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Abstract

A novel electrodeposited CdS nanoparticle-modified highly-ordered mEdotube-array photoelectrode and its application to photo-
electrochemical cells is reported. Results show formation of a thin, nanoparticulate CdS layer, comprised of sphere-like 10—20 nm diameter
nanoparticles, on the anodic synthesized,m@notube-array (inner diameter of 70 nm, wall thickness 25 nm and ca. 400 nm length) electrode.
The resulting CdS-Ti@photoelectrode has an as-fabricated bandgap of 2.53, and 2.41 eV bandgap after sinterinG & 85Gambient.
Photoelectrochemical properties are described in detail.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction TiO2 nanotube-array is anodically synthesized from Ti foll,
thus after annealing the TiOhanotube array has a direct,
Nano-dimensional titanium oxide has received consid- high quality Ohmic contact with the underlying electrically
erable attention over the past two decades in photovoltaicconductive Ti substrate. Our early resy@s10] show that
and photocatalysis applicatiofis—7]. We have previously  the highly-ordered nanotube array architecture is promising
reported the synthesis of unique, highly ordered ;TiO for photoelectrochemical (PEC) applications. However, as is
nanotube-arrays and their application to hydrogen gas senswell known the band gap of TigX3.2 eV) limits the absorp-
ing [8], as well as water splittinfp]. When TiG nanotube- tion of sunlight to the ultraviolet region of the solar spectrum.
arrays are used as photoanodes, under 320—400 nm illuminaConsiderable work by many investigators has focused on
tion, the efficiency of hydrogen generation by photolysis can improving the absorption of visible light of T#¥Onanocrys-
reach aremarkable 12.8% with a normalized hydrogen gener-talline for PEC cells by incorporation of substitutional atoms
ation rate of 80 mL/W H10]. There are at least two obvious into the lattice, including both non-metfll] and metal
reasons for the excellent photoelectrolysis properties. Theatoms[12]. Although this incorporation of substitutional
firstis that the highly ordered thin-wall T¥hanotube-array =~ atoms improves the visible light absorption in Bi@lec-
facilitates kinetic separation of photogenerated charge in pho-trodes, they have not yet proven suitable for efficient PEC
toelectrochemical applicationd0]. The other is that the  cell application.
Other efforts concerned with band-gap shifting of 7iO
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Fig. 1. Schematic diagram illustrating charge injection from excited CdS
into TiO,. CB and VB refer to the energy levels of the conduction and
valence bands, respectively, of CdS particle and,Ti@notube wall.

[13]. Such sandwich electrodes may be advantageous as elec-
tron injection may be optimized through confinement effects,
and a sensitizer, a 1.5eV edge absorber, is well approxi-
mated by a narrow bandgap semiconductor mat¢tidl.
Since the conduction band of bulk CdS is ca. 0.5V more
negative than that of TigQ the coupling of the semicon-
ductors should have a beneficial role in improving charge
separation as shown ifig. 1; excited electrons from the CdS
nanoparticles can quickly transfer to the Fi@anotube-array,
seeFig. 2 arriving at the photocurrent collector through the
highly ordered nanotube-array structure. The self-assembled,
highly-ordered nanotube-array structure made by anodiza-
tion of titanium is evident inFig. 2 In cross section, the
nanotube-array rests upon a titania barrier 1dggrintrinsic
to the anodization process, that separates the nanotube-array
from the underlying titanium substrate, e.g. the portion of the
initial titanium foil that is not anodized.

Early studies on the combination of Ti@ith CdS include
that of Weller and co-workerfl5], who reported excellent
visible-spectrum properties of a photocell made by the com- rig. 2. jiustrative TiG nanotube array film made by anodization of a tita-
bination of in situ prepared CdS patrticles (4—20 nm) with a nium foil, (A) after intentional cracking forimaging of cross-section, and (B)
highly porous nanocrystalline TiCelectrode. Kohtani et al. cross-sectional image showing nanotube-array atop barrier layer at bottom
[16] reported deposition of CdS microcrystals onto a TiO of nanotubes. The nanotube-array rests upon a_titar_ﬂa t_)arrier[lﬁw:at

