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t is now generally recognized that

nanoscale control of metal oxide archi-

tectures leads to the development of
new materials and systems with unique
physical and chemical properties. In this re-
gard, the anodization technique is consid-
ered as an efficient and well-developed sur-
face treatment process used in the
fabrication of a variety of
nanoarchitectures.' ® As an important
n-type semiconductor material, due to their
low cost, nontoxicity, stability, and vecto-
rial charge transfer, anodically fabricated
TiO, nanotubes have recently stimulated in-
creasing attention because of their promis-
ing applications in many fields, including
sensors, self-cleaning photocatalytic sur-
faces and devices, dye-sensitized solar cells,
and hydrogen generation by water
photoelectrolysis.”® In most of these appli-
cations, the discovery of a single semicon-
ductor material that is fully functioning is
yet to come. Therefore, a common and
promising approach is to develop, opti-
mize, and employ semiconductor materials
composed of 1D nanoarchitectures of
mixed oxides especially for applications
based on photocatalytic properties.”'°

In a recent work, Mor and co-workers re-
ported on the formation of Ti—Fe—0 mixed
oxide nanotube arrays with enhanced photo-
electrochemical water-splitting perfor-
mance." They related this enhancement to
the combined properties of both TiO, and
Fe,0s. On the basis of these promising re-
sults, they expanded the work to fabricate
a p-type Ti—Cu—0 nanoarchitectured elec-
trode to construct a self-biased photodiode
for water splitting.'? Nah and co-workers
were able to fabricate Ti—W—0 nanotubes

Www.acsnano.org

ABSTRACT Self-ordered, highly oriented arrays of titanium —niobium —zirconium mixed oxide nanotube

films were fabricated by the anodization of Ti3sNbsZr alloy in aqueous and formamide electrolytes containing NH,F

at room temperature. The nanostructure topology was found to depend on the nature of the electrolyte and the

applied voltage. Our results demonstrate the possibility to grow mixed oxide nanotube array films possessing

several-micrometer-thick layers by a simple and straightforward electrochemical route. The fabricated

Ti—Nb—Zr—0 nanotubes showed a ~17.5% increase in the photoelectrochemical water oxidation efficiency as

compared to that measured for pure Ti0, nanotubes under UV illumination (100 mW/cm?, 320—400 nm, 1 M KOH).

This enhancement could be related to a combination of the effect of the thin wall of the fabricated Ti—Nb—Zr—0

nanotubes (10 = 2 nm) and the formation of Zr oxide and Nb oxide layers on the nanotube surface, which seems

to slow down the electron—hole recombination in a way similar to that reported for Grétzel solar cells.

KEYWORDS: anodization - Ti—Nb—Zr—O - nanotubes - photocurrent - efficiency - water

splitting

via the anodization of Ti—W alloy films con-
taining different proportions of W."> The
fabricated composite Ti—W—0 nanotubes
showed highly improved ion insertion and
electrochromic properties, even when only
small amounts such as 0.2 at. % WO; were
present. Bayoumi and Ateya' as well as
Berger and co-workers' reported on the
fabrication of Ti—Al—0 nanotubes via the
anodization of Ti—Al alloys. Mohapatra and
co-workers reported on the fabrication of
0.5—2 pm long Ti—Mn—0 nanotube arrays
by the anodic oxidation of TigMn for a high-
capacity lithium ion battery.'® They found
that the length and diameter of the nano-
tubes grown on the B-phase, which con-
tained more Mn, were smaller than those
grown on the a-phase. Ghicov and co-
workers reported the anodization of Tis;sNb
to grow Ti—Nb—0O nanotubes that showed
enhanced thermal stability as compared to
pure TiO, nanotube arrays."” Also, Ding and
co-workers reported the fabrication of
Ti—Nb—0 nanotubes containing less Nb
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via the anodization of Tis;Nb alloy.'® Yasuda and

Schmuki fabricated Ti—Zr—O nanotubes via the anod-

ization of TiseZr alloy."

