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G
reen and efficient energy technolo-
gies are the driving force of a para-
digm shift based on how we should

power our society. Nanoscience will play a
decisive role in the transformation from
fossil fuels to renewable sources.1,2 Toward
this end, the utilization of solar energy as a
renewable source is the most attractive and
convenient option to pursue.1,2 It is now
generally recognized that nanoscale control
of metal oxide architectures leads to the
development of new materials and systems
with uniquephysical and chemical properties.3

In this regard, the anodization technique is
considered to be an efficient and well-de-
veloped process for the growth of a variety
of nanoarchitectures.4�10 As an important
n-type semiconductor material, due to its
low cost, stability, and vectorial charge
transfer, anodically fabricated TiO2 nano-
tube arrays have recently stimulated in-
creasing attention because of their prom-
ising applications in fields such as solar
hydrogen generation by water photoelec-
trolysis.9,11 However, the poor spectral re-
sponse of thematerial aswell as its relatively
low efficiency of light utilization, due to its
wide band gap (3.0�3.2 eV), limits its effi-
cient use for solar energy harvesting.11More
efficient visible light harvesting would ren-
der this material quite attractive for solar
energy conversion. A very active approach
to this problem is doping the material with
appropriate anions and cations to render
this oxide sensitive to visible light.9 Al-
though doping has been demonstrated as
an efficient approach to introduce visible
light absorption to TiO2, the currently used
doping protocols are not without serious
problems. Structural artifacts/defects intro-
ducedefect-dopant�lattice interactions that

can mask the fundamental interactions
of the dopant with the lattice.9,12 The
decoration of TiO2 nanotubes with metal
and/or semiconductor nanoparticles is an-
other approach that has been used to im-
prove the spectral response and catalytic
properties of the material.13�16 However,
the lack to achieve control over the nano-
particles such as their particle size, clean-
ness, and distribution on the nanotubes'
surfaces/walls and the possibility of nano-
particles to aggregate limit their efficient
use. The distribution of particles can be
better controlled with the introduction of
linker molecules that attach nanoparticles
to the nanotube surface, but this presents
more complicated charge carrier recombi-
nation problems.17,18 A recent andpromising
approach to overcome the above-mentioned
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ABSTRACT In recent years, considerable efforts have been made to design and discover

photoactive nanostructured materials that can be used as anodes in water photoelectrolysis cells.

Herein, we report on the growth of a novel photoanode material composed of self-ordered, vertically

oriented nanotube arrays of titanium�palladium mixed oxynitride films via anodization of Ti�Pd

alloy in an electrolyte solution of formamide containing NH4F at room temperature, followed by

annealing in an ammonia atmosphere. The nanostructure topology was found to depend on both

the anodization time and the applied voltage. Our results demonstrate the ability to grow mixed

oxynitride nanotube array films that are several micrometers thick. The Ti�Pd oxynitride nanotube

array films were utilized in solar-spectrum water photoelectrolysis, demonstrating a photocurrent

density of 1.9 mA/cm2 and a ∼5-fold increase in the photoconversion efficiency under AM 1.5

illumination (100 mW/cm2, 1.0 M KOH) compared to pure TiO2 nanotubes fabricated and tested

under the same conditions. The obtained efficiency is among the highest reported values for a TiO2
nanotube-based photoelectrochemical cell. This enhancement in the photoconversion efficiency is

related to the synergistic effects of Pd alloying, nitrogen doping, and the unique structural

properties of the fabricated nanotube arrays.