. . . separates the nanotube-array from the underlying titanium substrate, from

;emlconductor, they found t,hat the resulting .PEC ProPer- nich these samples have been removed for FE-SEM imaging.
ties, such as flat band potential, were strongly influenced by
the CdS sensitizer. Kamat and co-workglrg] used reverse

micelle synthesized quantum-sized CdS and;Tparticles, [20—22] electrochemical synthesis in agueous soluf#j,
finding that electron transfer from photoexcited CdS tosliO and chemical bath depositi¢24].
strongly depended on the TiQarticle size. Fitzmaurice and We seek to combine the excellent photochemical prop-

co-workerg[18] prepared CdS-Ti@electrodes and studied erties of the crystalline Ti® nanotube-arrays with the
the conduction band of Ti§) CdS, and CdS-Ti@sandwich excellent visible absorption properties of CdS nanoparti-
electrodes, and their potential for use in regenerative photo-cles, thereby shifting the absorption characteristics of the
electrochemical cells, by potential dependent spectroscopy.material architecture into the visible light spectrum. To
More recently, Bai et al[19] prepared TiQ—-CdS compos-  date there are no reports on modification of these highly-
ite nanotubes via a Layer-by-Layer assembly technique, in ordered, self-assembled TiGhanotube-arrays using CdS,
combination with a nanoporous alumina template, with the or indeed any dopant, for application in photoelectro-
resulting nanotubes exhibiting a novel PL band in the blue- chemical cells. Consequently this work examines a novel
wavelength range. Other efforts to modify Bi@anopar- TiO2 nanotube-array photoelectrochemical cell photoanode
ticle electrodes by CdS include self-assembly techniquesmodified by coating with an electrochemically synthesized
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CdS-nanoparticle film, deposited by cathodic reduction of deposited on a planar F-doped transparent Tin Oxide (FTO)
Cd?* from a non-aqueous solvent containing sulfur in ele- glass substrate at0.5V for 30 min and annealed at 400
mental form[17,25-27] The photoelectrochemical proper- for 60 min.

ties of the TiQ nanotube-array photoelectrodes before and

after CdS nanoparticle-modification are described in detail. 2.3. Photoelectrochemical measurements

A HCH Instruments electrochemical analyzer was used

2. Experimental to measure the photoelectrochemical response of the sam-
ples, with conventional three-electrode system comprising
2.1. Chemicals and instruments an Ag/AgCl reference electrode and Pt foil counter electrode.

A1 M NapS aqueous solution was used as the electrolyte. A

High-purity titanium foil (99.7%) with 0.25mm thick-  Spectra Physics Simulator with an illumination intensity of
ness, 48-52% HF, 52% Acetic acid, CdCh Cd rod 2mm 1 sun (AM 1.5, 100 mW/cH) with a filter to remove light
in diameter, Sulfur, Ng5, were purchased from Aldrich  of wavelength below 400 nm was used as the light source. A
and used as delivered without further purification. A Kratos PHIR CE power meter was used to calibrate the input power
Analytical Axis Ultra XPS, Philips X'pert MRD PRO X-  before and after the photoelectrochemical measurements.
ray diffractometer (Almelo, The Netherlands), Universal
V3.0G TGA Instruments, HP 8452 UV-vis spectrophotome-
ter, and JEOL JSM6300 field emission SEM were used 3. Results and discussion
to investigate the structure and properties of the prepared

electrodes. Fig. 3a shows an illustrative FE-SEM image, top sur-
face view, of a TiQ nanotube-array upon which just a few

2.2. Preparation of electrochemically synthesized CdS nanoparticlesyz20 nm diameter, have been deposited

CdS-modified TiO; nanotube-array electrode (—0.5V for 5 min). The nanotubes have a length-@f00 nm,

and a barrier layer thickness ef50 nm; the average pore

TiO2 nanotube electrodes were prepared in a HF and aceticdiameter as calculated from the FE-SEM images was 76 nm
acid solution using anodic oxidation, as described?2i8]. with a standard deviation of 15nm, and wall thickness of
Titanium foil samples, 2.5cm 1.0cm, were immersed in 27 nm with a standard deviation of 6 niig. 3b shows the
a mixed solution of 0.05% HF and 13% acetic acid, and topology after a 30 min€0.5V) electrodeposition of the
appliedto aconstant 20 V anodic potential for 45 min{23. CdS nanoparticles; the Tianotubes have been extensively
After anodic oxidation, the samples were immediately rinsed covered with a relatively uniform layer of CdS nanoparticle
with D.I. water, and then dried in afNstream. The resulting  ‘clumps’ ranging in diameter from 40 to 100 nfaig. 3 is
amorphous titania nanotube arrays were annealed &80 an illustrative cross-sectional image of CdS electrodeposited

