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Abstract

Single crystal TiO, nanosheet array films with dominant {001} Facets were
synthesized on FTO by a hydrothermal method. A simple strategy for the selective
deposition of CdS nanoparticles on the low energy {101} facets by controlling F
content on the surface of TiO, nanosheets is developed. For CdS/TiO,, under light
irradiation, the photo-generated electrons flow from {001} to {101} facets,
meanwhile, the photo-generated electrons transfer from CdS nanoparticles to the TiO,
nanosheets. The deposition of CdS nanoparticles on the {101} facets will shorten the

path-ways that electron must travel. Herein, the synergistic effect of selective
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deposition of CdS nanoparticles on the {101} facets of TiO, nanosheets combined
with the different band edge positions of {001} and {101} facets, which would
facilitate the spatial separation of electrons and holes on different facets, leading to
enhanced photoelectronic performance.
1. Introduction

Recently, a series research groups have focused on the high energy {001} facet
of anatase TiO; in order to accomplish efficient solar energy conversion and
photocatalysis,'™ since Yang et al. reported the preparation of single crystal anatase
TiO, nanosheets (TNS) with 47% exposed {001} facets.” In particular, single crystal
anatase TNS grown directly on conducting substrates attract more attention,”®
because not only could they reduce inner defects and grain boundaries obviously
compared with polycrystal films, but also each nanosheet contacts with the conductive
substrate independently, and provides a direct pathway for charge transport.” However,
due to its low absorption of solar light and fast recombination of photo-generated
electron-hole pairs, the solar energy conversion of TNS is generally retarded. To solve

this problem, a variety of strategies, including the doping of transition metals,'®""

12-14
noble metals,

and semiconductors'>'® have been developed.

Based on the spatial separation of reduction and oxidation sites on different
facets of TiO,, Ohno et al. observed the selective deposition of Pt and PbO; on rutile
{110} and {011} facets."” Liu et al. reported selective deposition of Pt on {101}

facets of anatase crystals showing a higher photocatalytic hydrogen evolution.*’

Besides, Ohno et al. also prepared selective deposition of Pt nanoparticles on the
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inside surface of TiO, nanotube by washing with deionized water, and they found the
active sites on the outside surface of TiO, nanotube were not covered by Pt
nanoparticles, resulting in an increase in its photocatalytic activity.”' For anatase TiO»,
it was proposed that the {001} facets show a higher surface energy than the {101}

facets,’**%

and their high surface energy induce high surface activities, which will
make a stable combination with the foreign atoms.”’ Zhang et al. prepared TiO; single
crystals with high energy {001} and {110} facets. They found the density of Au
particles on {110} and {001} facet is larger than that on {101} facets, which would
promote the separation of electron-hole pairs.”® Liu et al. have synthesized CdS
quantum dot-decorated TiO, nanocrystals with stepped {101} surface and observed
highly hydrogen production rate under visible light irradiation.”” Although many
research have been made on selective deposition, however, there is few report on the
selective deposition of CdS nanoparticles on low energy {101} facets of single crystal
TNS films.

In this study, TNS films were fabricated by a simple hydrothermal method.
Selective deposition of CdS nanoparticles on {101} facets of TNS films was
performed by controlling the F content on the surface of TNS. Enhanced
photoelectronic properties and the probable reasons were discussed. In addition, a
model of charge separation among different crystal faces and CdS particles was
proposed.

2. Experimental

2.1 Preparation of CdS/TNS films
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All major chemicals were analytical grade and were used as received without
further purification. TNS films were fabricated by a hydrothermal method similar to
the method described by Zheng et al..*® 0.5 mL of tetrabutyl titanate was mixed with
30 mL hydrochloric acid aqueous solution (5.2M). The mixture was stirred for 10 min
before 0.25 g ammonium hexafluorotitanate was added into the solution, and stirred
for another 30 min. Then, the solution was transferred in a Teflon-lined cylindrical
autoclave in which a piece of fluorine-doped tin oxide (FTO) with the conductive side
facing up. The Teflon-lined autoclave was kept at 17077 for 16 h. After cooling down
to room temperature, the FTO substrates were taken out and rinsed with deionized
water thoroughly and then dried at 80[.