KEYWORDS: anodization . Ti�Pd�O�N . oxynitridenanotubes . photocurrent . water
splitting
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limitations, as they pertain to photocatalytic properties
and applications, is to develop, optimize, and employ
semiconductor materials with 1D nanoarchitectures of
mixed oxides. In a recent work, Mor and co-workers
reported the anodization of Ti�Fe films to fabricate
Ti�Fe�Omixed oxide nanotube arrays with enhanced
photoelectrochemical water splitting performance.19

On the basis of those promising results, they expanded
the work to fabricate a p-type Ti�Cu�O nanoarchitec-
tured electrode through the anodization of Ti�Cu films
and used it to construct a self-biased photodiode for
water splitting.20 Kusama and co-workers reported a
combinatorial approach to systematically investigate
the visible light response of Fe�Ti�M(M: variousmetal
elements) oxides for photoelectrochemical water
splitting.21 Among the 25 elements tested, the
Fe�Ti�Sr mixed oxide has been identified as the best
combination because it gave the highest photocur-
rent. Allam and co-workers were able to grow a uni-
form suite of Ti�Nb�Zr�O mixed oxide nanotube
arrays.22 The fabricated mixed oxide nanotubes
showed a ∼17.5% increase in the photoelectrochem-
ical water oxidation efficiency as compared to pure
TiO2 nanotubes of comparable length. Nitrides and
oxynitrides are another class of materials that are
widely used as photocatalysts for water splitting under
visible light irradiation.23 Vitiello and co-workers re-
ported the fabrication of titanium oxynitride nanotube
arrays by Ti anodization followed by nitridation in
NH3.

24 The resulting oxynitride nanotubes showed
significant visible light response and enhanced photo-
electrochemical properties. Ferrero and co-workers
reported the nanostructured titanium oxynitride
mesoporous thin films to be efficient visible-light-active
photocatalysts due to the discrete introduction of N,
which caused a shift of the titania absorption edge.25

Additionally, Kim and co-workers reported the anodi-
zation of the Ti�N substrates for the purpose of
fabricating Ti�O�N nanotubes, which also showed
high photoresponse in the visible range of the solar
spectrum.26

On the basis of the above survey, it seems logical
that the best way to fabricate highly efficient photo-
anodes may be to combine both approaches simulta-
neously, that is, doping (through alloying) and nitriding
(to get oxynitrides). To the best of our knowledge,
there is no published work on the growth and use of
anodically fabricated mixed oxynitrides of titania na-
notube arrays for water photoelectrolysis. We note that
some work was reported regarding the combination
of metal nanoparticle decoration and nitriding, which
showed enhanced photocatalytic properties.27�29 How-
ever, the same problems of nanoparticle assembly,
load, distribution, and artifacts are still present. Herein,
we fabricate Ti�Pd mixed oxynitride nanotube arrays
via anodization of Ti�Pd alloy in fluoride-ion-contain-
ing electrolyte followed by nitridation to convert the

anodically fabricated nanotubes into oxynitrides. This
system was chosen for the following reasons:

1. Pd-containing catalysts are well-known for their
considerable photocatalytic activity.27�33 Also,
Pd oxide has a band gap energy in the visible
region (0.8�2.2 eV depending on crystalinity
and purity) and thus has been widely used as a
modifier to enhance light absorption and con-
ductivity of wide band gap semiconductors.34,35

2. The use of an alloy as a starting substrate will
ensure the homogeneous distribution of Pd in
the fabricated nanotubesmatrix overcoming the
problems seen upon the decoration of TiO2

nanotubes with metal nanoparticles as detailed
above.

3. Oxynitrides have narrower band gaps than the
correspondingmetal oxides because themetal�
nitrogen bond in oxynitrides has a potential
energy higher than that of the metal�oxygen
bond in metal oxides. Moreover, oxynitrides are
known for their stability against anodic dissolu-
tion in alkaline media, making them ideal candi-
dates for water photolysis applications.27

Our ability to fabricate nanotubular structure of
Ti�Pd mixed oxynitrides is significant because the
nanotube array architecture allows for the precise
design and control of the geometrical features, which
allows one to achieve a material with specific light
absorption and propagation characteristics.9 Also, the
aligned porosity, crystallinity, and oriented nature of
the nanotubular structure make this architecture an
attractive electron percolation pathway for vectorial
charge transfer between interfaces.36,37 The fabricated
Ti�Pd mixed oxynitride nanotube arrays showed one
of the highest photoconversion efficiencies when em-
ployed in a photoelectrochemical water splitting sys-
tem. We hope that this study will open new avenues of
research for the exploration of additional combina-
tions of materials and various new applications.

