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ABSTRACT
The photocatalytic splitting of water into hydrogen and oxygen using solar light is a potentially clean and renewable source for hydrogen
fuel. 12 There has been extensive investigation into metal-oxide semiconductors such as TiO 2, WOs, and Fe,03, which can be used as photoanodes

in thin-film form. 3=5 Of the materials being developed for photoanodes, TiO  , remains one of the most promising because of its low cost,
chemical inertness, and photostability. ¢ However, the widespread technological use of TiO  , is hindered by its low utilization of solar energy

in the visible region. In this study, we report the preparation of vertically grown carbon-doped TiO 2 (TiO,—,Cy) nanotube arrays with high
aspect ratios for maximizing the photocleavage of water under white-light irradiation. The synthesized TiO 2—xCx nanotube arrays showed
much higher photocurrent densities and more efficient water splitting under visible-light illumination (> 420 nm) than pure TiO 2 Nanotube
arrays. The total photocurrent was more than 20 times higher than that with a P-25 nanoparticulate film under white-light illumination.

The photocatalytic effect in solid-state catalysis occurs when
the electror-hole pair (eh™) created by photon absorption 2) Nanotube structure
can interact with molecules close to the catalyst surface.
Although TiG;, has several advantages as described above,
it has two critical limitations. The first is that exciton creation, -

N
the e’h™ precursor, is achieved only with UV light, rendering N
Salt
bridge

the use of solar irradiation inefficient because of the wide
band gap of the most common polymorphic forms of iO
(3.0 eV for rutile and 3.2 eV for anatase$econd, the large
band-gap oxide semiconductors, such as n-type &i@VO;

employed in photoelectrochemical devices, often have short

exciton diffusion lengths, so it is mainly the carriers / —
generated within the space charge layer Fh_at cor)trlbute to 1) Activation by 3) Thick
the photocurreritTo maximize the water splitting efficiency visible light

of a TiO, photoanode, one would like (1) a narrower band
gap to utilize visible-light energy, (2) a high contact area Figure 1. Schematic structure of the Ti@hotoanode to optimize
with the electrolyte to increase the splitting of théne pairs, its photocatalytic activity for water splitting. (1) TiGhould absorb

and (3) a thicker film to increase the total absorption of solar a considerable fraction of the solar spectrum. (2) All electron and
light (Figure 1) hole pairs on excitation should be located within the space charge

layer (5-200 nm) at the electrolyte/semiconductor interface. (3)
Narrowing of the band gap has been reported in micro- To maximize absorption of solar photons, a thicker sJpBotoanode

crystalline TiQ films doped with N, C, and $;1! with is desirable.

carbon-doped Ti@as one of the best in terms of band-gap . o

width. The most common method for preparing a carbon- Photosplitting of water, but there is still disagreement about
doped TiQ film is by direct oxidation of the Ti metal in the  its Solar-to-hydrogen conversion efficien€y*’

flame of a burnet? !4 Khan et al. reported quantitative  Although these carbon-doped TiGilms exhibited en-

results on a new Carbon_doped rutile photoanode for the hanced phOtOCUrrentS under VISIble-Ilght illumination, their
morphologies could not be controlled well by the flame

*To whom correspondence should be addressed. E-mail oxidation method. Recently, our group investigated the
ajbard@mail.utexas.edu. relationship between water-splitting behavior and the,TiO
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Figure 2. Relationship between photocurrent and morphology. (a) SEM image, top view efn@itube arrays of3 um length. (b)
Cross-sectional SEM image of Tihanotube arrays of3 um length (48 tilted image from top view). (c) SEM image, top view of
nanoporous Ti@with ~3 um thickness. (d) Variation of photocurrent density vs measured potential for three differerpfiag@anodes
in 1 M KOH electrolyte.

