on the other hand, the Ag2TiO3

can not be obtained in the AgATiO2/923 K coating since the poor
adhesion between the Ag nanoparticles and TiO2 nanotubes. What
is even more important is that the bottom of the nanotubes was
destroyed by annealing at a higher temperature (Fig. 2). Therefore,
the irregular structure of the nanotubes might be a negative influ-
ence on loading Ag nanoparticles.
4. Conclusions

In the present study, AgATiO2 nanotube catalysts with high
activity are successfully synthesized by a simple reduction method
in an aqueous solution. The results reveal that the Ag nanoparticles
are anchored onto TiO2 nanotubes. It is also found that Ag atoms
react with the small amount of ruitle TiO2 to form the silver titan-
ates. The cyclic voltammetry measurements for ethanol oxidation
show that AgATiO2/723 K coatings have the best catalytic activity.
The excellent performance of this catalyst can be attributed to the
following three aspects: (1) the well-dispersed Ag nanoparticles on
the surface of TiO2 nanotubes (Ag simultaneously doped and
deposited on TiO2 nanotubes) result in a higher electrochemical
surface area and much better electocatalytic activity; (2) Ag works
as the main dehydrogenation site. The more exposed Ag (1 1 1)
surface on Ag nanoparticles can lead to higher activity; and (3)
the anatase TiO2 facilitates the removal of the CO-containing inter-
mediates, leading to an enhanced catalytic activity. In summary,
the AgATiO2 nanotube coating is a promising catalyst for ethanol
electro-oxidation.
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