RESULTS AND DISCUSSION

Morphological and Structural Characterization. We aimed
at anodizing pure titanium and Ti�Pd alloy samples
in formamide-based electrolytes because the anodi-
zation of titanium9 and its alloys19,20,22 in aqueous
electrolytes usually results in the formation of short
nanotubes with irregular outer diameters that contain
ridges and circumferential serrations. This organic sol-
vent is well-known for the anodization of titanium and
results in the formation of smooth nanotubes several
micrometers in length. This morphology is achieved by
reducing the changes in pH and suppresses the local
concentration fluctuations during the anodization
process.9 Figure 1 shows the top-view FESEM images
obtained for Ti�Pd samples anodized in formamide-
based electrolytes containing 0.2 MNH4F, 0.1MH3PO4,
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and 3 vol % H2O at 20 V for different time intervals
(5, 15, and 24 h). Note that only porous structure is
obtained for the sample anodized for 5 h (Figure 1a).
The pore diameter in the case of Ti�Pd (45( 5 nm)was
found to be smaller than that obtained upon anodizing
pure Ti (70 ( 5 nm) under the same conditions.
Increasing the anodization time to 15 h resulted in
the formation of vertically oriented nanotube arrays
∼3 μm long with outer diameters of 130 ( 4 nm and
wall thicknesses of 17 ( 2 nm (Figure 1b). Extending
the anodization time to 24 h resulted in the formation
of∼6 μm long self-organized, vertically oriented Ti�Pd
nanotube arrays with almost the same outer diameter
and wall thickness (Figure 1c). However, anodization
for 36 h resulted in the formation of a thick debris layer
redeposited on top of the nanotubes (see Supporting
Information, Figure S1) preventing them from being
effectively used. An attempt to remove the debris layer
through ultrasonication resulted in the collapse of the
thin-walled tubes and/or causing them to peel off the
alloy substrate. Generally, it seems that anodizing Ti
alloys results in the formation of nanotubes with
thinner wall thicknesses than pure Ti.19,20,22

The current�time relations recorded during the
anodization of pure Ti and Ti�Pd samples at 20 V for
24 h are shown in Figure 1d. The plots are typical
compared to those previously reported for Ti metal
anodized in similar electrolytes.9 Note that the cur-
rent curve in the case of Ti�Pd starts with an
incubation period where the current remains con-
stant for ∼20 s followed by a sharp decrease. Also,

the current density in the case of Ti�Pd is lower than
that of pure Ti, indicating that Ti�Pd is more resis-
tant to etching than pure Ti. The nanotube formation
mechanism is described in detail in the literature.9,38

Briefly, the first step involves the anodic oxidation of
the alloy substrate through its interaction with oxy-
gen ions (O2�) in the electrolyte, resulting in the
formation of a poorly conducting thin oxide layer
that is responsible for the sudden drop in the mea-
sured current (Figure 1d). It is believed that the
nanotubular structure formation includes a compe-
tition between electrochemical etching and chemi-
cal dissolution processes,9 where small pits are
initially formed, due to the localized dissolution of
the previously formed thin oxide layer, followed by
the coalescence of these pits to form pores leading
to the observed slight increase in current with time.
Upon increasing the anodization time, pores be-
come deeper and wider with small inner-tube void
diameters and relatively thick tube walls that con-
tinue to grow until well-organized nanotube arrays
are formed. It is important to mention that the
nanotube growth should stop once the rates of
electrochemical etching and the chemical dissolu-
tion become equal.9