morphology. The water-splitting photocurrent was found to length. The pore diameter was about 70 nm, and the wall
depend on the aspect ratio of the Fi@anotube with 3.3-  thickness was 20 nm. Figure 2d shows a comparison of the
um-length TiQ nanotube arrays producing a photoanodic photocurrent density vs applied potential curves for two
response more than 10 times that of aidB-thick TiO, undoped TiQ photoanodes with different morphologies and
nanopatrticle (P-25) film under the same illumination condi- one commercial P-25 TiOphotoanode under Xe lamp
tions. irradiation (~100 mW/cn?). At 0.4 V, the photocurrent
TiO2 nanotube arrays with high aspect ratios were grown density of a TiQ nanotube array~2 um length) was more
from a Ti substrate (0.25-mme-thick, Aldrich) by anodization than 60% greater than the value for a nanoporous Ti@
in an electrolyte b1 M (NH4)H.PO + 0.5 wt % NHF.18 with a similar thickness. This suggests that Ti@notube
A two-electrode electrochemical setup consisting of the Ti arrays can harvest solar light more effectively than photo-
substrate anode and a Pt wire cathode was used. Theanodes with an irregular structure under the same illumina-
morphology depended strongly on the applied voltage. To tion. In addition, the Ti@ nanotubular structure also shows
obtain well-organized Ti@nanotubes, we applied about 15 a steeper increase in the photocurrent with applied potential.
V. As shown in Figure 2c, anodizing the Ti substrate at 20 Thus with the TiQ nanotubes, en* pairs induced by photon
V only produced a porous TiOfilm. The anodized Ti absorption split more readily compared to a nanoporous
substrate was annealed at 43D in oxygen fo 1 h with structure. The nanotube arrays also produced a photoanodic
heating and cooling rates of 2C/min to convert the response more than 10 times higher than aBthick TiO,
amorphous phase to a crystalline one. To introduce the (P-25) nanoparticle flat film because incident photons are
carbon dopant into the TiOnanotube arrays, they were more effectively absorbed on a flat electrode, probably
annealed at high temperature (500 to 800) under because of an increased light penetration depth and better
controlled CO gas flow. scattering within a regular pore structdfdn addition, the
Figure 2 (a and b) shows scanning electron microscopeinduced eh* pairs in the TiQ nanotubular structure might
(SEM) images of a Ti@ nanotube array with a3 um be extracted more efficiently than the a&-thick TiO, (P-
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transfer rate at the interface because the, Ti@nhotube array

architecture results in a large effective surface area in close

proximity with the electrolyte, thus enabling diffusive
transport of photogenerated holes to oxidizable species in
the electrolyte. As in Figure 3a, the photocurrent increases
as the tube length increases up to g/®. A maximum
conversion efficiency of 0.55% was obtained for nanotube
arrays with 3.3#m tube lengths. Figure 3b shows the
photocurrent-potential characteristics of the Ti@anotube

. 112 array electrodes under visible-light 420 nm) illumination.

- - T The photocurrent is essentially the same as the dark current,
E (Vvs. AgiAgCl) showing that there is no photocatalytic activity under visible

06 04 0.2 0.0 0.2 04 light for undoped TiQ nanotube arrays.

n * —" Figure 4a is an SEM image of carbon-doped FiO

nanotube arrays annealed at 6@ under a CO gas flow.

i Jo.os No significant morphological change was observed. This
thermal treatment did not destroy the nanostructure of the
as-prepared Ti@nanotube array. X-ray photoelectron spec-
troscopy (XPS) confirmed enhanced carbon incorporation

0.00 (Figure 4b). In addition, the color change of the nanotube
array upon carbon incorporation demonstrates an effect on

20 ] their optical response in the visible wavelength range. By

adjusting the temperature of heat treatment, the doping
——1——1——1— -0.05 concentration of carbon in the TiGhanotube array could
E (V vs. Ag/AgCl) be controlled between 8 and 42% (as determined from the

Figure 3. (a) Variation of photocurrent density vs measured XPS peaks). No appreciable signal related to carbide (281.5
potential as a function of Tighanotube length. (b) Typical current eV) was observed, showing that the amount of Ti-bonded

potential characteristics of the Ti@anotube array in the dark and ~ carbon was very low.
under visible-light 420 nm) illumination. The photooxidation activity of the T#O«C, nanotube array
) . ] was evaluated by measuring the photocurrart M KOH

25) nanoparticle flat film because of the high contact area gecrolyte. Shown in Figure 5a is the observed photocurrent
between the photocatalyst and electrolyte. density of a TiQ_,C, nanotube array under visible light. The

Figure 3a shows the photocurreiiotential dependence  1jo,_ c, nanotube array showed obvious enhanced photo-
of several TiQ nanotube arrays prepared with different tube c4ta\ytic activity under visible light compared to undoped
lengths conFroIIed by anodization t.|mes. The open circuit TiO, nanotubes. The proposed model for visible-light
photopotential was-0.6 V/Ag/AgCl, independent of anod-  4psorption in doped Tigis due to substitution of oxygen
ization duration. However, the magnitude of the photocurrent by another atom, such as N or C, which results in a mix of
density at more positive potentials was a function of the tube N,C20 and O states® Moreover, the total photocurrent
!ength. A theoretical expression of photocurrent dengity that ,nder white-light illumination was larger than that of the
includes the charge transfer at the photoelectraigution undoped TiQ nanotube array. This shows that the gain from
interface is useful in understanding this behavig/hen the improved visible-light absorption is larger than any loss from
tube length increases, more light is absorbed and the gqyced photocatalytic activity under UV light absorptién.
photocurrent density increases as with other semiconductor - gpyical transitions for crystalline semiconductors can be
films. However, for flat films, when the thickness of the film 4oy ced from the variation of the absorption coefficient near

exceeds some critical point, recombination of photogeneratedihe pand edge. For direct band gap&)( the optical
electrons and holes dominate because of the decreasegbsorption near the band edge is giveA2by