for 6 h with heating and cooling rates ofC/min in an Q@ sample,—0.5V for 30 min, that has been freed from the
atmosphere to crystallize the tube walls and improve the sto-underlying titanium substrate. The barrier layer is to the right,
ichiometry. seen as a continuous seam at the edge of the sample. Although

A CdS film was then deposited upon the crystallizedaTiO it is possible, and indeed likely that some CdS nanoparticles
nanotube-array by cathodic reduction, using a conventionalreside within the nanotube arrays we have not been able to
three-electrode system comprising an Ag/AgCl reference detect any using FE-SEM imaging.
electrode and Cd counter electrode. A mixed solution of  The general scan spectrum of XPS over a large energy
saturated elemental sulfur in benzene with 0.6 M Gd@l range at low resolution was used to quickly identify the ele-
dimethyl sulfoxide (DMSQO) was used as the electrolyte. The ments present in the CdS—Ti@lectrodeskig. 4a, with the
solution was bubbled with flowing Nfor 30 min prior to survey showing sharp XPS peaks for Ti, O, Cd, S, and also
electro-deposition in order to remove @nd any moisture  C. Fig. 4b and c are, respectively, Cd 3d and S 2p core level
within the solution. The cathodic potential was kept constant XPS scans over smaller energy windows at higher resolu-
at —0.5V for different deposition times. After electrode- tion. The Cd 3d core level XPS spectruffid. 4b) has two
position the samples were thoroughly rinsed with acetone, peaks at405.3 eV (3@) and 411.9 eV (3g}»), in good agree-
methanol and D.l. water. The prepared CdS—lé@ctrodes ment with published values for Cd39]. The S 2p core level
were annealed at 350 and 40D for 60 min in a N atmo- spectrum,Fig. 4c, indicates that there are two chemically
spheretoinvestigate the influence of annealing on their photo-distinct species in the spectrum. The peak at 161.9¢eV is for
electrochemical response. We suggest that when a cathodisulfide, the structure occurs because of a split betwegn 2p
potential is applied to the TiPnanotube electrode, it will  and 2p/»; the splitis near 1.18 eV and the area ratio is 2:1,
reduce sulfur to 5 on the electrode surface, while the in excellent agreement with published values of the S 2p sig-
applied electric field induces €t to migrate towards the  nal for CdS[29]. Thus CdS is identified both from the sulfide
electrode hence under proper conditions CdS will form at the peak at 161.9 eVFig. 4c), but also from the peak at 411.9 eV
electrode surfad®7]. For comparison, CdS was also electro- of the Cd 3d,, and 405.3 eV of the Cd 3@ (Fig. 4b) [29].
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Fig. 3. Top surface FE-SEM view of the prepared CdS~Té@notube-array
electrode: (a) after CdS electrodeposition-&5 V for 5 min, (b) after CdS
electrodeposition at 0.5V for 30 min, (c) illustrative cross-sectional image
of CdS electrodeposited sampleQ.5V for 30 min. The barrier layer is to
the right, seen as a continuous seam at the edge of the sample.
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Fig. 4. (a) XPS survey scan for CdS modified Ji@anotube-array electrode
over alarge energy range at low resolution, the spectra showed Ti, Cd, O, S, C
presentinthe sample, (b) Cd 3d XPS core level spectra of CdS modified TiO
nanotube-array electrode, (c) S 2p XPS core level spectra of CdS modified
TiO2 nanotube-array electrode.