Selective deposition of CdS nanoparticles on the TNS films was performed by
successive ion-layer adsorption and reaction (SILAR) approach. In a typical
procedure, TNS films were sequentially immersed in two different aqueous solutions
for 5 mins, first in 0.5 M cadmium nitrate (Cd(NOs3),) and then in 0.5 M sodium
sulfide (Na,S). Between each immersion step, the films were rinsed with deionized
(DI) water to remove excess ions and dried under a stream of nitrogen. This SILAR
operation was repeated for 3, 5, 7, and 9 times, and they were denoted as CdS/TNS-3,
CdS/TNS-5, CdS/TNS-7, and CdS/TNS-9, respectively.

2.2 Characterization

The crystal structure of the CdS/TNS films was checked by means of X-ray

diffraction (XRD, MAC, M18XHF). The morphology was characterized by scanning

electron microscopy (FE-SEM, Hitachi, S4800) and high-resolution transmission
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electron microscopy (HRTEM, JEM-2100). X-ray photoelectron spectrometer (XPS,
Thermo, ESCALAB250) was employed to analyze the elemental chemical status and
surface composition of the samples. The amount of CdS in the prepared samples was
measured by inductively coupled plasma atomic emission spectrometer (ICP-AES,
IRIS Intrepid II XSP, Thermo Elemental). Absorbance spectra of the samples were
obtained by an ultraviolet-visible spectrophotometer (UV-2550, Shimadzu).
Photoluminescence (PL) spectra were measured by fluorescence spectrophotometer
(FL, HITACHI F-4500) with the excitation wavelength of 325 nm under ambient
conditions.
2.3 Photoelectronic performance measurements

Photoelectronic performance was measured by electrochemical workstation
(CHI600D) in a photoelectron chemical cell under intermittent AM 1.5G simulated
sunlight illumination with 0 V bias potential in 0.1 M Na,SO4 aqueous solution. In
this system, Ag/AgCl (saturated with KCI), Pt foil and CdS/TNS films were used as
the reference, counter and working electrodes, respectively. The distance between the
sample and the counter electrode was 2 cm.
3. Results and discussion
3.1 XRD pattern

The experimental XRD patterns are shown in Fig. 1. The main characteristic
peaks can be indexed to pure anatase phase (JCPDS no. 21-1272). Unlike the
conventional method that preparing TiO,,***° the (004) diffraction peak here is

significantly enhanced, indicating the exposing of large percentage of {001} facet.”®
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Compared with the obvious anatase phase, the diffraction peaks of CdS were not
easily observed, implying its low content and the small size of CdS species.31’3 ? For
CdS/TNS-9, one can see that the diffraction peak at 26.5° is slightly intensified. It
could be ascribed that characteristic peak corresponding to (002) plane of CdS
(JCPDS No. 41-1049) was obscured by the FTO peak.
3.2 morphology analysis

Fig. 2(a) and (b) show the top view and cross-sectional view SEM images of a
typical as-synthesized TNS on FTO substrate. Dense regular nanosheets with a side
length of ~ 2 um and a thickness of ~ 250 nm tend to grow vertically or obliquely on
the FTO substrate. Fig. 2(c)-(d) show the magnified images of CdS/TNS-3,
CdS/TNS-5, CdS/TNS-7 and CdS/TNS-9, respectively. From the symmetry of the
well-faceted crystal structure of the TNS, the two flat square surfaces are identified as
{001} facets, while the other lateral surfaces are {101} facets. With an increase in the
number of deposition cycles, the surface of TNS become rough gradually. It is
interesting to note that CdS nanoparticles are mostly selectively deposited on {101}
facets of anatase TNS. As shown in Fig. 2(c), a small amount of CdS nanoparticles
are deposited on the {101} facets of TNS after 3 deposition cycles. After 5 cycles, the
amount of CdS nanoparticles increases obviously, with good dispersion on {101}
facets. After 7 cycles, more CdS nanoparticles are deposited on the {101} facets, and
agglomerate into larger particles. As shown in Table 1, the mean size of CdS
nanoparticles decreases from 15.5 to 9.6 nm as the deposition cycles increase from 3

to 5 times, while with an increase in the number of deposition cycles from 5 to 9 times,
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the mean size of CdS nanoparticles increases from 9.6 to 26.3 nm. As reported by
Kamat et al.”® there are two growth types of CdS nanocrystal with increasing
deposition cycles. One is the formation of new crystallites, while the other is the
growth of smaller crystallites into larger crystallites. As the deposition cycles increase
to 5, it seems that the first type of growth hold the dominate position. After 5
deposition cycles, CdS crystallites grow into larger crystallites, resulting the increase
of mean size of CdS nanoparticles.

