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ABSTRACT

In an effort to obtain a material architecture suitable for high-efficiency visible spectrum water photoelectrolysis, herein we report on the

fabrication and visible spectrum (380

—650 nm) photoelectrochemical properties of self-aligned, vertically oriented Ti

—Fe—0 nanotube array

films. Ti —Fe metal films of variable composition, iron content ranging from 69% to 3.5%, co-sputtered onto FTO-coated glass are anodized in

an ethylene glycol + NH4F electrolyte. The resulting amorphous samples are annealed in oxygen at 500
of a mixed Ti -Fe—O oxide. Some of the iron goes into the titanium lattice substituting titanium ions, and the rest either forms

°C, resulting in nanotubes composed
a-Fe)0;

crystallites or remains in the amorphous state. Depending upon the Fe content, the band gap of the resulting films ranges from about 380 to

570 nm. The Ti—Fe oxide nanotube array films are utilized in solar spectrum water photoelectrolysis, demonstrating 2 mA/cm
—energy normalized hydrogen evolution rate by water splitting of 7.1 mL/W

illumination with a sustained, time

2 under AM 1.5
*hrinal M KOH solution with

a platinum counter electrode under an applied bias of 0.7 V. The surface morphology, structure, elemental analysis, optical, and

photoelectrochemical properties of the Ti

—Fe oxide nanotube array films are considered.

Prospects for large-scale use of hydrogen as a portable energyeaction, allowing photogeneration of oxygen through water
carrier are predicated upon a clean and sustainable methodplitting® However the band gap of TiD~3.0 eV for rutile

of its production. In 1972, Fujishima and Hordaported
the use of a Ti@ semiconductor photoanode for water
photoelectrolysis, using solar energy to split water into

hydrogen and oxygen. For sustained water splitting to occur,

and 3.2 eV for anatase, limits its activation to UV radiation,
which accounts for only=5% of solar spectrum energy.
Efforts to shift the band gap of TiOwhile maintaining its
excellent charge-transfer properties and photocorrosion sta-

several semiconductor properties such as band gap, flat bandbility have primarily focused on metal dopifigt* Metal ion

potential, and corrosion stability must be simultaneously
optimized?3 Hematite, o-Fe0;, is a n-type semiconductor
with a ~2.2 eV band gap that is sufficiently large enough
for water splitting but small enough to collect a significant
fraction, ~40%, of solar spectrum energy. However iron
oxide suffers from low electron mobility, generally in the
range of 0.01 ci#fV-s* to 0.1 cn#/V-s®, resulting in rapid
electron-hole recombination, and an insufficiently negative
flat band potential as needed for spontaneous water spftting.
Therefore p-Fe03 solar spectrum photoconversion efficien-
cies reported to date are far from the theoretical maximum
value of 12.9% for a material of this band gap.

TiO, is a n-type semiconductor exhibiting excellent charge-
transfer properties and photochemical stability; furthermore,
its band gap includes the redox potential for th€DHOH
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doping introduces mid-gap energy levels; however, beyond
a minimal concentration, the metal ions serve as recombina-
tion centers for the photogenerated electrbnle pairs.
Hence although iron doping of TiOhas successfully
extended its photoresponse to visible li§H 18 the resulting
materials have demonstrated, at best, mixed photocatalytic
activities.

In addition to the band gap, the material architecture of a
semiconductor photoanode plays a critical role in determining
the resultant photoconversion efficiencies. Recombination in
low mobility materials can be minimized by decreasing the
relevant architectural feature size(s) to less than the minority
carrier diffusion length; foo-Fe0s, the hole diffusion length
is 2—=4 nm2° This is of particular interest as the authors have
recently reported fabrication of vertically oriented, highly
ordered TiQ nanotube arrays from 200 nm to 720n
length?°-22 having wall thicknesses of4 nm2® Highly



Table 1. Assigned Sample Name, Iron and Titanium Target Powers, and Corresponding Sputter Rates, Substrate Temperature, and
Thickness of Resulting FiFe Film, Ti-Fe Film Composition

Fe target power Ti target power crystallinity
(W)/sputter rate (W)/sputter rate substrate film thickness film of metal starting
sample (nm/s) (nm/s) temp °C (nm) composition film

