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Abstract

We examine the visible light water-photoelectrolysis and photoelectrochemical properties of highly ordered titania nanotube arrays as
a function of nanotube crystallinity, length (up to @.#h), and pore size. Most noteworthy of our results, under visible light AM 1.5
illumination (100 mW/cm) the titania nanotube array photoanodes (% emea), pore size 110 nm, wall thickness 20 nm, and lengtim 6
generate hydrogen by water photoelectrolysis at a rate of.lL/t§ with a photoconversion efficiency of 0.6%. The energy—time normalized
hydrogen evolution rate is 1.75 mL/hW. The oxygen bubbles evolving from the nanotube array photoanode do not remain on the sample
hence the output remains stable with time irrespective of the duration of hydrogen production.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tion spectra from UV into the visible light region where the
majority of the solar spectrum energy is resident. An equally
Using solar energy to split water generating hydrogen and important challenge, which our present work is concerned
oxygen offers a clean, portable source of energy the supplywith, is that a useful system for water-photoelectrolysis
of which is as durable as our sunligft]. Fujishima and  requires a material architecture able to achieve efficient
Honda reported hydrogen generation by water photoelectrol-charge transfer so the photo-generated electrons and holes
ysis using n-type Ti@in 1972[2]; since then considerable  perform significant work splitting water, rather than simply
efforts have focused on development and application of pho- recombining. Several micron-thick porous nanoparticulate
toelectrochemical cells using numerous material platforms fiims, comprised of a three dimensional network of intercon-
in a variety of material architectur¢d3-5]. Oxide materials  nected 15-20 nm nanoparticles, have so far been identified
are attractive because of their ability to withstand photocor- as the most suitable oxide material architecture for photo-
rosion, wide-spread availability, and affordability; however, chemical processd3—9]. However, while the large surface
without band gap engineering most of the stable oxides arearea of the porous nanoparticulate films enables efficient light
photochemically active only in ultraviolet (UV) ligh8—7], harvesting and the electron—hole pairs generated by optical
the energy of which makes up only a small fraction of the absorption are separated kineticgly], system efficiency
solar spectrum. The development of an oxide material sys-is limited by the poor electron transport through the net-
tem realistically useful for water-photoelectrolysis faces two work[11]. Consequently there has been considerable interest
fundamental challenges. One challenge, on which there haven ordered nanostructures such as arrays of nanojis
been many studig8—6] is shifting of the materials absorp-  nanorodg13,14], template formed and thin-film nanotube
‘mats’ [15-17] for potentially enhancing electron percola-

* Corresponding author. Tel.: +1 8148659142; fax: +1 8148656780. tion pathways, light conversion, as well as improved ion
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date such structures have shown no property improvements Potentiostat
beyond those of the nanoparticulate filfh8].
Our approach to achieving an optimal material architec- _Ammm—
ture for water-photoelectrolysis uses a simple anodization _ Femem
technique to fabricate titania with a unique nanoarchitecture -
consisting of vertically oriented, immobilized, highly ordered
high-aspect ratio nanotubes. We earlier reported the synthe-
sis [19-22] and application of short, up to about 500nm  Platinum
long, titania nanotube arraysto hydrogen gas sensing and self- e
cleaning surfacd®3]. We note the hydrogen sensitivity of the - Ti metal Anode
material, about seven orders of magnitude (1,000,000,000%)
change in the electrical resistance at°€3in response to
1000 ppm hydrogen, appears to be the largest known sensi-Reference Electrode il Eietids
tivity of any material at any temperature to any §24]. Our
earlier studies on the fabrication of titania nanotube arrays, Fig. 1. lilustrative drawing of a three-electrode electrochemical cellin which
and properties thereof, utilized a low pH anodization bath the Ti samples are anodized as a function of voltage, pH and electrolyte
that resulted in fabrication of nanotube arrays only several compPosition.

hundred nm in length. Recently, we successfully modified chemical dissolution of titanium oxide due to the formation
the anodization conditions to obtain longer nanotube arrays, of TiF¢2- [21]. The ultimate concentration of Fand HF are
up to about 4.4um [25]. As we report herein, we have further  qetermined by the solution pH. The high rate of chemical
improved the anodization conditions increasing the length of gissolution of the oxide in hydrofluoric acid containing elec-
the nanotube arrays to over uh (pore diameter 110nm  {ro)ytes of low pH limits the nanotube length to a few hundred
and wall thickness- 20 nm). Since the photoelectrochemi- - nanometers. In contrast, use of potassium fluoride (KF) or
cal and gas sensing properties of the nanotubes are depende@hgium fluoride (NaF) electrolytes slows the oxide dissolu-
upon their length the ability to fabricate significantly longer o rate, enabling nanotube arrays several microns in length
nanotube arrays is an important advance. The significantly 1o5] Relatively longer nanotube arrays are grown using
longer nanotube arrays provide a greater surface area forynqgic oxidation of titanium foils (99.8% pure) in an elec-
photoelectrochemical interaction, while the tubular structure trolyte containing potassium fluoride (KF; 0.1 M), sodium
makes the regions both inside and outside the tubes (i”ter'hydrogen sulfate (1 M), trisodium citrate (0.2 M) and sodium
tubular region) easily accessible to the redox couples in the hydroxide (Aldrich, Milwaukee, WI)Fig. 2 illustrates the
electrolyte. The large surface area of the nanotubular Struc-change in anodization current with time, under constant volt-

