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Electrochemical synthesis of coaxial TiO2–Ag
nanowires and their application in photocatalytic
water splitting

A. Wouter Maijenburg,a Janneke Veerbeek,a Roy de Putter,a Sjoerd A. Veldhuis,a

Michel G. C. Zoontjes,b Guido Mul,b Josep M. Montero-Moreno,c Kornelius Nielsch,c

Helmut Schäfer,d Martin Steinhartd and Johan E. ten Elshof*a

A newmethod for the formation of coaxial TiO2–Ag nanowires is presented, in which TiO2 nanotubes were

formed by the templated electrochemically induced sol–gel method, followed by thermal annealing. The

as-formed TiO2 nanotubes have been successfully filled with a Ag core using a subsequent

electrodeposition step. Coaxial nanowires have a very suitable architecture for photocatalysis, solar cells

or batteries due to the high contact area between the two different phases, the large outer surface area

exposed to the reactant, and short electron diffusion paths. The coaxial nanowires showed a higher

efficiency than empty TiO2 nanotubes and TiO2 nanotubes with attached Ag nanoparticles in

photocatalytic water splitting. Coaxial TiO2–Ag nanowires formed H2 at a rate of �1.23 � 10�3 � 0.3 �
10�3 mol g�1 h�1 without deactivation for at least 6 h.
Introduction

One-dimensional nanostructures, such as nanowires and
nanotubes, have attracted increasing attention in the last few
years. The unique physical and chemical properties of these
nanostructures make them promising building blocks for
various kinds of future applications, such as nanosensors,2–4

cell trackers,5–7 and self-propelling nanomotors.8–10 Because of
their very high surface-to-volume ratio, some of the most
interesting applications of nanowires and nanotubes are in
solar cells and photocatalytic water splitting.1,11–13 The physical
properties of most semiconductors demand the use of one-
dimensional nanostructures, since the diffusion length of
minority charge carriers in most semiconductors is of the order
of 100 nm, while the absorption depth near the bandgap is of
the order of 10 mm.16–19 In this respect, a maximum of solar light
can be absorbed over the nanowire length, while the nanowire
diameter is small enough for efficient electron and hole diffu-
sion, thereby leading to high efficiency.20

With a band gap of 3.0 eV, high chemical stability and low
synthesis costs, TiO2 in the anatase phase is a very interesting
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material for efficient solar hydrogen formation.20–22 TiO2 is
therefore the most commonly used material for photocatalytic
water splitting and solar cells.23–25 TiO2 nanotubes are also oen
used for photocatalytic water splitting,14,15,26–30 although few
authors present actual H2 formation rates.14,15,29 Alternatively,
TiO2 nanowires and nanotubes can also be used as micro-
motors, microreworks or micropumps upon excitation by UV
light,31 as catalysts for methanol (electro)oxidation32,33 or as
anode materials in Li-ion batteries.34–36 The formation of a core–
shell structure based on TiO2 nanotubes may also be advanta-
geous for such applications.

TiO2 nanowires and nanotubes can be formed via several
techniques, i.e. hydrothermal treatment,37 anodization of tita-
nium foils,38–40 atomic layer deposition (ALD),41,42 modied sol–gel
route,11,43,44 sol–gel electrophoresis,45,46 electrochemical deposi-
tion,47,48 and electrochemically induced sol–gel synthesis.49,50 As
sol–gel electrophoresis and the modied sol–gel route provide
nanowires or nanotubes consisting of smaller sol–gel particles,
the resulting nanostructures are very brittle with rough surfaces,
which decreases the mechanical stability of the formed nano-
wires. Although a large area of single crystalline TiO2 nanotubes
with tuneable dimensions can be made by anodization of Ti foil,
the main disadvantage of this technique is that the formed
nanotubes do not contain a conductive back electrode, so that
extra steps need to be applied before these nanotubes can be lled
with a second material.51 In contrast, the availability of a back
electrode and the synthesis of smooth lms or nanostructures
make the electrochemically induced sol–gel method a very
promising technique for the synthesis of core–shell nano-
structures with a TiO2 shell.
This journal is © The Royal Society of Chemistry 2014
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The electrochemically induced sol–gel method for the
cathodic electrodeposition of titanium dioxide thin lms was
rst introduced by Natarajan and Nogami52 and was further
improved by Karuppuchamy et al.53,54 This method involves
dissolving titanium oxysulfate (TiOSO4) powder in an aqueous
solution of hydrogen peroxide (H2O2), yielding a peroxotitanate
complex (Ti(O2)SO4) (eqn (1)):