Previously, it was proposed that for anatase single crystal, the {001} facets show
a higher surface energy than the {101} facets. Their high surface energy induces high
surface activity, which will make a strong combination with the foreign atoms such as
CdS. In our experiment, the {101} facets of the samples are selectively deposited by
CdS, which might due to the {001} and {101} facets were terminated by fluorine
anions. For F-adsorbed surfaces, {001} facets become more stable than {101} facets.
>3 To elucidate the role of fluorine anions in affecting the deposition of CdS, before
deposition of CdS, a TNS film was annealed at 50007 for 2 h, and then prepared with
5 deposition cycles. From Fig. 3(b), it is worthwhile pointing out that the density of
CdS particles on the {001} facets of TNS annealed at 50007 is higher than that on
{101} facets. From EDS spectra, we can see that in addition to peaks from O, Ti, Cd,
F and S, peaks from the C contamination and FTO substrate are also present. As
shown in Fig. 3(c)-(f) and table 2, the mass percent of F element reduces from ~5.7 to
~2.6% after calcination, this is due to the adsorbed fluorine ions on the surface of

TiO; can be removed by calcination’. Meanwhile, the mass percent of Cd element on
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{101} and {001} facets for TNS unannealed are 1.13 and 0.61%, respectively.
However, for TNS annealed at 50077, the mass percents of Cd element on {101} and
{001} facets are 1.29 and 1.77%, respectively. A careful observation of the EDS
spectra reveals that the density of CdS nanoparticles loaded on the {101} facets is
much higher than that loaded on the {001} facets when their surface adsorbed more F°
anions. Besides, the density of CdS particles on TNS is obviously higher after
calcination. This is because TNS films annealed at 5007 have a large percentage of
{001} facets, which show higher surface energy and surface activity than {101} facets,
that will make a strong combination with more CdS nanoparticles. In addition, the
amount of Cd measured by ICP is 4.10 pg/cm™ and 5.39 pg/cm™ for the unannealed
and annealed TNS films prepared with 5 deposition cycles.
3.3 TEM and HRTEM observation

The TEM image (Fig. 4(a)) of the CdS/TNS reveals that the TiO, nanosheets are
rectangular-shaped structures, and their size is about 2 pm. The selected-area electron
diffraction (SAED) of TNS (Fig. 4(b)) can be indexed as the [001] zone axis
diffraction, which indicates that the top and bottom surfaces of the TiO, nanosheets
are highly reactive {001} facets. Fig. 4(c) is the amplificatory image of {101} and
{001} facets on CdS/TNS. Obviously, after 5 cycles, there are quite a few CdS
particles deposited on the {101} facets, while fewer that is on {001} facets. The
HRTEM image in Fig. 4(d) reveals a lattice fringe of about 0.237 nm, which
corresponds to the (004) crystal plane of TiO,, while d=0.316 nm corresponds to the

(101) crystal plane of CdS, confirming the successful deposition of CdS on the {101}
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facets of TNS.
3.4 XPS analysis