As the fabricated nanotube arrays are usually
amorphous, we annealed them in either oxygen or
NH3 environments to crystallize and convert them
into oxynitrides. The reaction between NH3 and
TiO2 was explained elsewhere38 based on the five-
coordinated Ti4þ surface sites (Lewis acid) acting as the

Figure 1. FESEM top-view images for Ti�Pd samples anodized in formamide electrolytes containing 0.2 M NH4F and 0.1 M
H3PO4 at 20 V for (a) 5 h, (b) 15 h, and (c) 24 h; (d) corresponding current�time relations for Ti and Ti�Pd samples anodized at
20 V.
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reaction center for anchoring NH3 and for its subse-
quent chemical transformation into oxynitride.
Figure 2 shows the top-view FESEM images for Ti�Pd
nanotube arrays annealed at 550 �C for 5 h in dry
oxygen atmosphere (Figure 2a) and in NH3 atmo-
sphere (Figure 2b). Note that the nanotubular structure
is preserved in both cases. Upon annealing at higher
temperatures (>550 �C) in either oxygen or NH3, the
structure begins to collapse. Figure 2c shows the Ti�Pd
nanotube array sample annealed at 600 �C in an NH3

atmosphere. As noted earlier, nanotube collapse ismade
evident by broken parts peeled from scattered areas of
the substrate.

X-ray photoelectron spectroscopy (XPS) is con-
sidered to be the most convenient method for the
distinction between oxides and oxynitride because
both oxides and oxynitride have virtually overlap-
ping X-ray diffraction patterns.39,40 Figure 3 shows
the XPS results from a Ti�Pd sample that was ano-
dized in a formamide-based electrolyte containing
0.2 M NH4F, 0.1 M H3PO4, and 3 vol % H2O at 20 V for
24 h. Figure 3a shows Ti 2p spectra where two peaks

were obtained, which correspond to Ti 2p3/2 and
Ti 2p1/2 photoemission spectra. The O 1s peak
(Figure 3b) consists of a symmetric singlet at
∼530.4 eV, characteristic of lattice oxygen for metal
oxides.22 Another singlet was observed at 402.3 eV and
can be attributed to N 1s (Figure 3c). Varghese and co-
workers observed a similar peak during anodization of
pure titanium using similar electrolytes.41 They related
this peak to the incorporation of nitrogen into the nano
tubes,41 while others related this peak to chemisorbed
nitrogen.42 A high-resolution scan over Pd (Figure 3d)
shows the existence of two peaks which can be
assigned to Pd 3d3/2 (340.5 eV) and Pd 3d5/2
(335.4 eV) with the peak appearing at 335.4 eV indicat-
ing the presence of Pd2þ.43 Annealing the sample at
400 �C in NH3 does not result in any change in the
photoemission peaks of Ti 3d, O 1s, and Pd 3d. How-
ever, the N 1s photoemission spectra become broader
and can be deconvoluted into two peaks at 398.9 and
400.7 eV that could be assigned to characteristic
energy losses44 or might be due to adsorbed NHx

species45 (see Figure S2 in Supporting Information).
Annealing at 500 �C resulted in similar results com-
pared to those obtained at 400 �C but with an addi-
tional broad peak in the N 1s spectra appearing at
395�397 eV, which indicates the possibility of nitrogen
doping46 (see Figure S3). Increasing the annealing tem-
perature to 550 �C resulted in a profound change in the
photoemission spectra of the material. Figure 4 shows
the emission spectra for Ti 3d, O 1s, N 1s, and Pd 3d. Note
that the peaks of Ti 3d (Figure 4a) are shifted to lower
binding energies (458.2 and 464.1 eV) as compared to
those of the unannealed sample (458.5 and 464.3 eV),
which indicates an increased electron cloud density
around Ti. This can be related to the introduction of
a less electronegative atom into the crystal lattice
of TiO2. This finding supports the introduction of
N because it has a smaller electronegativity (3.04 on
Pauling scale) compared to O (3.44 on Pauling scale).
Note that the Ti 2p3/2 photoemission line at 458.5 eV is
diagnostic for oxynitride (Ti�O�N).47 This assignment
is consistent with the spectra of O 1s photoelectrons
(Figure 4b) composed of two peaks appearing at 530.2
and 531.8 eV and are characteristic of Ti oxide and Ti
oxynitride, respectively.42 Note also that the photo-
emission line for N 1s (Figure 4c) appears at 397.4 eV,
confirming the formation of oxynitride.42 The spec-
trum for Pd 3d (Figure 4d) does not show a profound
change compared to the as-anodized sample
(Figure 3d). The photoemission line at 337.6 eV
becomes broader with a shoulder appearing at
∼334.1 eV, indicating the possible existence of Pd0