69 300/5.5 100/2.5 350 400 69% Fe-31% Ti crystalline
44 300/5.5 300/7.0 350 1000 44% Fe-56% Ti crystalline
37 250/4.1 300/7.0 350 500 37% Fe-63% Ti amorphous
26 200/2.5 300/7.0 350 400 26% Fe-T4% Ti amorphous
20 150/1.3 300/7.0 400 750 20% Fe-80% Ti amorphous
6.6a 100/0.5 300/7.0 400 750 6.6% Fe-93.4% Ti crystalline
6.6b 100/0.5 300/7.0 400 1500 6.6% Fe-93.4% Ti crystalline
3.5 50/0.25 300/7.0 400 750 3.5% Fe-96.5% Ti crystalline

ordered vertically oriented Tifnanotube arrays fabricated Ti—Fe—O films possessing a vertically oriented, nanotube
by anodization of titanium at constant voltage constitute a array structure. Surface morphology, structural characteriza-
material architecture that offers a large internal surface areation identifying phases, optical measurements exhibiting
without a concomitant decrease in geometric and structuralabsorbance in visible range, X-ray photoelectron spectros-
order. The precisely oriented nature of the crystalline (after copy determining chemical states of Fe and Ti, and photo-
annealing) nanotube arrays makes them excellent electrorelectrochemical behavior under simulated solar light (AM
percolation pathways for vectorial charge transfer between 1.5) of these T+Fe—O nanotube array films have been
interfaces®* Such a material architecture inrFe,05 offers studied and are discussed herein.

the intriguing prospect of efficient charge transfer in a  Experimental. Ti—Fe metal films were deposited on
material well suited for capturing solar spectrum energy. fluorine-doped tin oxide (FTO) coated glass substrates by
Where the use of vertically oriented titania nanotube arrays simultaneous co-sputtering from titanium and iron targets.
have been studied, an extraordinary enhancement of theThe substrate temperature was maintained at-3%0 °C.
extant TiQ properties has been fourt 3! Details of sputtering conditions, the resulting thickness of

The authors have reported three synthesis generations ofthe Ti—Fe metal films, and their crystallinity are given in
the vertically oriented Ti@nanotube arrays made by titanium Table 1. The metal films of high titanium or high iron
anodization at different constant voltages and their applica- concentration are crystalline, with the former a hexagonal
tion to water photoelectrolysi®:3233The first generation of  titanium lattice and the latter a cubic iron lattice. Films with
titania nanotube arrays, reported in 2001 by Gong and co- moderate levels of iron were amorphous. Irrespective of the
workers?® used an aqueous HF-based electrolyte in which crystallinity of the starting film, the anodized films were
nanotube arrays were grown to a length of about 506%h. amorphous, with a very thin residual metal layer underneath.
In the second generation, nanotube array lengths wereDistinct nanotube arrays were formed from samples having
increased to about Zm by control of the anodization iron concentrations less than about 70%. Films of higher Fe
electrolyte pH-38 In the third generation, Ti©nanotube content, up to 100% Fe, were fabricated and characterized;
arrays up to~1.5 mm (1500um) in length have been however, because they showed significantly diminished
obtained by using various nonaqueous polar organic elec-photoelectrochemical properties they are not considered
trolytes, including formamide, dimethylsulfoxide, DMSO, herein. We consider Ti:Fe metal films in the ratios 31:69,
and ethylene glycall~233940TiO, nanotube arrays several 56:44, 63:37, 74:26, 80:20, 93.4:6.6, and 96.5:3.5 as deter-
tens of micrometers long demonstrate a photoconversionmined from the relative sputtering rates, with identifying
efficiency of 16.5% under UV illumination, 326400 nm, sample numbers given by the Fe content. A Tencor profilo-
with an intensity of 100 mW/cA@340 meter was used to determine sputtered film thickness.

