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Heterojunction Engineering of CdTe and CdSe Quantum 
Dots on TiO 2  Nanotube Arrays: Intricate Effects of Size-
Dependency and Interfacial Contact on Photoconversion 
Effi ciencies
 The quality of heterojunctions at the quantum dot (QD)-TiO 2  nanotube 
(TNT) interface has important implications on the effi ciencies of photo-
electrochemical solar cells. Here, it is shown that electrophoretic deposi-
tion of pre-synthesized thioacid-capped CdTe QDs results in relatively 
poor charge transfer across the heterojunctions. This is likely due to the 
intermediate layer of bifunctional linkers (S-R-COOH) in between the QDs 
and TNT. On the other hand, CdTe QD-sensitized TNT prepared by in 
situ deposition in aqueous medium provides direct QD-TNT contact, and 
hence more favorable heterojunction for charge transfer. This is exempli-
fi ed not only by the drastic improvement in photocurrent effi ciencies, but 
also provides clear difference on the size-dependent electron injection 
effi ciencies from the CdTe QDs of different sizes. By extending the system 
further to CdSe QDs, drastic enhancement is found when carrying out 
the  in situ  deposition in an organic medium. The results are discussed in 
terms of the nature of deposition and the corresponding charge transport 
characteristics. More importantly, the work refl ects the intricacy of the 
effects of QD size and the quality of the heterojunctions on the overall 
photoconversion effi ciencies. 
  1. Introduction 

 Chemical photovoltaic conversion has attracted much interest 
in the last two decades as an attractive low-cost alternative 
to the silicon-based solar cells. Although initial efforts were 
predominantly focused on the dye-sensitized or Grätzel-
type solar cells, [  1–3  ]  the last decade has seen variants of other 
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architectures, for example, organic [  4  ]  and 
quantum dot (QD)-sensitized ones. [  5  ]  
With much progress in the research on 
colloidal nanocrystal QDs, [  6  ]  their applica-
tion in solar cells is in particular gaining 
momentum. [  7–10  ]  

 The excellent tunability of the opto-
electronic properties of QDs has become 
one of the most attractive properties in 
its design, allowing their harnessing of 
low energy solar photons. [  11  ]  This can 
be achieved by facile modifi cation of the 
size of QDs and their resulting band 
structures through the size quantization 
effect. Of equal importance is the manip-
ulation of charge transport properties of 
these QDs that allows effi cient interfacial 
transfer of the electron-hole pair. This is 
particularly important in QD-sensitized 
solar cells (QDSSCs), where the inter-
facing with wide bandgap semicon-
ductor nanostructures, such as TiO 2  and 
ZnO, affects the overall net photovoltaic 
effi ciencies. [  7  ]  Alignment of QD band 
structures with that of the wide bandgap 
semiconductor has intriguing effects on the interfacial charge 
transport effi ciencies. To date, although a wide range of QDs, 
from CdSe, CdS, CdTe, PbS to PbSe, has been utilized in 
QDSSCs, [  10  ]  their effects on charge transport deserve more in-
depth understanding. 

 In the current work, we demonstrate the impact of inter-
facing CdTe and CdSe QDs of different physicochemical 
characteristics with aligned TiO 2  nanotube arrays (TNT). The 
high density of states of TiO 2  conduction band enables its 
function as one of most suitable electrons acceptor, [  12  ]  while 
the one-dimensional (1-D) alignment was considered to be 
favourable for the vectorial charge transport. [  13–16  ]  By devising 
novel techniques of synthesis and interfacing of QDs on TNT, 
meaningful insights on the charge transport can be obtained 
further enabling a multiple-fold increase in photovoltaic 
effi ciencies. Besides photovoltaic conversion, this work has 
further implications to the wider photoelectrochemical and 
photo catalytic applications, e.g., water splitting [  17  ]  and CO 2  
reduction, [  18  ]  where the existence of QD-photocatalyst hetero-
junction is concerned. 
2821wileyonlinelibrary.com
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     Figure  1 .     FE-SEM images of the anodized TNT annealed at 773 K for 6 h: a) cross-section, b) top view, c) cross-section zoom in, and d) TEM images 
of single nanotube array.  
   2. Results and Discussion 