The peak at 168.4eV in S 2p is assigned to Sulfur in sul-
fate, for reaction with humid environments causes the outer
surface of a sulfide to oxidize and form sulf§89]. Mea-
sured atomic concentrations, determined using XPS, of the
as-prepared samples are showTable 1, with the various
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Tab|e 1 100 A P R T e el T e R e PRl e Pl A e |
Concentration of various elements present in the CdS modified i#D- ]
otube electrode 99.8 |
Atom % [ ]
o} 311 o e il
Ti 42 = ]
Cd 255 2994 7
C 166 = 1
Sulfide 171 992 4
Sulfate 55 ]
Sulfide/Cd 086 99 ]
Sulfate/Cd 1 [ ]
O/Ti 7.3 RN AR A0 S A o A W Rkl ey A 8, YAt ol Ml |

40 80 120 160 200 240 280 320
Temperature °C

ratios of Sulfide/Cd, Sulfate/Cd and O/Ti also tabulated. As Fig. 6. TGA trace of CdS modified TiOnanotube-array electrode. The

observed fronTable 1, when the Sulfate/O ratio is 1, the samplewas prepared-a0.5V for 30 min, and rinsed under ethanol, acetone

Sulfide/Cd ratio is 0.86; this means that the CdS nanoparti- ;‘”d water, d”fdg/”d,erz’\ﬂgwézhe ineri”;em Wa;g%‘;r]fo"ggd iphat a

cles obtained are slightly Cd rich, which is expected for Cds N¢2ting rate of 1C/minto 350°C and then kept at 35 for 60 min.

under normal synthesis conditiofl]. The XPS signal of

Ti indicated that not all of the Ti@nanotubes are covered a5 heated at a rate of C/min in an ultra-high purity M

by CdS, as was confirmed by the FE-SEM images. The O/Ti 5ymosphere, from room temperature to 360 dwelling at

ratio seen infable lindicates more oxygen than one would 350°c for 1h. The TGA plot inFig. 6 showed that total

like, however oxygen and carbon are common contaminantsmass loss of ca. 1.04% in the region from room temperature to

found on the surface of many samp[84]. 250°C, which is most likely be due to the physical adsorption
Fig. 5 shows the X-ray diffraction (XRD) pattern of an ¢ \vater on the samplf83]. From 300 to 350C, with a

illustrative CdS modified TiQnanotube array electrode after  359°c gwell time of 60 min. there is no more measurable

annealing at 350C for 1 h. In addition to the observed promi-  eight loss. However, two small exothermic peaks are seen

nent TiQ; Bragg peak32], there are weak Bragg reflections  j, the DSC data at 350 (Fig. 7), mostlikely due to sintering

at 2 theta values of 26.55, 30.75, 44.04, 52.16, 54.67, COI-of the CdS nanoparticlg83]. As we will delineate below,

responding to the (111), (200), (220), (311), and (222) the annealing (sintering) of the CdS nanoparticle-layer has

Bragg reflections of Cubic CdS, respectively (see PCPDS , gjgnjficant influence on the photoelectrochemical response
card No. 80-0019). The XRD results confirm formation of ¢ ine samples.

CdS on the TiQ nanotube-array electrode. Fig. 8 shows the normalized visible reflectance spectra

Earlier we reported annealing, as well as TGA and DSC of g plain Tioy-nanotube array electrode, as well as CdS
analyses of Ti@nanotube-array electrodes inap@nbient;  mnogified TiQ, nanotube-array electrodes. The reflectance

the TiG; nanotube-arrays, 48C annealed, are anatds2]. onset was determined by linear extrapolation from the inflec-
The prepared CdS modified TiOanotube-array electrode  {ion point of the curve toward the baseline. Frdfiy. 8
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Fig. 7. DTA trace of CdS modified Ti®nanotube-array electrode. The

Fig. 5. XRD pattern of CdS on Tignanotube array electrode; Bragg reflec-  sample was prepared-a0.5 V for 30 min, and rinsed under ethanol, acetone
tion peaks for cubic CdS are indicated by open squares. and water, dried underNlow.
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Fig. 8. Normalized visible reflectance spectra of CdS—h@notube-array
electrodes. (a): Ti@nanotube-array electrode, (b) 20 mi®.5V electro-
deposited CdS modified TigOnanotube-array electrode, as fabricated, (c)
electrode of (b) after annealing at 380 for 60 min in Np.