Despite all these reports, (1) it is still a challenge to

fabricate a suite of uniform nanotubular archi-
tectures of titanium mixed oxides several
micrometers in length with thin-wall thick-
nesses that are less than the minority carrier
diffusion length,® and (2) to the best of our
knowledge, there is no report in the literature
on the utilization of Ti—Nb—Zr—0 nanotubes
as photoanodes for photoelectrochemical wa-
ter splitting, although Nb is well known to sta-
bilize the anatase phase, which is the most
photoactive polymorph of TiO,, and both Nb,Os
and ZrO, are being used as buffer layers to im-
prove the efficiency of Grétzel solar cells.

In this study, we report on the fabrication
of a well-organized suite of Ti—Nb—Zr—0
nanotube array films with very thin wall thick-
nesses (10 £ 2 nm) via the anodization of
TizsNbsZr alloy in fluoride-containing electro-
lytes. Our ability to fabricate nanotubular
structures of mixed/graded oxides is signifi-
cant, as the nanotube array architecture allows
for the precise design and control of the geo-
metrical features, allowing one to achieve a
material with specific light absorption and
propagation characteristics.® Also, the aligned
porosity, crystallinity, and oriented nature of
the nanotubular structure make this architec-
ture an attractive electron percolation path-
way for vectorial charge transfer between
interfaces.”® On the other hand, we report
here, for the first time, on the photoelectro-
chemical performance of these Ti—Nb—Zr—0
photoanodes for photoassisted water elec-
trolysis. We hope that this study will open a
new vista to explore more combinations for a
diversity of various applications.

RESULTS AND DISCUSSION

Morphological and Structural Characterization. Fig-
ure 1 shows field emission scanning electron
microscopy (FESEM) top-view images of the
films synthesized by anodizing TizsNbsZr
samples in aqueous electrolytes containing
0.2 M NH4F and 0.1 M HsPQO, for 7 h at differ-
ent applied voltages. Anodization at 10V, Fig-
ure 1a, resulted in the formation of a com-
pact film with small pits scattered on some
localized areas of the surface. The correspond-
ing anodization current—time response of
the sample shows a characteristic diminish-
ment with increasing time as the oxide thick-
ness steadily increases, with some small fluc-
tuations in the current amplitude similar to
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those recorded during the initiation of pitting on metal-

lic substrates.®?° Figure 1b shows the morphology of a

sample anodized at 15 V. Note that the surface is com-
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Figure 1. FESEM top-view images and the corresponding current—time
relations for TizsNbsZr samples anodized for 7 h in aqueous electrolytes
containing 0.2 M NH4F and 0.1 M H3;PO, at (a) 10, (b) 15, and (c) 20 V.
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corresponding current—time behavior is essentially
identical to that seen when nanoporous films are
achieved via anodization of Ti in aqueous solutions.®
Upon increasing the applied voltage to 20 V, nano-
tubular arrays were obtained with irregular outer diam-
eters of 90 = 20 nm and lengths of 1.4 *+ 0.4 um, see
Figure 1c. This is very similar to the nanotubes fabri-
cated by the anodization of pure titanium metal in
aqueous electrolytes, which are always short in length
and contain ridges and circumferential serrations.® The
corresponding current—time behavior, including the
classic dip—rise—gradual fall, is essentially identical to
that seen when nanotube arrays are achieved via anod-
ization of Ti in fluoride-containing electrolytes® It is
noteworthy to mention that anodization at 20 V for
shorter time intervals resulted in the formation of mor-
phologies similar to that shown in Figure 1b. However,
anodization at higher applied voltages (>20 V) resulted
in complete deterioration of the Ti—Nb—Zr alloy
samples.