along with Pd2þ (337.6 eV) in the TiO2 film. Wu and
co-workers observed a similar shoulder for Pd0 in their
Pd-dopedTiO2 thinfilms.48On thebasis of these results, it
seems that the nanotubular structure is exceptionally
reactive toward nitridation, producing oxynitrides

Figure 2. FESEM top-view images of Ti�Pd nanotube array
samples annealed at (a) 550 �C in oxygen, (b) 550 �C in NH3,
and (c) 600 �C in NH3.
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when annealed in an ammonia atmosphere at 550 �C.
Note that titania powders49 and porous films50 were
shown to be unreactive with ammonia at temperatures
below 600 �C.

Photoelectrochemical Water Oxidation Properties. A pre-
liminary (proof-of-concept) photoelectrochemical
activity test for water photoelectrolysis using the
synthesized Ti�Pd nanotube arrays was carried out.
Figure 5a shows the photocurrent density versus

potential in 1.0 M KOH solution under AM 1.5G
(100 mW/cm2) illumination for TiO2 (annealed at
550 �C in oxygen), Ti�Pd (annealed at 550 �C in
oxygen), and Ti�Pd (annealed at 500 and 550 �C in
NH3) nanotube array electrodes. Note that both the
nanotube length (∼6μm long) and annealing time (5 h)
were kept constant for all samples. The photocurrent
of the Ti�Pd nanotube sample annealed in oxygen is
slightly higher than that of the pure TiO2 nanotube
sample. However, a drastic increase in photocurrent
was observed for Ti�Pd nanotube arrays annealed
in NH3 with an additional photocurrent increase when
changing the annealing temperature from 500 to

550 �C. The dark current was less than 5 μA/cm2 for all
samples tested over the displayed potential range. The
open-circuit voltage (VOC) presented by the onset
potential in the photocurrent�voltage curve, corre-
sponding to the difference between the apparent
Fermi level of the working and reference electrodes,11

is �0.894 V for the Ti�Pd nanotubes annealed at
550 �C in NH3. This value is more negative than that
of TiO2 (�0.813 V) and Ti�Pd (�0.884 V) nanotubes
annealed at the same temperature in an oxygen atmo-
sphere, demonstrating a shift in the Fermi level tomore
negative potential.11 With respect to water splitting, this
open-circuit voltage represents the contribution of light
toward the minimum voltage needed for water splitting
potential (∼1.23V).11 Thecurrent�voltagecharacteristics
of an illuminated semiconductor electrode in contact
with a redox electrolyte can be described using the
following equation:36

i ¼ iph � i0 exp
e0V

kT

� �
� 1

" #
(1)

Figure 3. XPS spectra obtained for as-anodized Ti�Pdnanotubes fabricatedby the anodization of Ti�Pd alloy in a formamide
electrolyte containing 0.2 M NH4F and 0.1 M H3PO4 at 20 V for 24 h; see text.
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where i is the net current obtained by adding the
majority and minority current components, i0 is the
reverse bias saturation current, and iph is the illumina-
tion current which is proportional to the photon flux.
All tested nanotube array electrodes show n-type
behavior, that is, positive photocurrents at anodic
potentials. This is in agreement with literature that
states doping TiO2 with up to 8.4% Pd will not change
its n-type behavior.51 For this type of semiconductor,
the surface electron density (Ns) decreases with the
applied anodic potentials (Ea) as