TiOSO4 + H2O2 / Ti(O2)SO4 + H2O. (1)

At potentials more negative than �0.9 V vs. Ag/AgCl, nitrate
is reduced to form hydroxyl ions (eqn (2)),54 and consequently
the pH in the vicinity of the electrode surface is increased:49

NO3
� + H2O + 2e� / NO2

� + 2OH�. (2)

This local increase in pH is necessary for the formation of a
titanium hydroxide gel as shown in eqn (3):54

Ti(O2)SO4 + 2OH� + (x + 1)H2O /

TiO(OH)2$xH2O + H2O2 + SO4
2�. (3)

According to differential thermal analysis data of Natarajan
and Nogami, water is removed from the gel during thermal
annealing around 283 �C (eqn (4)), resulting in an amorphous
TiO2 phase.52 When the temperature is increased above 365 �C,
crystallization into the anatase phase occurs:52,55

TiO(OH)2$xH2O / TiO2 + (x + 1)H2O. (4)

By employing the electrochemically induced sol–gel method
within the pores of an anodic aluminium oxide (AAO) template,
nanowires and nanotubes can be formed. Nanowires were
previously made using templates with pores of 50 nm diameter
and smaller.49,50 In the present study, AAO templates with a
diameter of 200 nm were used, which resulted in nanotube
formation. The mechanism of nanotube formation was previ-
ously described by Maas et al., and occurs by removal of water
from the titanium hydroxide gel.56 The rst 6 steps in Fig. 1
Fig. 1 Schematic overview of the preparation of coaxial TiO2–Ag
nanowires using the electrochemically induced sol–gel method:
formation of OH� at the electrode (step 1, reaction (2)), reaction of
Ti(O2)SO4 with OH� to form TiO(OH)2$xH2O and filling of the template
(steps 2–4, reaction (3)), drying and thermal annealing of the titanium
hydroxide gel to TiO2 (steps 5–6, reaction (4)), and filling of the TiO2

nanotubes with Ag (step 7).

This journal is © The Royal Society of Chemistry 2014
provide a schematic representation of TiO2 nanotube formation
according to the above reactions.

As mentioned above, an advantage of the electrochemically
induced sol–gel method for TiO2 nanotube formation is the
availability of a cathode at one end of the AAO membrane or
template. This allows for the formation of coaxial nanowires by
lling the TiO2 nanotubes in a subsequent deposition step with
a second phase like silver (step 7 in Fig. 1). By combining an
n-type semiconductor like TiO2 with a noble metal, a Schottky
barrier is formed when the work function of the metal is smaller
than that of the n-type semiconductor, which diminishes elec-
tron–hole recombination.20 This is schematically depicted in
Fig. 2. Upon illumination, electrons and holes are formed in the
TiO2 shell layer (step 1). As the electrons are transferred to the
silver core of the wires, the holes go to the surface of the TiO2

phase (steps 2), where they are known to react with water to
form H+ ions and O2 (steps 3). In the Ag phase, at the outer ends
of the coaxial nanowire, electrons and protons can combine to
form H2 (step 4).20–22
Fig. 2 (a) Schematic representation and (b) band energy diagram of
water splitting by coaxial TiO2–Ag nanowires in an alkaline solution:
formation of electrons and holes in the TiO2 phase (step 1), elec-
tron–hole separation at the TiO2–Ag interface (steps 2), water
oxidation at the TiO2 surface (steps 3) and H2 formation at the Ag
surface (step 4).

J. Mater. Chem. A, 2014, 2, 2648–2656 | 2649
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In this study, we employed the electrochemically induced
sol–gel method for the formation of TiO2 nanotubes and lled
these nanotubes with a silver phase using electrodeposition.
The photocatalytic activity of the coaxial TiO2–Ag nanowires in
splitting water was investigated in an alkaline solution.
Furthermore, the photocatalytic activity of the coaxial TiO2–Ag
nanowires was compared with similar TiO2 nanostructures
with/without Ag that were also prepared in this study, and with
values reported in other studies.
Results and discussion