The hypothesis underlying our current effort is that we  Anodization of the T+Fe films was performed at a
could achieve high solar energy photoelectrochemical prop- constant voltage of 30 V in ethylene glycol containing
erties if, in one material architecture, we could combine the 0.3 wt % NH}F and 2.0 vol % deionized water. The
charge transport and photocorrosion properties of the TiO amorphous as-anodized samples were crystallized by oxygen
nanotubes with the band gap efFe,0s. To that end, the  annealing at 500C for 2 h. Sample morphology was studied
authors recently reported fabrication of highly ordered using a JEOL JSM-6300 field emission scanning electron
nanoporous-F&0; by anodic oxidation of iron foil in NiF microscope (FESEM) and high-resolution transmission elec-
+ ethylene glycol electrolyt¢.*?> Because both Ti and Fe tron microscope (HRTEM, JEOL 2010F). The compositional
can be anodized in a fluoride ion containing ethylene glycol analysis of the T+Fe—O phases in the annealed samples
solution, the possibility exists for obtaining highly ordered, were investigated using glancing angle X-ray diffraction
vertically oriented T+-Fe oxide nanotube arrays, the material (GAXRD). The X-ray photoelectron spectroscopy (XPS)
architecture we desire for application to water photoelec- experiments were performed on the-He—O films using
trolysis, by anodization of FiFe metal films. That said, a Kratos Axis Ultra spectrometer with an Al anode (Al KR:
herein we report on anodic oxidation of-Tire metal films, 1486.6 eV). The anode voltage and current were 14 keV
with iron content ranging from 69% to 3.5%, to fabricate and 20 mA, respectively. Photoelectrons were collected in

Nano Lett., Vol. 7, No. 8, 2007 2357



. : : . nanotube array of thickness greater than X, with material
removed from the pores going into wall formation. Nanotube
arrays obtained from constant voltage anodization of Ti foil
in ethylene glycol containing 0.3 wt % NH and 2.0 vol %
deionized water have shown lengths up tox3dreater than

the starting Ti foil thickness:22A similar effect is seen for

] anodization of the FFe films of higher Ti content. The
I nanotube lengths obtained from sample 44 films are close
to the starting film thickness, whereas for sample 3.5, the
resulting nanotubes are nearly twice the length of the starting
metal film thickness.

We note the addition of water to the ethylene glycol

Sample 69

Sample 44

Sample 37

Sample 26

Sample 20
T —

Sample 3.5

Current Density (mA/cm 2)

0 200 400 600 800 1000 1200 electrolyte as a critical ingredient, with water the usual source
. of oxygen in polar organic electrolytésWhile the exact
Time (s) : : : ,
mechanism by which water contributes oxygen to an anodic

Figure 1. Current-time behavior during anodization of fFe .OXId(.a f.|Im-|s not well understood, eVIQence SqueSt? hydrloxyl

films, see Table 1, at 30 V in an ethylene glycol electrolyte 10N injection from the electrolyte into the anodic oxide

containing 0.3 wt % NKF and 2.0 vol % deionized water. film.4344When too much water is present, hydroxyl ions are
injected into the oxide layer, sufficiently affecting the

hybrid mode over an analysis area of about 1.52maith structure to impede ion transport though the barrier layer,
the plane of the sample surface normal to the analyzerWh'Ch is necessary for further movement of the metadide

entrance. Spectra were charge referenced to C 1s at 285 eVinterface into the metak. When too little water is present,
Optical characterization of the films was performed using the difficulty in extracting oxygen and/or hydroxyl ions from

a Cary UV-vis spectrophotometer. The photoelectrochemi- the solution limits the rate of the oxide film growth, and the

cal properties were investigated using a three-electrogeParrier oxide layer exhibi_ts increz_:lsed ionic conductivity

configuration with a T-Fe—O photoanode as the working caused by the nonstoichiometry induced by the reduced

. i ilabili |6

electrode, saturated Ag/AgCI as a reference, and platinumhydroxy! ion availability to the oxidé® The amount of

foil as a counter electrode. A 1.0 M NaOH solution was used Nydroxyl ion injection is dependent on the solvent structure;

as the electrolyte. A scanning potentiostat (CH Instruments, &thylene glycol has a clearly pronounced spatial net of

model CHI 600B) was used to measure dark and illuminated Nydrogen bonds. When the solvent structure provides an

current at a scan rate of 10 mV/s. Sunlight was simulated €nVironmentin which titanium ions at the oxide surface bond