In order to investigate the chemical composition and elemental chemical status,
XPS has been carried out for the as-synthesized unannealed and 50007 annealed TNS
samples with 5 deposition cycles. Fig. 5(a) shows the comparison of survey spectra of
the CdS/TNS. Sharp photoelectron peaks appear of Ti 2p, O 1s, Cd 3d and S 2p in
both cases, along with a C 1s peak at 284.8 eV due to the adventitious hydrocarbon
contamination or residual elements from precursor solution. Fig. 5(b) shows the
comparison of high-resolution XPS spectra of the F 1s before and after annealing. As
reported, F 1s peak at 684.5 eV originates from surface fluoride (Ti-F) formed by
ligand exchange between F~ and surface -OH.* It is apparent that the surface fluoride
of anatase single crystals can be removed by annealing method.’ No signal at binding
energy of 688.5 eV for F in the lattice of TiO, is found. Fig. 5(c) shows O Is core
level spectra which can be divided into three different peaks with binding energies at
about 529.9, 531.5 and 532.6 eV. The former main peak at 529.9 eV is attributed to
Ti-O in TiO; and the second peak can be assigned to the -OH on the surface of Ti0,.*
Generally, the peak with binding energy at about 532.6 eV is attributed chemisorbed
oxygen or organic carbon contaminations containing C-O species.””* According to
the results of curve fitting of O 1s spectra, hydroxyl content of the samples decreases
form 31.6 to 29.9% after annealing, which is due to the dehydration reaction on the
surface of the annealed TiO,.*' The S 2p spectra in Fig. 5(¢) show obvious peaks at

161.5 and 162.6 eV, corresponding to the S 2p3,; and S 2py, of S 2p, the peak at about
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169 eV is assigned to the formation of SO,* or SO;” species due to the oxidization of
sulfide.** The binding energy of Ti 2ps,; and Ti 2p;; is located at 458.7 and 464.5
eV. The peaks of Cd 3ds, and Cd 3ds;, at 405.2 and 411.8 eV are all in good
agreement with the previous studies.***> The atomic ratio of Cd:S is 1.26:1 and 1.13:1
for the samples before and after annealing, which is expected for CdS nanoparticles
under normal synthesis conditions.***® In addition, it was found that the peak
intensities for Cd 3d increase significantly after calcination, which is in good
agreement with the findings of SEM and EDS. Meanwhile, the mean size of CdS
nanoparticles in our experiment is approximate 10 nm, which is slightly larger than
the depth that XPS could detect, thus, the decreasing for peak intensities of Ti 2p can
be attributed to the increasing of CdS surface coverage.
3.5 UV-Visible absorption spectra

Fig. 6 presents typical absorption spectra of TNS films with different SILAR
cycles. As shown, with an increase in the number of deposition cycles, the absorbance
increases in the wavelength range from 400 to 500 nm. This can be attributed to the
increase in the amount of CdS, which has a band gap bout 2.4 ¢V.*” Based on the
UV-Visible absorption spectra, the (ohv)* vs photon energy plot of the films are
shown in Fig. 7 and table 1. It can be seen that the adsorption bands of CdS/TNS
show little variation, which changing from 3.21 to 3.16 eV. As reported by Zhang,*
with an increase in the number of deposition cycles from 0 to 5 times, the band gap of
CdS sensitized TiO, nanotube arrays shifts from 3.09 to 2.81 eV. Hu et al. reported

that the absorption edge of the CdS sensitized TiO, nanorods shifts from 3.26 to 2.41
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eV.* In our case, the CdS nanoparticles are mostly selectively deposited on {101}
facets of TNS, resulting a low content of CdS and little change of adsorption bands.
3.6 PL spectra

For semiconductors, the PL spectrum is related to the trapping, immigration, and
transfer of the photo-induced electrons and holes, so that it can reflect the separation
and recombination of photo-induced charge carriers.**" The PL spectra of TNS
prepared with different SILAR cycles were obtained by using an excitation
wavelength of 325 nm at room temperature. Three main peaks can be observed, which
are situated at 397, 452 and 469 nm. The first peak is ascribed to the emission of band
gap transition.”’ The emission peaks at 452 and 469 nm resulting from the oxygen
defects, which is related to the charge-transfer transition from Ti** to oxygen anion in
a TiOg" complex.SI’52 Compared with bare TNS, the PL intensities of the CdS/TNS
significantly decrease, indicating that CdS/TNS have lower recombination rate of
photo-induced charge carriers. A observation of the PL spectra reveals that the PL
intensity of CdS/TNS decreases with an increase in the number of deposition cycles
from 3 to 7 times, indicating that the more CdS nanocrystallites are deposited on TNS
{101} facets, the slower electron-hole pairs recombination. For CdS/TNS-9, the
increase in PL intensity could be attributed to the aggregation of CdS nanoparticles.
Furthermore, the intensity ratio of the band edge emission to visible emission
decreases with increase in SILAR cycles, indicating that the oxygen defects of
CdS/TNS increase with more CdS nanocrystallites are deposited on TNS.>