Since it was found that annealing within a template resulted in
crystallization at a higher temperature than in lms, we inves-
tigated the crystallinity of different samples annealed at vari-
able temperatures (Fig. 3). The gure shows that TiO2 within an
AAO template crystallized into a mixture of anatase, rutile and
brookite between 525 �C and 550 �C, while an unconstrained
TiO2 gel made via the same procedure crystallized below 400 �C
(data not shown, see e.g. Natarajan and Nogami).52 Also for TiO2

powder made via a different sol–gel process, it is known that
TiO2 crystallizes below 400 �C.57 A possible explanation for the
large difference found in crystallization temperatures between
TiO2 powder and the nanotubes formed in this study may be
clamping of the TiO2 phase on the sidewalls of the AAO
template. Clamping was also previously found to retard the
crystallization of BaTiO3 and SrRuO3 lms.58

Aer annealing the titania gel inside an AAOmembrane for 2
h at 650 �C, the TiO2 gel was crystallized into a polycrystalline
mixture of anatase, rutile and brookite polymorphs of TiO2,
with no preferred orientation. It is noted that the presence of all
three polymorphs of TiO2 is known to have a positive inuence
on the photocatalytic activity as previously discussed in several
Fig. 3 XRD patterns of TiO2 nanotubes annealed for 2 h at 500 �C
(black line), 525 �C (red line), 550 �C (green line), and 650 �C (blue
line), with the tubes still inside an AAO membrane; diffraction peaks
were assigned to Au (PDF # 00-004-0784), anatase TiO2 (a, PDF #
00-021-1272), rutile TiO2 (r, PDF # 00-021-1276) and brookite TiO2

(b, PDF # 00-029-1360); an unknown impurity phase is denoted with
an asterisk (*).

2650 | J. Mater. Chem. A, 2014, 2, 2648–2656
other studies.59,60 Aer annealing at 550 �C, the formation of an
unidentied impurity phase was observed, which is denoted
with an asterisk. For the TiO2 nanotubes, crystallite sizes of
approximately 42 and 45 nm were found when annealed at 550
and 650 �C, respectively, showing negligible crystallite growth.
For TiO2 lms made via the same method we observed expo-
nential crystallite growth with sizes of 19 and 28 nm when
annealed at 550 and 650 �C, respectively.

The cross-section of a membrane containing TiO2 nanotubes
aer annealing at 650 �C shows a gradual decrease in thickness
of the TiO2 coating on the AAO pore walls from �55 nm at the
Fig. 4 Cross-sectional SEM images of TiO2 nanotubes inside the
membrane: (a) at the top of the membrane, (b) at the bottom of the
membrane, and (c) TiO2 nanotubes after dissolving the membrane.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 SEM images of (a) TiO2–Ag nanotubes from a two step
electrodeposition process with an intermediate TiO2 gel drying at
100 �C, and (b) a coaxial TiO2–Ag nanowire from a two step electro-
deposition process with intermediate TiO2 tube solidification at
650 �C. See the main text for details.

Fig. 6 (a) TEM image and (b) EELS TEM map of a TiO2 nanotube (red)
filled with Ag (green).
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View Article Online
bottom of the membrane (Fig. 4b), which is the cathode side, to
�10 nm at the top of the membrane (Fig. 4a). The thickness
gradient can be explained by the formation of a thicker gel near
the electrode as OH� is formed here. To put the thickness of the
TiO2 phase into the perspective of the proposed application in
solar water splitting, a wall thickness less than 20 nm would
provide efficient charge carrier separation as the minority
carrier diffusion length in TiO2 is approximately 20 nm.61 This
means that the most efficient charge carrier separation takes
place only in the upper part of these nanotubes. On the other
hand, the chance that a photon is absorbed by the material is
higher when the titania wall is thicker. It is expected that a lower
concentration of KNO3 in the electrolyte solution can provide
TiO2 nanotubes with thinner walls, but a trade-off has to be
made between carrier diffusion length, mechanical stability of
the nanotubes and degree of photon absorption. Aer dissolv-
ing the membrane, a droplet of nanotube solution was placed
on a silicon wafer for visualization with SEM. These nanotubes
appear to be smooth at rst sight, but a closer look reveals that
they are composed of very small grains (Fig. 4c).

Aer the formation of a titania gel inside the AAO
membrane, a fraction of the samples was dried overnight at
100 �C to remove water, while the other fraction was annealed
for 2 h at 650 �C to form crystalline nanotubes. When silver was
deposited inside a membrane aer drying at 100 �C, TiO2

nanotubes containing isolated Ag nanoparticles (TiO2–Ag
nanotubes) were formed aer Ag electrodeposition and subse-
quent annealing (Fig. 5a). The reason for this is that the Ag+ ions
could penetrate the gel, because the titania phase was not
completely dense aer exposure to 100 �C. As a result, Ag nuclei
formed where such ions combined with an electron. During
subsequent heat treatment at 650 �C, these Ag nanoparticles
were transported to the pore walls along with the collapse of the
titania gel.