As we were unable to fabricate long, smooth, and
ridge-free nanotubular arrays in aqueous electrolytes,
we aimed at anodizing the Ti3sNbsZr alloy samples in
formamide-containing electrolytes. Figure 2 shows the
FESEM images obtained for samples anodized in
formamide-based electrolytes containing 0.2 M NH,F,
0.1 M HsPO,, and 3 vol % H,0 for 20 h at different ap-
plied voltages (20—50 V). At 20 V, Figure 2a, randomly
oriented nanoarchitectures were formed with a great
tendency toward agglomeration forming bundles of 4
pm long nanotubes/nanowires. Increasing the anodiza-
tion voltage to 30V, Figure 2b, resulted in the forma-
tion of more organized, vertically oriented 7 wm long
nanotube array films. Further increase in the applied
voltage to 40 V, Figure 2¢, resulted in the formation of
nanoarchitectures similar to those obtained at 30 V but
with apparently larger diameters. However, anodiza-
tion at 50 V resulted in the formation of randomly ori-
ented nanotubes with cracks observed on the surface.
Figure 2d shows the current—time relations recorded
for Ti—Nb—Zr samples anodized at 20, 30, and 40 V. The
plots are typical of those obtained in the case of Ti
metal anodized in similar electrolytes® with the curves
being similar to each other but with some minor differ-
ences in the current density values.

In order to investigate the composition of the
Ti—Nb—Zr—0 nanotube arrays synthesized in forma-
mide electrolyte, we have performed X-ray photoelec-
tron spectroscopy (XPS) analysis for the nanotubes
after their annealing at 500 °C in adry oxygen atmo-
sphere. Figure 3 shows the XPS results from a sample
that was anodized in a formamide-based electrolyte
containing 0.2 M NH,4F, 0.1 M HsPO,, and 3 vol % H,O
at 40 V. Figure 3a shows Ti 2p spectra where two peaks
were obtained corresponding to Ti 2ps/, and Ti 2py,,
photoemission spectra with a spin—orbit splitting of
5.7 eV, confirming that both signals correspond to
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Figure 2. FESEM top-view images for TizsNbsZr samples an-
odized for 20 h in formamide electrolytes containing 0.2 M
NH,F and 0.1 M H;PO, at (a) 20, (b) 30, and (c) 40 V; (d) is the
corresponding current—time relations.
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Ti**.2 Figure 3b represents the Nb 3d spectra, where
the peak at ~207.4 eV corresponds to the Nb 3ds),
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Figure 3. XPS spectra obtained for annealed Ti—Nb—Zr—0 nanotubes fabricated via the anodization of Ti3sNbsZr alloy in a
formamide electrolyte containing 0.2 M NH4F and 0.1 M H;PO, at 40 V for 20 h, see text.

while that at ~210.2 eV corresponds to the Nb 3d;,,
photoemission spectra with a spin—orbit splitting of
~2.8 eV, confirming that both signals correspond to
Nb>* 2122 The Zr 3d spectra are shown in Figure 3c. Two
peaks were observed at binding energies of ~182.2
and ~184.6 eV which correspond to 3ds/, and 3ds), sig-
nals, respectively. Note that these two peaks are sepa-
rated by a spin—orbit splitting of 2.4 eV, confirming that
zirconium is in the form of Zr** 2'22 The O 1s photoemis-
sion spectra show one signal at 531 eV which can be re-
lated to the existence of metal oxides, Figure 4d.
Photoassisted Water Electrolysis. A preliminary, proof-of-
concept photoelectrochemical activity test for water
photoelectrolysis using the synthesized Ti—Nb—Zr—0
nanotube arrays was carried out. Figure 4a shows the
photocurrent density versus potential in 1 M KOH solu-
tion under UV (320—400 nm, 100 mW/cm?) illumina-
tion for TiO, (7 pm long, 21 = 2 nm wall thickness, an-
nealed at 500 °C, 4 h) and Ti—Nb—Zr—0 nanotube
array electrodes (4 and 7 pum long, 10 = 2 nm wall thick-
ness, annealed at 500 °C, 4 h). The photocurrent of the
Ti—Nb—Zr—0 nanotube samples is slightly higher than
that of the pure TiO, nanotube sample. The dark cur-
rent was less than 5 pA/cm? for all samples over the dis-
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played potential range. However, the photocurrent on-
set in the case of Ti—Nb—Zr—0 nanotubes occurs at
—0.85 V vs Ag/AgCl, a —0.11 V negative shift from that
of the TiO, nanotube array electrode (—0.74 V), with the
slope of the photocurrent—potential curve being
higher in the case of Ti—=Nb—Zr—0 than in the case of
TiO,. Note that this open-circuit voltage represents the
contribution of light toward the minimum voltage
needed for the water-splitting potential (1.229 V).” The
current—voltage characteristics of an illuminated semi-
conductor electrode in contact with a redox electrolyte
can be described using the following equation:>#