22

Ns ¼ Nbexp �e
Ea � Vfb

kT

� �" #
(2)

where Nb is the bulk electron density in the semi-
conductor, Vfb is its flat-band potential, e is the
elementary charge, k is Boltzmann's constant, and
T is the absolute temperature. Note that Ns < Nb for
an n-type semiconductor at all potentials positive
of Vfb.

For crystalline semiconductors, provided that their
absorption coefficient is not too high, the potential

dependence of the squared photocurrent (i2ph) was
shown to follow the following relation:22,36

i2ph ¼ 2εε0I2R
N

 !
(Ea � Vfb) (3)

where R is the absorption coefficient, N is the effective
density of states, Ea is the applied potential, and Vfb is
the flat-band potential. Figure 5b shows the squared
photocurrent as a function of applied voltage. The
current gradually increases, becoming linear with ap-
plied bias, indicating that the photogenerated charges
are being efficiently separated by the electric field of
the depletion layer.22 At higher potentials, the squared
photocurrent�potential plot slightly deviates from
linearity due to saturation resulting from the near
complete collection of photogenerated charge carriers
and is in agreement with literature concerning TiO2

photoanodes.11,22 Using linear regression, the linear
part of Figure 5b was fitted to eq 3 to estimate the Vfb
for the tested electrodes.22 It was found that the Vfb of
Ti�Pd nanotubes annealed in NH3 (�0.967 V) is slightly
more negative than that of Ti�Pd nanotubes annealed

Figure 4. XPS spectra obtained for Ti�Pd nanotube arrays annealed at 550 �C in NH3 atmosphere for 5 h; see text.
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in an oxygen atmosphere (�0.963 V), which is in turn
more negative than that of pure TiO2 (�0.960 V), which
is in parallel with the VOC trend.

The corresponding light energy to chemical energy
conversion (photoconversion) efficiencies are shown
in Figure 5c. The photoconversion efficiency η was
calculated via11

η% ¼ [(total power output � electrical power input)=

light power input]� 100

¼ jp[(E
0
rev�jEapplj)=I0]� 100 (4)

where jp is the photocurrent density (mA/cm2), JpErev
0 is

the total power output, jp|Eappl| the electrical power
input, and I0 is the power density of incident light
(mW/cm2). Erev

0 is the standard reversible potential,
which is 1.23 VNHE, and the applied potential Eappl =
Emeas � Eaoc, where Emeas is electrode potential (versus
Ag/AgCl) of the working electrode at which photocur-
rent was measured under illumination and Eaoc is the
electrode potential (versusAg/AgCl) of the sameworking
electrode at open-circuit conditions under the same
illumination and in the same electrolyte. The photo-
conversion efficiencies for the synthesized nanotube
arrays, under AM1.5G illumination, are≈0.18, 0.27, and
0.83% for the TiO2, Ti�Pd�O, and Ti�Pd�O�N nano-
tubes having the same length (∼6 μm). The reported
AM 1.5 photoconversion efficiency, so far, for TiO2

nanotube-based photoelectrochemical cells is 0.6%
or slightly higher.52 In our case, the maximum effi-
ciency was found to be 0.83%, which is about 38%
higher than any efficiency reported thus far. Note that
increasing the annealing temperature (in NH3