However, when Ag was electrodeposited aer high temper-
ature annealing of the TiO2 gel at 650 �C, solid TiO2 nanotubes
formed rst, and dense silver nanowires were deposited inside
these tubes. This resulted in the formation of coaxial TiO2–Ag
nanowires (Fig. 5b and 6).

The TEM image of a TiO2 nanotube with a Ag core is shown
in Fig. 6a. Especially the Electron Energy Loss Spectroscopy
(EELS) TEM map in Fig. 6b clearly shows the architecture of the
core–shell structure, with a higher concentration of Ti (red) at
the outside of the coaxial nanowire, and a higher concentration
of Ag (green) at the interior of the tube.

The photocatalytic activities in photocatalytic water splitting
of coaxial TiO2–Ag nanowires, empty TiO2 nanotubes and TiO2–

Ag nanotubes with isolated Ag nanoparticles are compared in
Fig. 7a aer 3.5 h of irradiation. The coaxial TiO2–Ag nanowires
formed signicantly more H2 than the TiO2 nanotubes and the
TiO2–Ag nanotubes. H2 formation was absent in the reference
reactor containing aqueous 1 M NaOH solution. Only the
intensity of the H2 signals from the coaxial TiO2–Ag nanowires
was sufficient for automatic integration, so for this system a
long-term measurement was performed (Fig. 7b). Continuous
H2 formation was observed for a period of 6 h at a rate of 6.2 �
1.5 � 10�6 mol h�1, aer which the reaction was terminated.
This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. A, 2014, 2, 2648–2656 | 2651
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Fig. 7 (a) GC TCD peaks showing H2 formation from TiO2 nanotubes
(purple line), TiO2/Ag nanotubes (red line), TiO2–Ag nanowires (blue
line) and NaOH baseline (green line). (b) Moles of H2 formed from
coaxial TiO2–Ag nanowires during 6 h measurement in 1 M NaOH.
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Several possible explanations can be given for the higher H2

formation rate by the coaxial TiO2–Ag nanowires compared to
the TiO2 nanotubes: (1) the availability of an H2 evolution
catalyst such as Ag, which decreases the chance for electron–
hole recombination, (2) the use of the metallic Ag core as a
mirror to reect photons back into the TiO2 shell, which could
approximately double the number of photons captured by the
photocatalyst, and/or (3) the use of the Ag core for enhancement
of the light absorption due to localized surface plasmon reso-
nance of the Ag nanowire.

Comparing the TiO2/Ag nanotubes with the coaxial nano-
wires, several possible explanations can be given for the higher
H2 formation rate of the latter: (1) the availability of a larger
amount of Ag catalyst with an increased interface between the
photocatalyst and H2 evolution catalyst, which shortens the
electron diffusion length and decreases the chance for electron–
hole recombination in the coaxial nanowires, and/or (2) since
most of the Ag particles are located at the outside of the TiO2

nanotubes, these particles may prevent some of the photons
from reaching the TiO2 phase which decreases the efficiency of
this system. It is however unlikely that the second possibility
alone can explain the large difference.
2652 | J. Mater. Chem. A, 2014, 2, 2648–2656
For comparison with other data from the literature, the
observed H2 formation rate was corrected for either the weight
of nanowires that was put in solution or the initial surface area
of the template, resulting in an H2 formation rate of 1.2 � 10�3

� 0.3 � 10�3 mol g�1 h�1 and 0.18 � 10�6 � 0.04 � 10�6 mol
cm�2 h�1, respectively. As can be seen from Table 1, this was
higher than what we measured previously using segmented
ZnO|Ag nanowires, where H2 formation at a rate of 6.9 � 10�6

mol g�1 h�1 was observed.1 Especially the increased surface area
between the photocatalytic oxide phase and the H2 evolution
catalyst, and the shorter diffusion length for electrons to cross
the oxide–metal junction are likely explanations for the differ-
ence of �3 orders of magnitude. Obviously, the use of different
photocatalytic materials and the fact that methanol was used as
the hole scavenger by the ZnO|Ag nanowires also inuence the
efficiency.