with a 300 W xenon lamp (Spectra Physics) and AM 1.5 !0 surface oxygen ions, minimal hydroxyl ion injection occurs
filter (Oriel). The light intensity was set using a NREL ano! ionic transport through the barrier layer is relatively
calibrated crystalline silicon solar cell, equivalentto AM 1.5 rapid. The electrolyte conductivity also plays a role in
light at 100 mW/crd. Incident photon-to-current conversion ~ controlling nanotube array growth. Ethylene glycol contain-
efficiency (IPCE) measurements were performed with the iNg 2.0% water and 0.3% Nift has a conductivity 46@S/
spectral irradiance of the light from the 300 W xenon lamp, ¢M- The total applied anodization voltage is the sum of the
integrated with a parabolic reflector, passing through an AM Potential difference at the metabxide interface, the potential
1.5 filter and monochromator determined using an Oriel- drop across the oxide, the potential difference at the oxide
calibrated silicon photodiode. electrolyte interface, and the potential drop across the
Figure 1 compares the real-time constant voltage anod-¢€lectrolyte, whi_ch is non-negligible for ethylene_glycol—based
ization behavior of the TiFe films, with the samples electrolytes. TiQ nanotube arrays can be achieved at30
identified by their iron content, anodized at 30 V in BG 40 V in ethylene glycol baths, whereas in fluoride ion
0.3 wt % NHF + 2.0% deionized water; a systematic containing aqueous baths, nanotube arrays are obtained only
variation in anodization behavior is seen with decreasing Fe between 10 and 15 %
content. The sharp drop in the anodization current in the first ~ Film Structure As-anodized T+Fe—0O nanotube films are
100 s is due to the formation of an initial electrically amorphous, partially crystallized by annealing in oxygen
insulating oxide layer, followed by an increase in the current atmosphere at 50TC for 2 h with a ramp up and down rate
due to oxide pitting by the fluoride ions. The current then of 1 °C /min. GAXRD patterns of the annealed films are
gradually decreases to plateau at a steady-state value correseen in Figure 3. All studies on Tianotube array films
sponding to maximum nanotube length. lllustrative top, made by anodization have indicated the tubes to be anatase,
cross-sectional, and bottom-side FESEM images of sampledfixed atop a rutile bas#. The Ti—Fe—O samples with low
44, 20, and 3.5 are shown in Figure 2. Fi@anotube array  iron concentrations show the presence of anatase phase;
formation by anodization in aqueous electrolytes is purely a sample 3.5 is largely anatase with a dominant (110) plane
subtractive process; one starts with a titanium film of and a small amount of rutile. The anatase phase disappears
thickness X and achieves a nanotube array of thickness lesst higher iron concentrations (see the patterns of samples
than X2034In contrast, using an ethylene glycol electrolyte, 20 and 37). The presence of the rutile peak is evident in
one can begin with a Ti film of thickness X and achieve a samples 6.6 and 20, which is consistent with the fact that
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Figure 2. lllustrative FESEM images of FiFe—O nanotube array samples. Sample 44, top surface and lateral view are seen in (a) and
(b). Sample 20, image of tube bottom (c) and lateral view (d). Sample 3.5, image of tube bottom (e) and lateral view (f).

low amounts of iron in titania aid rutile formatidf.>° The However, higher annealing temperatures spoil the FTO
predominant (104) plane ofi-Fe0s; coincides with the TiFeO interface, resulting in samples of high series resistance
second intense plane of FTO, used as the conductive layerdemonstrating essentially nil photoelectrochemical properties.
on the glass substrate, and its subsequent two less-intense The crystalline nature of the nanotube walls is critical to
planes, (110) and (116), appear & 2 35.6 and 54.1,  applications involving light absorption, electrical carrier
respectively. The XRD pattern of sample 26 is omitted from generation, and carrier transport, therefore the crystalline
Figure 3 because of its relatively weak peaks. In sample 37,nature of the nanotube walls were studied using HRTEM.
the proportion of rutile increases slightly, and anatase is Sample 20, with moderate iron doping, was used for the
almost negligible. In general, samples 20 and 37 showed poorstudy. TEM studies confirmed the relatively poor crystallinity
crystallinity, sample 44 showed pseudobrookite phase, while of samples annealed at 50Q, hence further studies were
sample 69 showed hematite phase. In general, it appears thatonducted on a sample 20 annealed at 800for 2 h in