. . eV

=iy = lo[exp(ﬁ) — 1] (1)
where i is the net current obtained by adding the ma-
jority and minority current components, iy is the reverse
bias saturation current, and i is the illumination cur-
rent, which is proportional to the photon flux. The
tested nanotube array electrodes show n-type behav-
ior, i.e., positive photocurrents at anodic potentials. For
this type of semiconductor, the surface electron density
(N,) decreases with the applied anodic potentials (E.)
3524
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E, — Vg
o5

where N, is the bulk electron density in the semicon-
ductor, Vg, is its flat-band potential, e is the elementary
charge, k is Boltzmann's constant, and T is the absolute
temperature. Note that Ny < Nj, for an n-type semicon-
ductor at all potentials positive of Vs,

For crystalline semiconductors, provided that their
absorption coefficient is not too high, the potential de-
pendence of the squared photocurrent (i,»?) was shown
to follow the relation®

()

2¢ee P
.2 ( 0 (3)

i’ =\~ )(v—vfb)

ph
where « is the absorption coefficient, V is the applied
potential, and V4, is the flat-band potential. Figure 4b
shows the squared photocurrent as a function of ap-
plied voltage. The current gradually increases, becom-
ing linear with applied bias, indicating that the photo-
generated charges are being efficiently separated by
the electric field of the depletion layer.? At higher po-
tentials, the squared photocurrent—potential plot devi-
ates from linearity due to saturation resulting from the
nearly complete collection of photogenerated charge
carriers, which is in agreement with literature concern-
ing TiO, photoanodes.®% Note that the deviation starts
at earlier potentials in the case of Ti—Nb—Zr—0 nano-
tubes than for TiO, nanotubes, which might indicate
the faster collection of photogenerated charge carriers
in the case of Ti—Nb—Zr—0 nanotubes. Using linear re-
gression, the linear part of Figure 4b was fitted to eq 3
to estimate the V4, for both TiO, and Ti—Nb—Zr—0
nanotube films?® (see Figure S1 in the Supporting Infor-
mation). It was found that the V4, is —0.575 and —0.451
V for Ti—=Nb—Zr—0 and TiO, nanotube samples, re-
spectively, with corresponding regression coefficients
(R) of 0.993 and 0.997.

The corresponding light energy-to-chemical energy
conversion (photoconversion) efficiencies are shown in
Figure 4c. The photoconversion efficiency m was calcu-
lated using the following formula:>”

1 (%) = [(total power output — electrical power
input)/light power input)/] x 100
= jp[(EOrev - |Eappl|)/l0] x 100
(4)
where j, is the photocurrent density (in mA/cm?), J,Ee,
is the total power output, jo/Epp is the electrical power
input, and /y is the power density of incident light (in
mW/cm,). E%, is the standard reversible potential,
which is 1.23 Vg, and the applied potential E,pp =
Ereas — Eaocs Where Ei s is the electrode potential (ver-
sus Ag/AgCl) of the working electrode at which photo-
current was measured under illumination and E, is the
electrode potential (versus Ag/AgCl) of the same work-

ing electrode at open-circuit conditions under the same
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Figure 4. (a) Photocurrent density vs potential in 1 M KOH
solution under UV (320—400 nm, 100 mW/cm?) illumination
for TiO; (7 um) and Ti—Nb—Zr—0 nanotube (4 and 7 um) ar-
ray samples. (b,c) Corresponding squared photocurrent den-
sity vs potential and the photoconversion efficiency,
respectively.