We also compared the H2 formation rate from the coaxial
TiO2–Ag nanowires with an alternative coaxial TiO2–Ag nanowire
system in which the TiO2 phase was prepared by Atomic Layer
Deposition (ALD), and the Ag phase by electrodeposition. The
SEM image of TiO2 nanotubes made by ALD is shown in Fig. 8.
Compared to the SEM image in Fig. 4c, the nanotubes made by
both techniques have approximately the same dimensions, but
the nanotubes made by ALD appear much smoother. It was
conrmed by XRD that the TiO2 nanotubesmade by ALD are also
polycrystalline without preferred orientation, the difference
being that they are composed of large anatase crystallites with a
size of 250–300 nm as shown in ref. 62. Using the same setup for
photocatalytic water splitting, we found a H2 formation rate of
0.26 � 10�3 mol g�1 h�1 for the ALD-based system, which is
�4.7 times lower than the rate found for the electrochemically
deposited TiO2–Ag system and also lower than the TiO2 nano-
tubes without Ag. Since the TiO2 nanotubes deposited by ALD
were polycrystalline anatase with a larger crystallite size, it was
expected a priori that the photocatalytic activity of these nano-
wires would be higher, since the concentration of grain bound-
aries that can enhance undesired electron–hole recombination
is lower. On the other hand, it is known that photocatalytic water
splitting is more efficient on specic facets, so when these facets
are not exposed to the solution this will lead to a lower H2

evolution rate. Of course, the different TiO2 polymorphs that
were observed in both systems, purely anatase for the ALD-based
system vs. a mixture of anatase, rutile and brookite for the
system prepared via the electrochemically induced sol–gel
method, might also inuence the photocatalytic activity. Also
other effects like impurities or secondary phases can have a
positive effect on the photocatalytic properties of the electro-
chemically synthesized system. As listed in Table 1, there are
also some other minor differences between the two systems in
nanowire length, diameter and TiO2 shell thickness, but it is not
expected that these differences alone can explain the large
difference in photocatalytic activity.

Only a few other publications report H2 evolution from TiO2

nanotubes, and these are listed in Table 1. The geometries and
process conditions vary widely between these studies, so that
direct comparison of these data should be done with care.
Besides one other publication on hydrogen evolution by
This journal is © The Royal Society of Chemistry 2014
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Table 1 Comparison of H2 formation from different nanowire and nanotube systems

Nanowire/tube system Ref.
H2 formation
mol g�1 h�1

H2 formation
mol cm�2 h�1

Dimensions diameter
(TiO2 thickness) � length Electrolyte Light source

Coaxial TiO2–Ag nanowires This work 1.2 � 10�3 0.18 � 10�6 200 nm (10–50 nm) � 40 mm 1.0 M NaOH 10 W Hg lamp
Coaxial TiO2–Ag nanowires
by ALD

This work 0.26 � 10�3 175 nm (20 nm) � 8 mm 1.0 M NaOH 10 W Hg lamp

Segmented Ag|ZnO nanowires 1 6.9 � 10�6 200 nm � 6 mm 4 : 1 v/v
MeOH/H2O

60 W Hg lamp

Anodized TiO2 with Pt mesh
counter electrode

14 2.83 � 10�3 60 nm (10 nm) � 1.5 mm 0.01 M KOH,
1.0 mM KI

400 W Hg lamp

Anodized TiO2 with Pt counter
electrode in the second
compartment

15 97 � 10�6 75 nm (20–70 nm) � 6 mm 1.0 M KOH 350 W Xe lamp

Anodized TiO2 containing
evaporated Pt

29 14 � 10�6 150 nm (30 nm) � 650 nm 0.01 M KOH,
1.0 mM KI

400 W metal
hydride lamp

Fig. 8 SEM image of TiO2 nanotubes made by ALD before Ag filling,
after release from the template. The inset shows coaxial TiO2–Ag
nanowires inside the membrane, where the TiO2 phase is visible as a
bright white phase covering the pore walls at the top of the figure, and
the Ag phase is visible as a solid nanowire at the bottom of the figure.
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autonomous nanowires in methanol,1 all other studies involve
photoelectrochemical cells with compositionally distinct, and
in some cases spatially separated, hydrogen and oxygen evolu-
tion catalysts. Only one publication reports the H2 evolution
rate per weight of usedmaterial for TiO2 nanotubes, resulting in
an evolution rate of 2.83 � 10�3 mol g�1 h�1 H2.14 This is a
factor of 2.3 higher than our current result, and it might be
explained by the difference in crystallinity of TiO2, as anodiza-
tion can result in the formation of single crystalline TiO2

nanotubes, while polycrystalline TiO2 nanotubes were made in
the current research. Two other main differences are that a light
source with higher energy is used in ref. 14, and that an IO3

�/I�

redox couple was used as a redox mediator to prevent the
recombination of H2 and O2 into H2O. Both these differences
also drastically inuence the H2 evolution rate.