the presence of iron inside the Ti®natrix degrades the  oxygen. As seen in Figure 2, and as described in our earlier
crystallization process because the proportion of rutile doesarticles on TiQ nanotube arrays formed in HF aqueous
not increase with decreasing amounts of anatase, an outcomelectrolyte>3* the nanotube morphology appears as a
possibly due to the fixed 500C annealing temperature. column of stacked torus (doughnut) shaped rings as seen in
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Sn02 annealing at 600C, sample 20 showed the presence of

_Eum amorphous phase. HRTEM studies indicate that rutile and

hematite phases are formed in separate events depending
upon the temperature and nature of the nucleation sites. In
Sample 69 general, the nanotubes of moderate iron concentration consist

: mainly of rutile phase with hematite crystallites randomly
3= Sumple 4 distributed.
D) ‘ I M“,[‘. 37 XPS survey spectra (not shown) reveal the-Fe oxide
E = 4| films to contain Ti, O, Fe, and C. The photoelectron peaks
mnnlc 20 for Ti 2p appear clearly at a binding enerdsy) of 458 eV,
£ 1 O 1s atE, = 530 eV, and Fe 2p &, = 711 eV. The XPS
= Sample 6.6 peak for C 1s atE, = 285 eV was observed due to
Q Sample 3.5 adventitious carbon from sample fabrication and/or the XPS
. . N JJL instruments itself. Figure 7a is high-resolution Ti 2p region
- ' ' ' 1 spectra taken on the surface of samples 44, 26, and 3.5
C ‘ | \|LA_ showing the presence of the main doublet composed of two
[ 55 i |.4. d . |un 0 symmetrical peaks &(Ti 2ps) = 458.8 eV ands,(Ti 2pyy)

= 464.5 eV, assigned to ¥iin the spectrum of F-Fe oxide
20 film.5° A high-resolution spectrum of the Fe 2p region for
samples 44, 26, and 3.5 are shown in Figure 7b. The
Figure 3. GAXRD patterns of Ti-Fe—O nanotube array samples  spectrum indicates the existence of doublet Fg.2md Fe

annealed at 508C in dry oxygen for 2 h, see Table 1 for fabrication 5, = 44 their corresponding satellites that are characteristic

details. Standard patterns for anatase, rutile, pseudobrookite, 51-54 ; : .
a-Fe,0; (hematite), and tin oxide (substrate) are shown for phase ©f F€&0s”>* The intensity of these satellite features
identification. diminishes significantly in sample 3.5. No component related

to zero valent Fe and Ti can be extracted. It is not appropriate
to determine the Ti/Fe atomic ratio using XPS because the

the TEM image of Figure 4a. A selected area electron e
surface morphology of the film is nanotubular, or porous,

diffraction (SAED) pattern from the corresponding region i - X
and iron-based compounds are difficult to accurately predict

is shown in Figure 4b. Although the pattern shows mainly <" : o R ) i
rutile phase, reflections from hematite phase also can be see using XPS;® as sophisticated curve fitting is required with