one can see that deposition of the CdS film atop the;TiO
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Fig. 9. Photocurrent versus voltage in 1 M J4$aunder AM 1.5 (1 sun),
100 mW/cn? illumination: (a) bare Ti@ nanotube electrode, (b) as-prepared
electrodeposited CdS film{0.5 V, 30 min) upon Ti@ nanotube-array elec-
trode, (c) CdS £0.5V, 30 min.)-TiQ electrode after annealing at 350

in N for 60 min, (d) CdS £0.5V, 30 min)-TiQ electrode after annealing
at 400°C in N for 60 min.

nanotube-array electrode has red-shifted the absorption edge,, electrochemically synthesized CdS thin film comprised

into the visible region, with the absorption tail extending to

of nanoparticles can be used to sensitize the, Ti@notube-

500 nm; the bandgap calculated from this reflectance edge isyrray making it more responsive to the visible spectrum, with

about 2.53 eV. After annealing gN350°C, 1h) its absorp-
tion behavior has further red-shifted, with the reflectance tail

obvious application to solar cel[$5,17,20] The photocur-
rent response is sensitive to the annealing temperature, as

extending to 515 nm, a calculated edge bandgap of 2.41 eV, gjiscernable inFig. %—d. The sample annealed at 38D

typical bandgap value for bulk CdS. The absorption edge cor-

reaches-1.42 mA/cn?, and the 400C annealed sample

responds foa nano_particle size of approximately 10-20 NMyeaches- 2.51 mA/cn?, respectively 9 and 16 times higher
[17,34] With annealing the CdS particles aggregate, causing inan that of bare Ti@ nanotube array electrode. TieV

the spectrum to red-shift, a behavior previously attributed to
the formation of valence-band tail sta{88§].

3.1. Photoelectrochemical properties

The photoelectrochemical properties of the resulting elec-

curves of these samples gradually lose their well-defined pho-
tocurrent saturation as the annealing temperature increases.
Higher temperature annealing may result in pore blockage
due to sintering of the CdS nanoparticles, reducing the area
accessible to the hole scavenging electrolyte solution. With
respect to the photogenerated holes in the CdS nanoparticles,

trodes were tested as prepared, and after annealing at 35this will resultin a more efficient electron back-reactioninthe

and 400°C for 60 min in Nb atmosphere; for comparison,

the properties of CdS electro-deposited onto planar FTO was

also measured.

Current-voltage characteristics of the prepared CdS-
sensitized Ti@ nanotube electrodes are presente&im 9
for an illumination intensity of 1 sun (AM 1.5, 100 mW/én

The photoelectrochemical measurements were obtained

using a 1M NaS electrolyte solution, an efficient hole

scavenger for CdS in which the electrodes are stable.

From UV-vis spectra, one knows that a small portion of
the CdS-TiQ electrode absorption spectrum extends into
the visible region. For the as-prepared CdS-Tli€ec-
trode Fig. %) photocurrent onset occurs atl.30V ver-
sus Ag/AgCl, a—0.60V negative shift compared to the
plain TiO; nanotube-array electrode. In comparison to the
plain TiO, nanotube-array electrode addition of the CdS film
increased the photocurrent from 0.16 to 0.55 mA/amd the
I-V plot of as-prepared sample showed a well-defined pho-
tocurrent saturation regioriig. 9). Our results show that

--e--dark '
—t— light ]

Photocurrent (mAfcm:)
195

-1.5 1 0.5 0

? 0.5
Measured potential (V vs. Ag/AgCl)

Fig. 10. Photocurrent vs. measured potential for electro-deposited CdS film
(—=0.5V, 30 min) a top planar FTO substrate glass after annealing &G00

for 60 min.
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TiO> conduction band leading to non-idéaV behavior. This [9] G.K. Mor, K. Shankar, M. Paulose, O.K. Varghese, C.A. Grimes,
premise is confirmed by ou+V plot of an electro-deposited Enhanced photocleavage of water using titania nanotube-arrays,

CdS-nanoparticle film upon planar FTO, annealed at400 Nano Lett. 5 (2005) 191-195. _
for 60 min. as shown ilﬁig 10 [10] O.K. Varghese, M. Paulose, K. Shankar, G.K. Mor, C.A. Grimes,

Water-photolysis properties of highly-ordered titania nanotube-
arrays, J. Nanosci. Nanotech. 5 (2005) 1158-1165.