  2.1. Fabrication of Titania Nanotube Arrays 

 TNT arrays are fabricated by a recently reported etching anodiza-
tion of titanium foil using sodium fl uoride as the complexation 
etching source, instead of the more toxic hydrofl uoric acid or 
ammonium fl uoride. [  19  ]  Prior to the decoration with QD, the bare 
TNT arrays were parametrically optimized to display the highest 
photocurrent effi ciency, which could be achieved by anodization 
at 40 V and 12 h (see Supporting Information, Figure S2). As 
shown from the analysis by fi eld emission-scanning electron 
microscopy (FE-SEM) in  Figure    1  , the TNT arrays consisted of 
vertically aligned TNT bundles of 6.2  μ m in length and average 
pore diameter of 80 nm. In its bare form, decreased photocurrent 
was measured at higher applied voltage and longer anodisation 
duration than the optimal condition due to the bundling of tubes 
22 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
at higher aspect ratios (Figure S3, Supporting Information). As 
shown in Figure  1 c, the tubes consist of relatively smooth wall 
( ∼ 20 nm thick) with only slight ripples evident on the exterior 
wall. In general, the extent of ripples is a function of electrolyte 
viscosity and water content, where rough surfaces were reported 
at high water content, likely due to the periodic current fl uctua-
tion and the resulting diffusion of fl uoride etching ions during 
the anodization process. [  19  ,  20  ]  At 5% water content in ethylene 
glycol, we maintained both the solubility of sodium fl uoride 
salts and smoothness of the TNT surface.  

 Analysis of the TNT by X-ray diffraction (Figure S1, 
Supporting Information) and further Rietveld refi nement found 
predominantly anatase content with only trace amount of rutile 
( < 0.5 mol%) after annealing at 773 K. Although pure anatase 
phase could be obtained by annealing at 673 K instead of 773 K, 
we found higher photoconversion effi ciencies in the latter. Dif-
ference is noted between the present work and that reported by 
Zhu et al., [  21  ]  who reported optimal photovoltaic conversion for 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2821–2829
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N719 dye-sensitized TNT array annealed at 673 K. The differ-
ence refl ects the nature of substrate- and electrolyte-dependence 
of TNT in terms of its charge transport properties. The presence 
of rutile creates polymorphic heterojunctions which potentially 
enhances the charge separation along the polycrystalline TiO 2 . [  22  ]  
Annealing at higher temperatures promoted higher degree of 
anatase-to-rutile phase transformation and accompanying defor-
mation of the vertically-aligned nanotubes structure. 

   2.2. Sensitization of TNT with CdTe QDs by Electrophoretic 
Deposition and  In Situ  Deposition 

 Two facile strategies of anchoring aqueous-based CdTe QDs onto 
TNT arrays were explored in this study, providing means of var-
iability in the deposition characteristics. They are the (i) electro-
phoretic deposition (EPD) technique and (ii)  in situ  deposition 
of QDs. During EPD, conjugation of pre-synthesized, thioacid-
capped colloidal QDs on surface titanol through the carboxyl 
moiety is established. CdTe QDs of two different sizes, 2.4 
and 3.1 nm, both capped with mercaptoproprionic acid, were 
obtained as reported previously. [  23  ]  The difference in the QD size 
is clearly refl ected by the blue shift in the absorption threshold 
of the smaller size CdTe QD (Figure S4, Supporting Informa-
tion). The size quantization of CdTe QD results in the shifting 
of conduction band to a more negative level, which as will be 
shown later, is benefi cial to the charge separation and interfa-
cial electrons transfer across the QD-TNT heterojunction. 

 The voltage applied during the EPD provided external driving 
force for which colloidal QDs could approach the TNT electrode 
surface. By increasing the applied potential from  + 2.0 to  + 5.0 V, 
the amount of conjugated CdTe QDs on TNT array could be 
improved by up to 3-fold (in the case of CdTe QDs of 3.1 nm 
in size,  Table    1  ). The EPD technique was essentially limited by 
the electrolysis of water at applied potential higher than  + 5.0 V, 
© 2012 WILEY-VCH Verlag Gm

   Table  1.     Element concentration and number ( N ) of QDs on TNT per 
working electrode area. Concentrations were determined by ICP–AES, 
with accuracies Cd: 0.5%; Se: 2.0%; Te: 1.5%. 