Figure 5a shows a HRTEM image of a nanotube wall, with €X{€nsive analysis.
the polycrystalline nature evident from the figure. The  Figure 8ais a photograph showing the color variation in
crystallites have a wide size distribution. The crystallite the samples as a function of iron content. Figure 8b shows
marked R has a rutile structure, the lattice image of which the absorbance of the annealed samples; as expected, the
is given in the upper left inset. A fast Fourier transform (FFT) absorbance edge shows a red-shift with increasing Fe content.
of regions R and H are given in Figure 5b,c, indicating the According to the band gap structure of BiGhes bonding
presence of rutile and hematite phases in the respectiveorbit andz* antibonding orbit formed by thegorbit in Ti**
regions. ions, and the p orbit in the G~ of TiO, crystal lattice are,
To find the distribution of iron within the nanotube walls, ~respectively, the valence band and conduction band. A new
an energy dispersive X-ray spectroscopy (EDS) line scanenergy band is formed in the Ti®and gap when Fé ions
was performed via scanning transmission electron micros-are partly substituted for the “Tiions. The mixing of the
copy (STEM), see Figure 6. The intensity of both the Jik  Ti(d) orbit of Ti oxide and Fe 3d orbit is essential to
and Fek, lines are maximum at the center of the wall due decreasing the energy gap between Ti(d) and O(p) orbitals
to its torus shape. Despite the presence of isolated hematitedf Ti oxide.
crystallites, a more or less uniform distribution of iron relative ~ Photoelectrochemical PropertieBigure 9 shows current
to the titanium can be seen across the wall. STEM line scansversus voltage characteristics for the nanotubularFe—0O
were performed across a number of walls, and while the electrodes under dark and simulated sunlightin 1.0 M NaOH.
average relative intensity of the Tikand Fek; lines varied The electrodes show-type behavior, i.e., positive photo-
from wall to wall, the relative distribution across a single currents at anodic potentials. The dark current in each case
wall remained uniform. It appears that some of the iron goes is negligible up to 0.65 V (vs Ag/AgCl) beyond which the
into the titanium lattice substituting titanium ions, and the dark currents for water oxidation dominate, therefore no
rest either forms hematite crystallites or remains in the photocurrent saturation is observed. A metal-coated glass
amorphous state. substrate was placed adjacent to translucent sample 6.6b,
Crystallization of the as-anodized amorphous nanotubesreflecting the transmitted light back into the sample. This
takes place through nucleation and groWthHence, a method increased the photocurrent from 1.50 to 2.0 mA/
sufficiently high temperature and appropriate duration are cn? at 0.65 V (vs Ag/AgCl). For comparison, the photocur-
needed for the complete transformation of the amorphousrent of a pure nanoporous-Fe,0Os; film 1.5 um thick on
phase into crystalline. The removal of the amorphous phaseFTO glass is also shown in Figure 9, prepared by anodic
is critical for effective device application; however, even after oxidation of an iron film at 30 V in ethylene glycol
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H 104
R 110

Figure 5. (a) HRTEM image of a nanotube wall (sample 20 annealed at°@)0showing rutile (region R) and hematite (region H)
crystallites with the lattice image of region R given in the upper-left inset; (b) FFT of region R showing a predominant 110 plane, and (c)
FFT of region H showing a predominant 104 plane.

containing 0.3 wt % NEF and 0.5% deionized water. Even conversion efficiency. Photoconversion efficienay is
though this film strongly absorbs visible light, the poor calculated as:

electron mobility results in a maximum photocurrent of-20

25uAlcm? at 0.4 V (vs Ag/AgCI). The highest photocurrent (%) = j[(1.23 = V)/I] x 100 (1)
is exhibited by sample 6.6, while the lowest photocurrent is

demons_trated by sample_3.5. It a_ppears_t_hat minimal Ievelswherejp is the photocurrent density (mA/@n I, is the

of FE" ions act as trap sites, while SIgnIfICant amounts of intensity of incident light (mW/Cr%), andV is the potential

Fe** ions increase the recombination rate of the photoge- applied between the anode (Tre—O sample) and cathode

nerated electronhole pairs. We note sample 44 does not (platinum). The efficiency of mirror-backed sample 6.6b was

comply with this trend, possibly due to the presence of the getermined to be 1.2%.

pseudobrookite phase, FeEiO Hydrogen generation experiments were done at constant
Two electrode measurements were performed to determinevoltage bias (1 M KOH solution) at an applied bias of 0.7

the photoconversion and light energy to chemical energy V. Under AM 1.5 100 mW/crhillumination, sample 6.6b
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Counts (Arbitrary units) 4