ture and the precise tuning of pore sizes, wall-thickness, andage a5 a starting Ti foil electrochemically etches. In this case
nanotube length are among the many desirable properties otpe Tj foil sample size is 1 c¢f 25V potential, pH 4.5, with

this architecture. In an earlier repg@6] we discussed the  the sample immersed in a KF electrolyte containing sodium
water-photoelectrolysis properties of short nanotube arrays,yqrogen sulfate, trisodium citrate and sodium hydroxide; the
upto apprpxmately 225nmin Iength, under UV illumination resulting nanotubes have a length of approximatelyuind

as a function of nanotube-wall thickness. Upon 95 mWfcm  Eor g1 electrolytes the resulting as-prepared samples are
320-400nm illumination a nanotube array of 22nm pore- amorphous; for crystallization samples are annealed at tem-
diameter, 34 nm wall thickness, and 224 nm length ge”eratedperatures ranging from 250 to 700 in oxygen ambient for
hydrogen by water photoelectrolysis with an overall conver- g, employing a heating/cooling rate of @/min.

sion efficiency of 6.8%26]. Fig. 3 shows a FE-SEM (JEOL, Tokyo) cross-sectional

The present paper describes the photoelectrochemicalimage of a nanotube array grown over a 17 h anodization
properties of titania nanotube arrays under visible light (AM

1.5) illumination as a function of length 1.8—Gu#n, nan- P—
otube pore diameter 22—-180 nm, and crystallization temper- '
atures. Our results indicate that the nanotube array films are
an excellent material architecture for water photoelectrolysis,
with a hydrogen generation rate and photoconversion effi-
ciency much higher than other oxide material architectures
studied so faf3,4,27,28]

Current (mA)

0 20000 40000 60000

Time (s)

2. Experimental

) Fig. 1i|IUStrat_eS the arrangemem used for ano_dizmg the Ti Fig. 2. lllustrative plot of the potentiostatic anodization of Ti metal in a KF
films. The anodization of titanium is accompanied with the electrolyte.
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Fig. 3. FESEM cross-sectional image of @@ long TiO, nanotube array
prepared by anodic oxidation of a titanium foil in an electrolyte containing
potassium fluoride (KF; 0.1 M), sodium hydrogen sulfate (1 M), trisodium
citrate (0.2 M) and sodium hydroxide. The nanotubes were formed in an
electrolyte of pH 4.0 over a 17 h period at an anodization potential of 25 V.
The sample was intentionally cracked for viewing.

period, in a KF electrolyte at pH 4.0 using a potential of
25V. The tubes grow perpendicular to the substrate forming
an array. These tubes have an average length2o8um,
inner diameter 110 nm and wall thickness 20 nm. With the
same electrolyte composition, and using the same anodiza-
tion period of 17 h, tubes grown at pH values 3, 4,4.5and 5.0
have, respectively, average lengths 0f 1.8, 2.8, 4.4, ang®6.0
with all other dimensions the same as the 2a8tubes. The
tubes retain their structure on annealing to temperatures as . _ , _ _ )
high as675Cin oxygen, with higher temperatures oxidizing F|g._4. FESEM images shgwm_g top view of an illustrative nanotube array
. o . : - at different levels of magnification.

the underlying titanium foil leading to destruction of the nan-
otube arrayFig. 4shows the surface topology of the nanotube ing the smaller crystallites and amorphous regi@@, with
array at different levels of magnification. the crystallite width limited by the wall thickness. Conse-