illumination and in the same electrolyte. Note that eq
4 gives a thermodynamic measure of efficiency which
can be applied, in general, to all electrode configura-
tions, i.e., two- or three-electrode cells. However, in the
case of a three-electrode configuration, the biased po-
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tential should be measured between the working and
counter electrodes.'® The reference electrode in the
three-electrode geometry does not draw any current,
and the current flows between the working and counter
electrodes.’ The photoconversion efficiencies for the
synthesized nanotube arrays, under 320—400 nm illu-
mination, are ~11.4% for the Ti—Nb—Zr—0 nanotubes,
9.7% for the TiO, nanotubes having the same length

(7 pm), and 6.9% for the 4 pum long Ti—Nb—Zr—0 nano-
tubes. Although the difference in tube length can be
used to explain the different photoconversion efficien-
cies of the 4 and 7 pm long nanotubes, it seems that
some other factors come into play when comparing the
Ti—Nb—Zr—0 and TiO, nanotube array photoanodes
with the same length (7 wm). The enhanced photore-
sponse of the Ti—Nb—Zr—0 nanotubes sample can be
related to the distinct tube structure and composition.
For example, the very thin wall thickness of our synthe-
sized Ti—Nb—Zr—0 nanotube arrays is expected to
play a vital role in such an enhanced photoresponse.’
The nanotubular architecture, with a wall thickness of
10 £ 2 nm, ensures that the photogenerated holes are
never generated far from the semiconductor—electrolyte
interface.” Furthermore, since half the wall thickness is
significantly less than the minority carrier diffusion
length (~20 nm in TiO,),?® charge-carrier separation
takes place efficiently. The potential drop (Adyp) within
the tube wall was shown to follow the relation®

kTry
Ap, = 5
6ely

(©)

where 1, is half the width of the wall, T is the tempera-
ture, and Lp is the Debye length, given by®?’

£gokT 12
Ly =|—s (6)
2e°Np

where Np is the number of ionized donors per cubic
centimeter.?” It is important to note that this potential
drop across the wall thickness may not be enough to
separate the photogenerated electrons and holes. How-
ever, because of the nanoscale dimensions of the walls
(10 = 2 nm), the holes can easily diffuse into the sur-
face, which was shown to takes place on a scale of
picoseconds.?’ 3 |t was also reported that minority car-
riers generated within a distance from the surface equal
to the sum of the depletion layer width and the diffu-
sion length (retrieval length) escape recombination and
reach the electrolyte.3! Note that the relevant dimen-
sional features of our Ti—Nb—Zr—0 nanotube arrays
(half the wall thickness) are all smaller than 10 nm,
which is the range reported for crystalline TiO, retrieval
length.® Therefore, bulk recombination is expected to
be reduced and the photoconversion efficiency to be
enhanced.?6%83233 This is in agreement with van de La-
gemaat and co-workers, who observed a substantial en-
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hancement of the quantum yield in porous SiC made
by anodic etching in HF solutions.3* Note that we have
not referred to the effect of surface area on the possibil-
ity of surface recombination, as we are comparing two
electrodes of almost comparable surface area (TiO, and
Ti—Nb—Zr—0 nanotube arrays 7 pm long each). An-
other factor that can be considered responsible for the
enhanced photoresponse is that the estimated flat-
band potential (eq 3) of Ti—Nb—Zr—0 photoanode is
more favorable than that of the TiO, nanotubes photo-
anode, see Figure S1 (Supporting Information). This is
in line with Figure 4¢, which shows that the maximum
photoconversion efficiency recorded for the
Ti—Nb—Zr—0 system occurs at lower applied poten-
tial than that for the TiO, photoanode. One last factor
could be that ZrO, and Nb,Os are helping slow down
charge recombination or inhibit back electron transfer,
which can improve the conversion efficiency.>*~37 Simi-
lar effects have been noted in Gréatzel solar cells by a
number of groups.3>~37 That is, the photovoltage and
current increase somewhat when TiO, is coated by a
thin layer of insulating oxide to inhibit back electron
transfer from the conduction band (e(cb)) to |5~ In our
case of photoanodes used to generate oxygen, such a
layer could inhibit the back electron transfer between
e(cb) and OH radicals near the surface. In this regard,
stoichiometric Nb,O5 was shown to be an insulator
(conductivity (o) ~ 3 X 107°S cm™")*® and conse-
quently been used as a porous coating in electrochemi-
cal solar cells.**° We note also that Feng and co-
workers have coated their TiO, nanowire with a layer
of Nb,Os to improve the fill factor of their solar cell de-
vice. They related the improved efficiency to the ability
of the Nb,Os layer to reduce the undesirable recombi-
nation processes.*’! Recently, a detailed surface analysis
study on Ti—Nb—Zr alloys showed the enrichment of
the surfaces of such alloys with Nb and Zr oxide layers
upon their thermal oxidation,* which supports our
claim that these layers can be formed on the nano-
tube surface (see XPS analysis in Figure 3) and hence
held responsible for the observed improved photocon-
version efficiency in our system.