— 2 Sample 6.6b w/
ol mirror backing
§
= 16
QE: Sample 6.6b
468 464 460 456 g 12
Binding Energy (eV) S s Sample 20
(b) ()] Sample 44
T T T T Fe l‘pl E :innpllc i;‘
— ) ‘32 5 04 ample
% K Fe Py ,"Ir\ 7 g Sample 3.5
= f < '; Fe O,
= B ’j; \\l I | n U 0 Dark Currents
>y [Sampledd S / ‘ 0.1 02 03 04 05 06
© LN \ \ - Potential (V vs Ag/AgCl)
= \_'_.\r-"
-E L Sample 26 | Figure 9. Photocurrent density vs potential1 M NaOH solution
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~— nanoporous film, under AM 1.5 (100 mW/@&pillumination. Dark
fg ﬁ ] currents are also shown for each sample.
= Sample 3.5 \ i
8 -~ Steady-state wavelength-specific photocurrents were mea-
. . , . . , sured for the T+Fe—0O films in a two-electrode arrangement
740 735 730 725 720 715 7100 705 at different applied voltages. Incident photon-to-current
L efficiencies (IPCE) are calculated using the following equa-
Binding Energy (eV) tion:
Figure 7. High-resolution XPS spectra from the surface of annealed . 2
samples 44, 26, and 3.5: (a) Ti 2p and (b) Fe 2p. IPCE= (1240 eVinm(photocurrent densiyA/cm’)

. . _ (4 nm)(irradiance:W/cn)
demonstrated a sustained, time-energy normalized hydrogen (2)

evolution rate by water splitting of 7.1 mL/AN. The water

splitting reaction was confirmed by the 2:1 ratio of evolved Dividing the IPCE by the fraction of incident photons
hydrogen to oxygen, as confirmed by a gas chromatographabsorbed at each wavelength gives the absorbed photon-to-
(SRI, model 8610C). No degradation in sample performance current efficiency (APCE)® Various factors including nano-
was observed under illumination over a course of several tube length and Fe composition factor into APCE calculation
days. through the absorband® as shown below:

2362 Nano Lett, Vol. 7, No. 8, 2007



IPCE

APCE= =—
1-10

—
4]
S
h

®)

Sample 44
— Sample 37
Sample 26
. —— Sample 20
.I I'. sample 6.0

Figure 10a,b shows APCE values corresponding to two
applied voltages, 0.5 and 0.7 V; APCE values are appreciable
only in the visible range from 400 to 600 nm.

Energy level band diagrams indicate electrons photoge-
nerated inn-Fe05; cannot transfer to the titania conduction
band without an applied bias. Because the redox potential
for the HO/OH reaction for oxygen evolution is above the
valence band of-Fe,0; in 1M NaOH electrolyte (pH=
14) and the thickness of the-Fe,0; crystallites is compa- )
rable to the hole diffusion length, application of a small 0 '
positive bias can be used to separate the photogenerated 400 450 500 550 600 650
electrons and holes. As shown in Figure 10, APCE values
of the films decrease as we move below 400 nm toward the Wavclcngth (nm)

UV region, possibly due to the Feions of thea-FeO; (
and iron incorporated TiQcrystallites becoming Fé as
associated with oxygen vacancy defects. Because of this, the
position of the valence band at sofidlectrolyte shifts
upward, crossing the redox potential of thgd#OH reaction
inhibiting hole transfer and leading to increased recombina-
tion.

Conclusions. We report on a novel method for the
fabrication of films comprised of vertically oriented -Ti
Fe—O nanotube arrays on FTO-coated glass substrates by
anodic oxidation of T+-Fe metal films in an ethylene glycol ’
+ NH,F solvent. Annealing of the initially amorphous films 1 W g W
resulted in some of the iron substituting for titanium ions in 0 | . . . -
the titanium lattice and the rest either formingFeOs 400 450 500 550 600
crystallites or remaining in the amorphous state. Low Fe
content samples demonstrated anatase phase with annealing, Wavelength (nm)

moving to rutile phase as the Fe content in the samples _ . i
Figure 10. Absorbed photon-to-current efficiency (APCE) ofTi

increased. . . . Fe—O nanotube array samples at: (a) 0.5 V bias, and (b) 0.7 V
The photoconversion efficiency of Tihanotube arrays  pijas.

under UV illumination are notable, 16.5% under 320

400 nm band illumination (100 mW/cn UV light, however, for hydrogen generation by water photoelectrolysis and, more
accounts for only a small fraction of the solar spectrum importantly, we believe the general nanotube array synthesis
energy, hence our motivation in fabricating -TFe—O technique can be extended to other binary or ternary oxide
nanotube arrays. We obtain a photocurrent of 2 mA/cm compositions of interest for water photoelectrolysis.
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