Others calculated the H2 formation rate per unit surface area
of the anodized Ti foil, resulting in H2 formation rates of 97 �
10�6 mol cm�2 h�1,15 and 14 � 10�6 mol cm�2 h�1,29 which are
both much higher than our current result using coaxial TiO2–Ag
nanowires made via the electrochemically induced sol–gel
This journal is © The Royal Society of Chemistry 2014
method. Part of this difference may be explained by the
different methods used to measure the surface area: the surface
area of the AAO template before dissolution vs. the anodized
surface area of the Ti foil. Both authors used Pt as a counter
electrode15 or as a thin layer on top of the nanotubes for
enhanced photocatalytic activity.29 Also here a light source with
higher energy was used in both studies and an IO3

�/I� redox
couple was used as a redox mediator in one of the two studies to
prevent the recombination of H2 and O2 into H2O.29 Another
method to prevent the recombination of H2 and O2 is to split the
electrodes in a two-compartment setup.15 On the other hand,
even though efficiencies could be increased by preventing H2

and O2 recombination, we have shown that coaxial TiO2–Ag
nanowires are able to split water autonomously without addi-
tion of sacricial agents, redox mediators or external power
supply. This can be of advantage for self-fuelling nanodevices in
aqueous environments or to generate H2 at a specic location.

Next to the possible explanation of different crystallinity, the
use of redox mediators and two-compartment setups, it is still
difficult to directly compare these results, because every author
uses different light sources and electrolytes that both have a
large impact on the efficiency for H2 formation. In that respect,
a better way for comparison would be to keep the nanowires
attached to the substrate for photocurrent measurements. Also
the applied potential should be compensated for the reference
electrode and pH of the solution, as illustrated by Seabold and
Choi.63 Unfortunately, with the AAO templates available for this
study, it was not possible to keep the nanotubes or nanowires
standing on the substrate aer dissolving the template because
the nanowire/nanotube connection to the bottom was
mechanically too weak. Additionally, standardized simulated
AM1.5 solar illumination with an energy of 100 mW cm�2

should be used in all measurements, but unfortunately these
solar simulators are expensive and not available in every lab.

Several strategies can be pursued to further improve the
activity and H2 formation rate. One of these strategies includes
changing the alkaline electrolyte for water splitting to either an
acidic or neutral electrolyte.30 The second method includes the
use of a sacricial agent, e.g.methanol, or a redox mediator, e.g.
KI, to increase the H2 formation rate.26,64–66 As a third option, the
J. Mater. Chem. A, 2014, 2, 2648–2656 | 2653
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activity for water splitting can be improved by adding an
oxidation catalyst, e.g. Mn3O4, for more efficient O2 formation.
In the fourth method, the dimensions of the coaxial TiO2–Ag
nanowires could be changed in order to nd an optimum in
total diameter, TiO2 shell thickness and nanowire length. These
methods should be systematically investigated in future
research.
Experimental

All chemicals were purchased from commercial sources and
used without further purication. Titanium oxysulfate (TiOSO4,
synthesis grade), hydrogen peroxide (H2O2, 35 wt%), boric acid
(H3BO3, purity 99.97%), sodium hydroxide (NaOH, purity >98%)
and titanium(IV) isopropoxide (99%) were purchased from
Sigma-Aldrich. Silver nitrate (AgNO3, purity >99%), nitric acid
(HNO3, 65%), potassium nitrate (KNO3, purity >99%), chro-
mium(VI) oxide (CrO3, purity 99.5%) and phosphoric acid
(H3PO4, >85%) were purchased from Acros Organics. Oxalic acid
(C2H2O4, p.a. grade) was purchased fromMerckMillipore. Silver
sulfate (Ag2SO4, purity 99.999%), diammonium citrate (purity
>99%) and potassium thiocyanide (KSCN, purity 98%) were
purchased from Alfa Aesar. Milli-Q water with a resistivity of
18.2 MU cm was used in all experiments.