atmosphere) from 500 to 550 �C resulted in increasing
the photoconversion efficiency from 0.56 to 0.83%.
However, increasing the annealing temperature to
600 �C resulted in a serious collapse of the tubular
structure, and hence the sample was not tested. Also, it
was shown that annealing porous TiO2 films and
powders at 600 �C in NH3 promotes the formation of
larger amounts of oxygen vacancies and consequently
resulted in lower photocatalytic activity.50 It was re-
ported that increasing the photocatalytic activity of
N-doped titania materials under visible light is due to
the formation of localized N 2p states that exist as
discrete levels above the valence band, suggesting
that nitrogen addition occurs as a substitutionally or
interstitially bound nitrogen species.46 Both nitrogen
doping (sample annealed at 500 �C in NH3) and the
formation of oxynitride (sample annealed at 550 �C in
NH3) led to a significant enhancement in the light
harvesting capability of the material (see Figure S4 in
Supporting Information). The N-doped sample showed
a shift in the absorption edge up to 442 nm with an
absorption tail extending all theway to 700nm. Varghese
and co-workers reported that nitrogen doping of
TiO2 nanotubes led to the formation of N 2p states
above the titania VB that shifts the absorption edge of
titania to 540 nm.41 The oxynitride sample showed
even better shift in the absorption edge to 577 nmwith

Figure 5. (a) Photocurrent density vs potential in 1 M KOH
solution under AM 1.5G illumination (100mW/cm2) for pure
TiO2 and Ti�Pd nanotube electrodes, (b,c) corresponding
squared photocurrent density vs potential and the photo-
conversion efficiency, respectively .
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an extended tail up to 700 nm, as well. Assuming the
applicability of the relation

E ¼ 1240
λ

(5)

where E is the band gap of the material and λ is the
corresponding absorption edge wavelength, one can
estimate the band gap values as 2.8 and 2.15 eV for the
samples annealed in NH3 atmosphere at 500 and
550 �C, respectively. This change in band gap can be
used to explain the observed enhancement in the
photoconversion efficiency. On the other hand,
the enhanced photoresponse of the Ti�Pd oxynitride
nanotube samples can be related to the distinct tube
structure and composition. For example, the presence
of Pd contributes to the enhanced photoactivity of the
material as Pd oxide has a band gap that is located
within the visible region of the light spectrum.51 Also,
the thin wall thickness of our synthesized Ti�Pd
oxynitride nanotube arrays is expected to play a vital
role in such an enhanced photoresponse.11 The nano-
tubular architecture, with awall thickness of 17( 2 nm,
ensures that the photogenerated holes are never
generated far from the semiconductor�electrolyte
interface.11 The half-value of the wall thickness is
significantly less than the minority carrier diffusion
length (∼20 nm in TiO2),

9,22 ensuring that charge
carrier separation takes place efficiently. The potential
drop (ΔΦ0) within the tube wall was shown to follow
the following relation:11,22

Δφ0 ¼ kTr20
6eL2D

(6)

where r0 is half the width of the wall, T is the tempera-
ture, and LD is the Debye length given by11,22

LD ¼ εε0kT

2e2ND

� �2
(7)

where ND is the number of ionized donors per cm3.11 It
is important to note that this potential drop across the
wall thickness may not be enough to separate the
photogenerated electrons and holes. However, because
of the nanoscale dimensions of thewalls (17( 2 nm), the
holes can easily diffuse into the surface, which was
shown to take place on a scale of picoseconds.53,54

It was also reported that minority carriers generated
within a distance from the surface equal to the sum of

the depletion layer width and the diffusion length
(retrieval length) escape recombination and reach
the electrolyte.22 Note that the relevant dimensional
features of our Ti�Pd nanotube arrays (half the wall
thickness) are still smaller than 10 nm, which is the
value reported for crystalline TiO2 retrieval length.55

Therefore, bulk recombination is expected to be re-
duced, and the photoconversion efficiency is expected
to be enhanced.56 This is in agreement with van de
Lagemaat and co-workers56 and Allam and co-
workers22 who observed a substantial enhancement
of the quantum yield in porous SiC and Ti�Nb�Zr
nanotubes, respectively.