electric field within the film. An increase in bulk recombina-
tion and surface recombination rates produces a smaller
photocurrent. The photocurrent does not increase further,
even when the film can absorb more photons from the
incident solar light. This smaller photocurrent can also be whereA is a constant and equals 0.5 for an allowed direct
explained by a combination of increased resistance and atransition. The allowed direct transition of an electron from
higher recombination rate of the generated electrons andthe valence band to the conduction band by light energy is
holes due to reduction in the electric field in the thicker film. not phonon-assisted and does not require a simultaneous
With the nanotube system, when the tube length increaseschange in momentufEquation 1 is most appropriate to
more photons are absorbed and, consequently, the photouse when the applied potential is far from the flatband
current increases. Even though the tube length increases, th@otential. By assuming that the photocurrgpf) (is propor-

bulk recombination rate and surface recombination rate of tional to the absorption coefficient, the band-gap energy

ﬂ -0.6 0.4 -0.2 0.0 0.2 photogenerated carriers are still much less than charge-

J (mAJcm®)
L

i, (MA/cm’)

a = A(hv — Ep)hv (1)
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Figure 4. (a) Cross-sectional SEM image of TAQC, nanotube arrays of3 um length. (b) XPS spectrum of the TiQC, nanotube array
prepared at 500C. Before measurement, the sample was sputtered with Ar ions for 1 min. The inset figure shows the carbon doping
concentration as a function of heat-treatment temperature.

of the TiO,_«Cx nanotube array was determined from a plot lower than that of the Ti@.Cy nanotube array but was
of (joshw)Y2 versushw (Figure 5b) The linear portion of this  slightly higher than the P-25 film without carbon doping.
curve indicates a transition above an optical band-edge and In conclusion, we have demonstrated significant progress
an intercept of about 2.22 eV, (corresponding to the band- toward the goal of enhancing photocatalytic activity of 7,iO
gap energy of the Ti@2,C, nanotube array). This energy is by using aspect-ratio-controlled Tianotube arrays as a
slightly larger than the earlier reported value~e2 eV° starting material for preparing a novel photocatalyst with a

The role of the doping concentration causing a photocur- smaller band gap. The unique structure of the;f@notube
rent increase was supported by the study of the photocurrentarray produced by controlling the anodizing conditions favors
versus annealing temperature. Measurements of the photothe incorporation of carbon by heating with CO at temper-
current were carried out at each annealing step (Figure 5c¢).atures up to 600C. This investigation shows that a chemical
Significant changes of the photocurrent occurred up to 600 approach to decreasing the band gap can be combined with
°C because of the increased activity under visible-light the control of morphology to maximize solar energy harvest-
illumination, indicating carbon diffusion and doping was ing. Although in this study, water oxidation on the BiGC
taking place. However, from 70@, the photocurrent density  nanotube array was investigated, the valence band of the
decreased, suggesting that higher doping decreases photassemiconductor is more positive than that required for other
catalytic sites. By collecting the gases at the J#nd Pt photoreactions of organic or inorganic species (e.g., alcohol,
counter electrode during the photoreaction, we observed al~, Br—, and SCN), so that C-doped Tinanotubes could
2.1:1 volume ratio of hydrogen and oxygen. find use in other applications.

To confirm that the Ti@ nanotube structure was the Methods. Preparation of Photoanodd.itanium foil was
enabling factor in this doping process, we carried out the degreased by sonicating in 2-propanol and methanol and then
same experimental protocol with a Tidilm of P-25. rinsing with deionized water and drying in a nitrogen flow.
Following the identical thermal treatment under CO gas flow It was positioned between two plastic substrates and then
to produce carbon doping, the photocurrent was still much pressed against an O ring in an electrochemical cell with a
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—— 0.0
102 analysis chamber (base presswrdl x 1076 Pa) equipped

J.0a with an electrostatic hemispherical analyzer. Before measure-
J-06 ment, the samples underwent a surface-cleaning procedure
1-08 by argon-ion sputtering to remove chemisorbed species.

] :: Electrochemical Characterizatioflectrochemical experi-
1 _1:4 ments were carried out using a three-electrode configuration
146 with a Pt wire counter electrode and a saturated Ag/AgCl
1as reference electrode (CH instruments, CHI 660). The potential
-_— 2.0 was swept linearly at a scan rate of 50 mV/s. Photoelectro-

E (V vs. Ag/AgCI) chemical water splitting experiments were conducted in a 1
e et M KOH electrolyte. The 1 crhworking electrode was
n o 1 illuminated with a 2500 W xenon lamp from which infrared

1 / T wavelengths were removed by an 8-in water filter. The

/ | measured light irradiance was 100 mW/cior visible-light
= = ; illumination, the light was passed through an optical filter,
;5 1 T which cut off wavelengths below 420 nm.

ﬂ -04 0.2 0.0 0.2 04 5600 XPS). XPS were performed in an ultrahigh vacuum

m Dark
* \isible = 420 nm
. A UV+Visible
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