[11] T. Tachikawa, S. Tojo, K. Kawai, M. Endo, M. Fujitsuka, T. Ohno, K.
Nishijima, Z. Miyamoto, T. Majima, Photocatalytic oxidation reac-
tivity of holes in the sulfur- and carbon-doped Ti@owders studied
by time-resolved diffuse reflectance spectroscopy, J. Phys. Chem. B

A novel electrodeposited CdS nanoparticle modified;TiO 108 (2004) 19299-19306.
nanotube-array electrode is presented in this work. The[12] F. Gracia, J.P. Holgado, A. Caballero, A.R. Gonzalez-Elipe, Struc-

- . tural, optical, and photoelectrochemical properties of *MFRO,
hlghly_or.dered nanowbe. array is self-assembled by the model thin film photocatalysis, J. Phys. Chem. B 108 (2004)
anodization proces28] without the use of any templates. 17466-17476.

Investigations via XPS, XRD, TGA-DSC, UV-vis absorp- [13] H. Gerischer, M. Lubke, A particle size effect in the sensitization of
tion spectra, and FE-SEM showed that sphere-like CdS- TiO, electrodes by a CdS deposit, J. Electroanal. Chem. 204 (1986)
nanoparticles, approximately 10-20 nm in diameter, were 225227 _
synthesized by electro-deposition from a non-aqueous solu-*4 R: Vogel, P. Hoyer, H. Weller, Quantum-sized CdS, PbS, Cd$Shg
. . . . . SbSz, and BpSs particles as sensitizers for various nanoporous
tion. Longer electrodeposition times resulted in formation of wide-bandgap semiconductors, J. Phys. Chem. 98 (1994) 3183—
larger CdS nanoparticle clumps, approximately 40—100 nm 3188.
in diameter. It was not possible to discern CdS nanoparticles[15] R. Vogel, K. Pohl, H. Weller, Sensitization of highly porous, poly-
within the nanotubes. The CdS layer significantly extends crystalline TiQ electrodes by quantum sized CdS, Chem. Phys. Lett.

: i , 174 (1990) 241-246.
the response of the Tihanotube-array electrodes into the [16] S. Kohtani, A. Kudo, T. Sakata, Spectral sensitization of a,TiO

4. Conclusions

visible region. Compared tO. a plain Tithanotube array semiconductor electrode by CdS microcrystals and its photoelectro-
electrode, photoelectrochemical measurements show thatthe  chemical properties, Chem. Phys. Lett. 206 (1993) 166-170.
visible light photocurrent increases by a factorref6 with [17] P.A. Sant, P.V. Kamat, Interparticles electron transfer between size-

electro-deposition of the CdS layer. The absorption edge cor- qcl;]a“tiz‘;(:] Cdi a;gogﬁzzmi;g;ducmr nanoclasters, Phys. Chem.
. . . m. . — .
responds _tO a nanopamde size of apprOX|m_ater 10_20.nm[18] R. eFIood,yI; Er(1right,) M. Allen, S. Barry, A. Dalton, H. Doyle,
[17,34] With annealing the spectrum red-shifts, a behavior D. Tynan, D. Fitzmaurice, Determination of band edge energies for
similarly noted in[35] and thought due to the formation of transparent nanocrystalline Ti@CdS sandwich electrodes prepared
valence-band tail states. High temperature annealing of the by electrodeposition, Sol. Energy Mater. Sol. Cells 39 (1995) 83—
CdsS layer appears to limit the surface area exposed to the 98- _ L
hole-scavenging electrolyte, significantly impacting th& [19] Y.G. Guo, J.S. Hu, H.P. Liang, L.J. Wan, C.L. Bal, BDased com-

.. . posite nanotube arrays prepared via layer-by-layer assembly, Adv.
characteristics of the CdS-Ti(hotoelectrodes. Funct. Mater. 15 (2005) 196-202.

[20] S.G. Hickey, D.J. Riley, E.J. Tuhh, Photoelectrochemical studies of
CdS nanoparticles modified electrodes: absorption and photocurrent
investigations, J. Phys. Chem. B 104 (2000) 7623-7626.
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