CONCLUSIONS

Vertically oriented Ti�Pd nanotube arrays were
fabricated via anodization of Ti�Pd alloy in formamide
electrolytes containing NH4F and H3PO4 at room tem-
perature. Anodization for 5 h resulted in the formation
of porous structures with diameters in the range of
45 ( 5 nm. Increasing the anodization time to 15 and
24 h resulted in the formation of vertically oriented
nanotube arrays ∼3 and 6 μm long, respectively, with
similar outer diameters of 130 ( 4 nm and wall
thicknesses of 17 ( 2 nm. Annealing the as-fabricated
nanotube arrays in NH3 atmosphere at 500 �C resulted
in nitrogen doping of the electrodes. Oxynitride
formation was observed upon annealing the materi-
al at 550 �C for 5 h as confirmed by XPS analysis. The
formation of oxynitride showed a profound effect on
the visible light absorption capability of the material
shifting the absorption edge to 577 nm. The 6 μm
long Ti�Pd oxynitride nanotube arrays showed a
three-electrode photoconversion efficiency of
0.83% (AM 1.5G illumination 100 mW/cm2, 1.0 M
KOH) when used as photoanodes to photoelectro-
chemically split water. This efficiency is almost
5 times higher than that obtained for pure TiO2

nanotubes of comparable length. This enhancement
in the photoconversion efficiency can be related to
the synergistic effects of Pd and nitrogen doping as
well as to the unique structural properties of the
fabricated nanotube arrays. The obtained efficiency
herein is the highest reported value so far for TiO2

nanotube-based photoelectrochemical cell. Further
extended studies are currently being done in our
laboratory to investigate more combinations for
efficient water photolysis.

MATERIALS AND METHODS
A two-step process was used to fabricate the Ti�Pd mixed

oxynitride nanotube arrays. The arrays were first prepared by
anodization of Ti�Pd alloy foil followed by annealing the amor-
phous Ti�Pd nanotubes in an ammonia atmosphere. Prior to
anodization, Ti�0.25% Pd samples (1.5 cm � 1.0 cm � 1.0 mm)

were ultrasonically cleaned with acetone, followed by a deionized
water rinse. The anodization was performed in a two-electrode
electrochemical cell with the titanium alloy as the working elec-
trode and platinum foil as the counter electrode. The experiment
was conducted at room temperature (approximately 22 �C) in
formamide-basedelectrolytes containing0.2MNH4F, 0.1MH3PO4,
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and 3 vol % H2O at 20 V for 5�24 h. An Agilent E3612A power
supply was used for potentiostatic anodization. After anodization,
the samples were rinsed thoroughly with deionized water and
then dried under a stream of nitrogen. The as-anodized samples
were annealed in an NH3 atmosphere for 5 h at different tem-
peratures and then left to cool under the NH3 flow. The morphol-
ogy of the samples was examined using a Zeiss Ultra60 field
emission scanning electronmicroscope (FESEM). X-ray photoelec-
tron spectroscopy (XPS) experiments were performed on the
nanotubular films using a Thermo Scientific K-alpha XPS with an
Al anode. Spectra were charge referenced to O 1s at 532 eV.
The UV�vis absorption spectral measurements were performed
using a Shimadzu UV�vis�NIR spectrophotometer with solid-
sample holder for reflectance measurements and an integrating
sphere. Photoelectrochemical properties were investigated in 1.0
M KOH solution using a three-electrode configuration with nano-
tube arrays as photoanodes, saturated Ag/AgCl as a reference
electrode, and platinum foil as a counter electrode. A scanning
potentiostat (CH Instruments, model CH 660D) was used to
measure dark and illuminated currents at a scan rate of 10 mV/s.
Sunlight was simulated with a 300 W xenon ozone-free lamp
(Spectra Physics) and AM 1.5G filter (New Port #81094) at 100
mW/cm2. Scheme 1 summaries the steps performed to fabricate
and test the material.
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