Anodized aluminium oxide (AAO) membranes and templates
with a pore diameter of 200 nm were either purchased
commercially (Anopore®, Whatman Inc.) or custom-made. The
commercial AAO membranes contained open pores on both
sides and are therefore referred to as “membrane” in the text. A
back electrode of AuPd was sputtered on one side of the
commercial membranes as a cathode using a tabletop sputterer
(SC7640, Quorum Technologies). Prior to deposition, the
backside of the AuPd electrode was isolated to ensure exclusive
deposition inside the pores of the membrane and avoid depo-
sition on the external surface of the back electrode.

The custom-made AAO templates (referred to as “template”)
contained self-ordered arrays of aligned cylindrical pores with
narrow diameter distribution and are closed on one side. Self-
ordered AAO was prepared by two-step anodization following
procedures introduced by Masuda et al.67 In the rst step, an Al
chip (Goodfellow, purity >99.999%) was anodized at 195 V for 10
h using 1 wt% H3PO3 cooled to 0–1 �C as the electrolyte solu-
tion. The resulting porous alumina layer was selectively
removed by etching with an aqueous solution of 0.18 M CrO3

and 0.72 M H3PO4. As a result, patterned Al substrates with
hexagonal arrays of indentations were obtained. In the second
step, hierarchical pores consisting of macroporous segments
branching into dendritic mesopores were obtained by adapting
a method introduced by Nielsch et al.68 Using 1 wt% H3PO4 at
0–1 �C as the electrolyte solution, the anodization voltage U(t)
was directly reduced from 195 V to 80 V according to

U(t) ¼ U0e
�t/s, (5)

where U0 is the start voltage of 195 V, s is a constant, i.e.
s ¼ 191.7 min in this case, and t is the anodization time
(171 min to reach a voltage of 80 V). Then, the electrolyte was
2654 | J. Mater. Chem. A, 2014, 2, 2648–2656
replaced by an aqueous solution of 0.3 M C2H2O4, and the
temperature was adjusted to 10 �C. Following the prole of eqn
(5) with U0 ¼ 80 V and s¼ 14.0 min, the anodization voltage was
further reduced to a target value of 0.01 V, which was reached
aer 125 min. Subsequently, the AAO layer was rinsed with
deionized water. Prior to electrodeposition, the aluminium
disks were isolated with nail varnish to ensure exclusive depo-
sition inside the pores of these AAO templates.

The AAO membranes and templates were used as working
electrodes in a three electrode setup, with a Pt sheet (Metrohm
Autolab) as the counter electrode and Ag/AgCl in 3 M KCl
(Metrohm Autolab) as the reference electrode. All potentials are
given with respect to the reference electrode. These electrodes
were connected to an Autolab PGSTAT 128N potentiostat. TiO2

nanotubes were formed from an electrolyte containing 0.02 M
TiOSO4, 0.03 M H2O2, 0.05 M HNO3 and 0.25 M KNO3 with a pH
of 1.4. Deposition occurred at �1.00 V for 6 h. Aer deposition,
the gel was either dried overnight at 100 �C or annealed for 2 h
at 650 �C in a tube furnace. Ag was electrodeposited for 15 min
at +0.10 V in an aqueous electrolyte containing 0.20 M AgNO3

and 0.10 M H3BO3 with pH adjusted to 1.5 using HNO3. In the
nal steps, the nanowires or nanotubes were collected by dis-
solving the AAO membranes or templates in an aqueous solu-
tion of 1 M NaOH or in an aqueous solution of 0.18 M CrO3 and
0.72 M H3PO4, respectively, followed by detachment from the
back electrode by gentle swirling. In order to eliminate the
NaOH or CrO3 in the nanowire/nanotube solution, the solution
was washed at least 5 times with water using a Hermle Z36HK
centrifuge at 10 000 rpm for 5 min.