3.7 Transient photocurrent response



243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

CrystEngComm

Fig. 9 shows the time-dependent photocurrent curves of CdS/TNS under
intermittent AM 1.5G simulated sunlight illumination. As shown, the photocurrents
increase with more SILAR cycles. After 7 cycles, the sample shows the biggest
photocurrent value of ~60 pA/cm?, which is about 10 times higher than that of the
pristine TNS, nevertheless, it decreases as the deposition cycles increase to 9 times.
The increase of photocurrent may be attributed to that CdS is a narrow band gap
semiconductor, which would enhance absorbing of visible light. When the deposition
cycles further increase to 9 times, the aggregation of CdS covering on the {101}
facets of CdS/TNS-9, which leads to larger CdS particles. These large CdS particles
might reduce the electron transfer rate.’* Besides, the grain boundaries and defects
among excess CdS nanoparticles can act as recombination center of charge carrier,
which will result in the decrease in photoelectric performance.9 Furthermore, from
SEM images, it can be seen that {101} facets of CdS/TNS-9 are covered with CdS
particles completely, which may inhibit the transfer of photoexcited electrons from
the {001} facet to the {101} facet, resulting in the reduced photocurrent.

Fig. 10 is the schematic diagram of charge separation among different crystal
faces and CdS particles. For F-adsorbed surfaces, it was proposed that Ti-F bonds are
stronger in the {001} facets than that in the {101} facets, which induces the surface
energy of {001} facet lower than that of {101} facets.” Recently, Ma et al. reported
that the Ti-O bonds in the F-adsorbed {101} facets are weakened while strengthened
in the {001} facets, so that {101} facets become more active than {001} facet, which

will facilitate to make a strong combination with the foreign atoms such as cds.*
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Under light irradiation, the photo-excited electrons from the CdS can easily transfer to
the {101} facets of TNS, due to the well-crystallized of TNS and the favorable energy
level between CdS and TiO,, thus prevent the recombination of electron-hole pairs.>
Owing to the atomic arrangements characteristic, different crystal faces possess
different surface band structures and band edge positions.”® For anatase TiO,, Ohno et
al. found that the reduction and oxidation sites are located on {101} and {001} facets,
respectively.’’ By means of single-molecule fluorescence spectroscopy, Tachikawa et
al. demonstrated that electron flow from {001} to {101} facets.™ Based on the density
functional theory calculations, Yu et al. proposed a “surface heterojunction” concept
to explain the difference in the photocatalytic activity of TiO, with coexposed {001}
and {101} facets.”® When CdS is combined with TiO,, local band bending occurs at
the CdS/TiO; interface. Under light irradiation, CdS effectively excites electron-hole
pairs. The excited electrons can quickly transfer from the CdS conduction band to the
TNS. Due to the converging of electron on {101} facets, the deposition of CdS
particles on the {101} facets will shorten the path-ways that electron must travel,
hence enable improve the separation of electrons and holes. Herein, enhanced
photoelectronic performance of the CAS/TNS can be attributed to the synergistic
effect of selective deposition of CdS nanoparticles on the {101} facets of TiO,
nanosheets combined with the different band edge positions of {001} and {101}
facets, which would facilitate the spatial separation of electrons and holes on different

facets and retard the recombination of light generated electron-hole pairs.
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4 Conclusions

In summary, we have developed a simple strategy for the selective deposition of
CdS particles on the {101} facets by control the F content on the surface of TNS. For
anatase single crystal, the electrons flow from {001} to {101} facets, the deposition of
CdS nanoparticles on the {101} facets will shorten the path-ways that electron must
travel, hence enable improve the separation of electrons and holes. The finding of this
work provides a new way to improve photoelectronic performance through deposition
of foreign atoms on the low energy surfaces.
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Table titles:

Table 1. Mean size of CdS particles and optical band gap of the samples.