Fig. 5a is a TEM (Model 420T, Philips) image of a quently a tube annealed at temperatures neaf 6athn be
single nanotube grown from a sample prepared at pH 5.0viewed as a hollow nano-column made of stacked anatase
and annealed at 60C. The diffraction pattern, shown in  crystallites with a rutile base.
Fig. 5b, from a group of tubes, indicates the presence of
anatase phase in the walls; rutile phase was not found in
the tube walls. The glancing angle°j2X-ray diffraction 3. Results and discussion
patterns (GAXRD, Scintag Pad V, Cupertino, CA) of nan-
otubes prepared at pH 5.0 and annealed at temperatures from The electrochemical properties of the samples were char-
250 to 700°C are shown irFig. 6. The nanotubes annealed acterized using a three electrode photochemical cell with
at 330°C showed traces of anatase crystallites. The rutile nanotube arrays on titanium foil as the working photoelec-
phase started appearing at 58) with the rutile phase dom-  trode, saturated Ag/AgCl reference electrode, and platinum
inating in samples annealed at 7@ The rutile crystallites  foil counter electrode. 1 M KOH solution was used as the elec-
originate in the oxide layer (formed by the oxidation of tita- trolyte. A scanning potentiostat (CH Instruments, model CHI
nium metal) underneath the nanotubes at high temperature$600B) was used to scan the potential at a rate of 20 mV/s and
through nucleation and growth as well as phase transforma-measure the current. The samples were mounted on a glass
tion of anatase crystallites existing in the region. The anatasebase and the electrical contacts were taken from the titanium
crystallites at the tube walls do not undergo transformation substrate using copper leads and silver epoxy after removing
to rutile phase due to the constraints imposed by the walls the oxide layer at the titanium surface. All the regions except
[20,25,29] With increasing annealing temperature anatase a 1 cnf sample where covered using an insulating epoxy. A
crystal growth occurs along the length of the tubes consum- Spectra Physics Simulator with an illumination intensity of

PSUMCL SE| 0.0kY X150,000 100nm WD 52mm
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Fig. 5. (a) TEM image of a single nanotube from a sample prepared at pH
5.0 and annealed at 60Q and (b) corresponding diffraction pattern.

1 sun (AM 1.5, 100 mW/cH) with a filter to remove light

of wavelength below 400 nm was used as the light source. A
PHIR CE power meter was used to calibrate the input power
before and after the photoelectrochemical measurements.

3.1. Effect of nanotube array length

For a given KF or NaF electrolyte, the length of the result-
ing nanotube array is controlled by varying the electrolyte pH
by addition of sodium hydroxide. So long as the pH remains
acidic it appears that higher pH values result in longer nan-

700°C
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Fig. 6. Glancing angle X-ray diffraction {2 patterns of a gum long nan-
otube array as a function of annealing temperatures (oxygen ambient).
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Fig. 7. (a) Visible light (AM 1.5) photocurrent generated from.i@ long
nanotube arrays with respect to annealing temperature and (b) the corre-
sponding photoconversion efficiencies.

otubes given longer anodization periods. For example, using
KF (25 V potential, 17 h anodization) tubes grown at pH val-
ues 3, 4, 4.5 and 5.0 have, respectively, average lengths of
1.8, 2.8, 4.4, and 6, 0m. The pH of the electrolyte remains
constant during the anodization process.

Fig. 7a shows thd-V characteristics under visible light
illumination of 6um long nanotube arrays annealed at dif-
ferent temperatures; the dark current in all cases is approx-
imately 107 to 10" 8A. The photocurrent increases with
increasing annealing temperature to approximately°€20
after which it reduces with samples annealed at"T®8how-
ing a low photocurrent410-* A). The corresponding light
energy to chemical energy conversion (photoconversion) effi-
ciencies are shown frig. 7b. The photoconversion efficiency
n was calculated as follow81]:

n(%) = [(total power output
— electrical power output)ight power input]x 100
= jpl(Eey — | Eappl)/ o] x 100

whereji, is the photocurrent density (mA/@n j,ES, the
total power outputjp|Eappl the electrical power input and
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Ip is the power density of incident light (mW/&n EY,, is

the standard reversible potential which is 1.23 V/NHE and
the applied potentiatapp= Emeas— Eaoc WhereEmeasis the
electrode potential (versus Ag/AgCl) of the working elec-
trode at which photocurrent was measured under illumination
and E,qc is the electrode potential (versus Ag/AgCl) of the
same working electrode at open circuit conditions under same
illumination and in the same electrolyftg2,33].

The highest visible spectrum efficiency (deig. 7b) of
about 0.6% was obtained for samples annealed in the range
580-620C. The increase in photocurrent and efficiency are _
due to the increased crystallinity of the nanotube-walls, with u T
the reduction of the amorphous regions and grain boundaries
in turn reducing the number of charge carrier recombination (@)
centers. However, at temperatures abe@é20°C the densi-
fication of the bottom part of the nanotubes starts isolating : :
the undestroyed nanotubes from the metal electrode reduc- I 9 6.0 ym
ing the number of charge carriers reaching the electrode. The : |
photoconversion efficiency of the 70Q annealed sample is
negligible, approximately 0.025%ig. 8 shows the effect of
nanotube array length on the photoresponse, with all samples
annealed at 530C; both photocurrent magnitud€if. 8a)
and photoconversion efficienclfify. 8) are seen to increase