CONCLUSIONS

Vertically oriented Ti—Nb—Zr—0 nanotube arrays
were fabricated via the anodization of TissNbsZr alloy
in aqueous and formamide electrolytes containing
NH,4F and H3PO,4 at room temperature. Similar to pure ti-
tanium, the nanotubes fabricated in aqueous electro-
lytes at 20 V were short in length (1.4 = 0.4 um) and
contained ridges and circumferential serrations, with no
tubular formation observed at anodization potentials
lower than 20 V. However, anodization in formamide
electrolytes resulted in the formation of well-defined,
vertically oriented nanotube arrays with lengths up to
7 pm. These 7 pm long Ti—Nb—Zr—0 nanotube arrays
showed a three-electrode photoconversion efficiency
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of 11.4% under UV illumination (100 mW/cm?, 320—400
nm, 1 M KOH) upon their use as photoanodes to photo-
electrochemically split water, which is about 17.5%
higher than that measured for pure TiO, of compa-
rable length (9.7%). The thin walls of the Ti—Nb—Zr—0
nanotubes (10 = 2 nm) and the formation of buffering

MATERIALS AND METHODS

Prior to anodization, TizsNbsZr samples (1.0 X 1.0 cm X0.5
mm) were ultrasonically cleaned with acetone followed by a
deionized (DI) water rinse. The anodization was performed in a
two-electrode electrochemical cell with the titanium alloy as the
working electrode and platinum foil as the counter electrode at
room temperature (approximately 24 °C) under the following
conditions: (a) in aqueous electrolytes containing 0.2 M NH,F and
0.1 M H3PO,4 at 10—20 V for 7 h and (b) in formamide-based elec-
trolytes (ACS grade 99.8% minimum) containing 0.2 M NH,4F,
0.1 M H3PO,, and 3 vol % H,0 at 20—40 V for 20 h.**** An Agi-
lent E3612A-CFGO001 dc power supply was used for potentio-
static anodization. After anodization, the samples were rinsed
thoroughly with DI water and then dried under a stream of nitro-
gen. The as-anodized samples were crystallized by oxygen an-
nealing for 4 h at 500 °C with a heating and cooling rate of 1 °C/
min. The morphology of the anodized samples was examined
using a Zeiss SEM Ultra60 field emission scanning electron micro-
scope (FESEM). X-ray photoelectron spectroscopy (XPS) experi-
ments were performed on the Ti—Nb—Zr—0 nanotubular films
using a Thermo Scientific K-alpha XPS with an Al anode. Spectra
were charge-referenced to O 1s at 532 eV. Photoelectrochemi-
cal properties were investigated in 1.0 M KOH solution using a
three-electrode configuration with nanotube arrays photo-
anodes, saturated Ag/AgCl as a reference electrode, and plati-
num foil as a counter electrode. A scanning potentiostat (CH In-
struments, model CH 660D) was used to measure dark and
illuminated currents at a scan rate of 10 mV/s. A 50 W mercury
arc lamp (Exfo lite) was used as the light source, with optical fil-
ters used to restrict the incident light to UV wavelengths be-
tween 320 and 400 nm.
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