Cyclic time Mean size of CdS Optical band gap
particles (nm) (eV)
0 - 3.21
3 15.5 3.19
5 9.6 3.19
7 22.6 3.18
9 26.3 3.16

Table 2. Elemental content of {101}, {001} facets for CdS/TNS unannealed and annealed at 500(,
respectivly.

Unannealed Annealed
Cd (wt%) F (wt%) Cd (wt%) F (wt%)
(101) 1.13 5.76 1.29 2.55
(001) 0.61 5.73 1.77 2.62
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Figure captions:

Fig. 1. XRD patterns of CdS/TNS prepared with different SILAR cycles: (a) 0 cycles, (b) 3 cycles,
(c) 5 cycles, (d) 7 cycles, and (e) 9 cycles.
Fig. 2. SEM images of CdS/TNS prepared with different SILAR cycles: (a) 0 cycles, (c) 3 cycles,

(d) 5 cycles, (e) 7 cycles, (f) 9 cycles, and (b) a cross-section view.

Fig. 3. The SEM images for the CdS loaded TNS unannealed (a) and annealed at 500 for 2h (b).
(c) and (d) are the EDS spectra of the (101), (001)facets for unannealed TNS; (e) and (f) are the
EDS spectra of the {101}, {001}facets for annealed TNS Ilabelled with block diagram,
respectively.

Fig. 4. (a) TEM image and (b) HRTEM image of CdS/TNS. The inset is a SAED pattern of the
anatase single crystal nanosheet.

Fig. 5. XPS spectra (a) survey spectra, (b) F 1s, (c) O 1s, (d) Ti 2p, (e) S 2p, (f) Cd 3d for the

CdS/TNS unannealed and annealed at 500 for 2h

Fig. 6. UV-Visible absorption spectra of CdS/TNS prepared with different SILAR cycles.

Fig. 7. Plot of (ahv)® vs photon energy for CdS/TNS prepared with different SILAR cycles: (a) 0
cycles, (b) 3 cycles, (¢) 5 cycles, (d) 7 cycles, and (e) 9 cycles.

Fig. 8. PL spectra of CdS/TNS prepared with different SILAR cycles.

Fig. 9. Photocurrent transients of CdS/TNS prepared with different SILAR cycles.

Fig. 10. Schematic diagram of charge separation among different crystal faces and CdS particles.
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Fig. 2. SEM images of CdS/TNS prepared with different SILAR cycles: (a) 0 cycles, (c) 3 cycles,
(d) 5 cycles, (e) 7 cycles, (f) 9 cycles, and (b) a cross-section view.
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Fig. 3. The SEM images for the CdS/TNS unannealed (a) and annealed at 5000 for 2h (b). (c) and
(d) are the EDS spectra of the (101), (001)facets for unannealed TNS, (e) and (f) are the EDS
spectra of the (101), (001)facets for annealed TNS labelled with red block diagram, respectively.
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Fig. 4. (a), (c) TEM images and (d) HRTEM image of CdS/TNS. (b) SAED pattern of the anatase
single crystal nanosheet.
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Fig. 5. XPS spectra (a) survey spectra, (b) F 1s, (c) O 1s, (d) Ti 2p, (e) S 2p, (f) Cd 3d for the
CdS/TNS unannealed and annealed at 500(] for 2h
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Fig. 6. UV-Visible absorption spectra of CdS/TNS prepared with different SILAR cycles.

Page 24 of 29



Page 25 of 29

621

622
623

624

625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651

CrystEngComm
20 20 20
(a) (b) c
15 L 15 o 15
s 3 3
B e i3
N§1o 210 210
5 5 5
o 3 321 4 5 o 3 319 4 ° 3 319
Energy (eV) Energy (eV) Energy (eV)
(d) (e)
20 20
. / /\/// w 181 / J»»"/
> ) 3
e 5
S 10 < 10
T s 5t
o 3 318 4 0 3316
Energy (eV) Energy (eV)
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Fig. 8. PL spectra of CdS/TNS prepared with different SILAR cycles.
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The selective deposition of CdS nanoparticles on the {101} facets of TiO,
nanosheets combines with synergistic effect of {001} and {101} facets, enhance the
spatial separation of electrons and holes on different facets, thereby improving the

photoelectronic performance.
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