)
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Fig. 9is an illustrative drawing of the experimental setup - —e—6.0 ym w0 1
for the water-photoelectrolysis measurements with the nan- —H—4.4 ym

otube arrays used as the photoanodes from which oxygen

is evolved. We note that the oxygen bubbles evolving from -0.5 0 0.5

the nanotube array photoanode do not remain on the on the (b Potential (V vs Ag/AgCl)

sample, hence the output remains stable with time irrespec- -

tive of the duration of hydrogen production. Confirmation Fig. 8. (a) y|5|ble light (AM 1.5) photocurrent generated from nanqtube
. . . . . arrays of different lengths annealed at 580and (b) the corresponding

of the water-splitting reaction is obtained by the 2:1 ratio of ,;ioconversion efficiencies.

evolved hydrogen to oxygen (GC; SRI, model 8610C). The

nanotube array photoanodes were held at constant voltagesamples in this experiment annealed at 33(Fig. 11shows

bias, determined by the peak position in the photoconversionthe hydrogen generated as a function of time (mL) using a

efficiency curve with respect to the Ag/AgCl electrode. The 6pum nanotube array annealed at 6@ The corresponding

effect of nanotube array length on the hydrogen evolution hydrogen evolution rate is 178./h (from 1cn? electrode

rate under AM 1.5 illumination is given iRig. 10 with all area for AM 1.5 100 mW/c#illumination) or, on a Watt-

Potentiostat

Electrolyte

4

Platinum
Reference
TiO5 nanotube Electrode

array anode

Fig. 9. lllustrative drawing of the experimental set-up for hydrogen generation by water photoelectrolysis.
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Fig. 10. The rate of hydrogen generation from crystallized nanotube arrays
of different lengths annealed at 53D. An electrode area of 1 dnwas
exposed to 100 mW/cfAM 1.5 illumination in all cases.

normalized basis, 1.75mL/W h. No degradation in sample
properties has been observed with UV/visible light exposure
over the course of several months.

3.2. Effect of nanotube array pore size

Nanotube pore size is predominately determined by the
anodization voltage, but also by the electrolyte composi-
tion and pH. Hence it is difficult to uniquely determine
the role nanotube pore size plays in determining the photo-

o
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electrochemical properties, since more than one geometrical 08 06 04 02 0 02 04 06 08

feature is changing per given fabrication parameter. For a
KF electrolyte, pH 3, we have made nanotube samples at
10V (30nm pore, 0.am length), 15V (50 nm pore, 1;2m
length), and 25V (110 nm pore, 1u8n length). Hence while
pore size is varying by approximatelyx4 length is vary-

ing by 2.5x. Fig. 12a shows the resulting photocurrents, for
530°C annealed samples, as afunction of applied anodization
potential, with the corresponding photoconversion efficien-

1 S —

H, generation (mL/W)
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Time (hr)

Fig. 11. The amount of hydrogen generated as a function of time using a
6 wm nanotube array annealed at 6@) the Watt-normalized generation
rate corresponds to 1.75mL/W h. An electrode area of 4 was exposed

to 100 mW/crd AM 1.5 illumination.

(b) Potential (V vs Ag/AgCl)

Fig. 12. Preliminary investigation into the role nanotube pore size plays in
determining photoelectrochemical properties. The nanotube array photoan-
odes were made using a KF electrolyte, pH 3, at 10V (30 nm pore, length
0.7pm), 15V (50 nm pore, length 1;2m), and 25V (110 nm pore, length
1.8m). (a) Resulting photocurrent and (b) corresponding photoconversion
efficiencies.

cies seen ifrig. 12b. With reference té-ig. 12 we note that
(unpublished) finite difference time domain (FDTD) simu-
lations by the authors show nanotube arrays of small pore
diameters~20 nm, reflect significantly larger amounts of
incident energy from their surfaces than their larger pore
counterparts due to a higher average dielectric constant.

The highly ordered titania nanotube array structure
enables the conductive electrolyte to permeate the entire
internal and external surfaces, hence there is a constant elec-
trostatic potential along the length of the tubes (no RC ladder
effect). Therefore, long-range electron transport is dominated
by diffusion rather than drift34]. The nanotube array archi-
tecture, with a wall thickness of 20 nm, ensures that the holes
are never generated far from the semiconductor—electrolyte
interface. Furthermore, since the wall thickness is much less
than the minority carrier diffusion length,~100nm in
TiO2 [35], charge carrier separation takes place efficiently.
The increased crystallinity of the samples annealed at ele-
vated temperatures reduces the number of grain boundaries,
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improves connectivity between grains and eliminates any well as efforts focused on bandgap engineering of the mate-
amorphous regions that provide defects that can act as carrierial architecture to maximize its response in the visible light
recombination centers. region.

The width of the anatase crystallites in the walls is
restricted by the wall thickness, approximately 20 nm. The
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