The TiO2 nanotubes made by Atomic Layer Deposition (ALD)
were also prepared inside custom-made AAO membranes with
the same dimensions as the templates used for TiO2 nanotube
formation by the electrochemically induced sol–gel method.
Amorphous TiO2 was deposited at 120 �C using titanium(IV)
isopropoxide preheated at 70 �C as the metal containing reac-
tant and water vapor as the oxygen source. The porous
membranes were coated using the exposure-mode sequence
due to the high aspect ratio of these nanostructures, where a full
ALD cycle consisted of 2 s pulse, 40 s exposure and 60 s purging
for the titanium precursor, followed by 0.5 s pulse, 40 s expo-
sure, and 60 s purging for the water vapor. Dried Ar was used as
the carrier and purging gas and the process was carried out in a
commercial ALD reactor SAVANNAH 100 (Cambridge NanoTech
Inc., USA). Aer thermal annealing for 3 h at 400 �C and Au
sputtering, Ag was electrodeposited at �1.2 V in a two-electrode
setup using Pt as the counter electrode from an aqueous elec-
trolyte containing 0.027 M Ag2SO4, 0.88 M diammonium citrate
and 1.08M KSCN at pH 4.5. The procedures used for dissolution
of the AAO membrane and washing were the same as above.

Samples were measured with X-ray powder diffraction (XRD)
to conrm the formation of crystalline TiO2 phases in the
membranes using a PANalytical X'Pert Pro (PANalytical B.V.,
Almelo, The Netherlands) instrument. Samples were measured
from 2q ¼ 20–50�, with step sizes of 0.026� and 600 s per step
using a PIXcel 1D scanning line detector. The spectra were
further analyzed using the X'Pert Highscore Plus soware
package (version 3.0e). Scanning Electron Microscopy (SEM)
This journal is © The Royal Society of Chemistry 2014
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images were taken using a Zeiss HR-LEO 1550 FEG SEM or a
Zeiss Merlin HRSEM. Transmission Electron Microscopy (TEM)
images and Electron Energy Loss Spectroscopy (EELS) maps
were taken with an Analytical TEM from FEI Instruments.

The photocatalytic activity of TiO2 nanotubes with and
without the Ag core was investigated by water splitting experi-
ments in a custom-made setup consisting of 8 top-illuminated
reactors with a volume of 36.4 mL each, connected to a Compact
gas chromatograph (GC) (Interscience BV) equipped with a
thermal conductivity detector (TCD). 5–14 mg of nanotubes/
wires (1 completely lled AAO template with a diameter of
�3.5 cm) was dispersed in 15 mL of a 1 M NaOH stock solution
(pH 13) that was bubbled with Ar gas for at least 30 min to
remove a large part of the O2 from the solution. Then the
reactors were evacuated to 3 mbar and subsequently lled with
Ar to remove all air from the head space in the reactors. Aer
three evacuations, a 120 Watt high pressure Mercury lamp (Dr
Gröbel UV-Elektronik GmbG) was turned on, of which the
emission was divided over 12 optical bers. During illumina-
tion, the formed H2 was measured subsequently in each reactor.
In a standard procedure, the composition in each reactor was
measured every 15 min for 13 times. In a long-term measure-
ment, the formed H2 gas was measured 5 times using a
measurement interval of 1.5 h.
Conclusions

The electrochemically induced sol–gel method was used to
prepare anatase TiO2 nanotubes in AAO membranes and
templates with a diameter of 200 nm. By varying the interme-
diate thermal annealing process of the titania gel phase, the
location where Ag deposited during the subsequent electro-
deposition step in the same template could be tuned. Inter-
mediate heating at 100 �C resulted in the formation of Ag
nanoparticles incorporated in the shell of the TiO2 nanotubes,
while thermal annealing at 650 �C led to TiO2 nanotubes lled
with a continuous Ag phase, thus forming coaxial TiO2–Ag
nanowires. These coaxial TiO2–Ag nanowires showed improved
photocatalytic activity for direct water splitting due to the
favorable geometry of core–shell systems, which is character-
ized by a large contact area between the photoactive material
(TiO2) and the H2 evolution catalyst (Ag), photon reection by
the Ag core to capture the maximum number of photons in the
titania phase, and short diffusion paths from the TiO2 phase to
the Ag phase in order to separate the exciton efficiently. During
a long-term experiment, H2 was formed at a rate of 1.2 � 10�3

mol g�1 h�1 for at least 6 h.
This technique is not only limited to the formation of TiO2–

Ag nanowires, but basically any combination of core–shell
materials can be envisaged as long as electrodeposition or a
related technique results in the formation of a nanotube for the
shell material and a nanowire for the core material. Just as the
choice of materials is not limited to what is described in this
paper, also the possible applications are not limited to photo-
catalysis, but they can be extended to other areas, e.g. solar cells
and batteries.
This journal is © The Royal Society of Chemistry 2014
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