Cd 
[mol cm  − 2 ]

Se 
[mol cm  − 2 ]

Te 
[mol cm  − 2 ]

 N  
[cm  − 2 ]

TNT-CdTe (2.4 nm), 

EPD  + 2.0 V
2.03  ×  10  − 8 – 1.78  ×  10  − 8 9.5  ×  10 13 

TNT-CdTe (2.4 nm), 

EPD  + 5.0 V
6.43  ×  10  − 8 – 5.65  ×  10  − 8 3.0  ×  10 14 

TNT-CdTe (3.1 nm), 

EPD  + 2.0 V
1.36  ×  10  − 8 – 1.14  ×  10  − 8 2.8  ×  10 13 

TNT-CdTe (3.1 nm), 

EPD  + 5.0 V
4.13  ×  10  − 8 – 3.52  ×  10  − 8 8.7  ×  10 13 

TNT-CdTe (2.3 nm), 

 in situ  aqueous
4.86  ×  10  − 8 – 3.63  ×  10  − 8 2.2  ×  10 14 

TNT-CdTe (3.1 nm), 

 in situ  aqueous
5.07  ×  10  − 8 – 3.72  ×  10  − 8 9.3  ×  10 13 

TNT-CdSe (2.2 nm), 

 in situ  aqueous
1.46  ×  10  − 7 1.04  ×  10  − 7 – 6.1  ×  10 14 

TNT-CdSe (6.9 nm), 

 in situ  organic
6.75  ×  10  − 7 5.77  ×  10  − 7 – 1.1  ×  10 14 

Adv. Funct. Mater. 2012, 22, 2821–2829
resulting in the formation of gaseous H 2  and O 2  on electrode 
surface that prevented QDs from approaching TNT electrode 
surface. (Note: the applied potential is higher than the theoret-
ical  + 1.23 V for electrochemical water splitting, as a result of 
overpotential). Non-specifi cally attached QDs were removed by 
thorough rinsing with deionized water after the EPD.  

 In the  in situ  deposition approach, bare TNT electrode was 
introduced in the reaction medium for which the QDs were 
synthesized. [  24  ]  Despite the presence of an external nucleation 
site, i.e. TNT surface, little difference in terms of the size of 
product QDs was observed with and without TNT (Figure S4, 
Supporting Information). The initial coordination of Cd 2 +   with 
Ti-O  −   was thought to be the nucleation site for which QDs to 
grow on. While the amount of QDs are comparable to that 
deposited by EPD technique at the higher voltage (Table  1 ), as 
we show below, the nature of QDs interfacing achieved during 
the  in situ  deposition is particularly advantageous for the effi -
cient photoelectron transfer. 

 Studies on the photoelectrochemical properties of the QD-
sensitized TNT were carried out in a standard three-electrode 
cell. Here, the bare TNT arrays and CdTe QDs were confi rmed 
to be of n-type nature (Figure S5, Supporting Information). 
Typical anodic photocurrents were observed for the CdTe QD-
sensitized TNT under full arc as well as  λ   >  455 nm irradiation. 
As shown in  Figure    2  a, signifi cant increase in photocurrent by 
5 and 6 folds, under full arc irradiation could be obtained by 
electrophoretic deposition (EPD voltage  + 5.0 V) of CdTe QDs 
with size of 3.1 and 2.4 nm, respectively, on the TNT arrays. 
Under the irradiation of   λ    >  455 nm where TiO 2  cannot be 
excited, we continue to observe photocurrent solely by injection 
from the CdTe QDs (Figure  2 c), which difference in photocur-
rent was within the range expected from the difference in CdTe 
density (Table  1 ). Note the lower absolute photocurrent under 
  λ    >  455 nm compared to full arc irradiation is predominantly 
due to the fi lling of sub-bandgap states, that is, defects of TNT, 
upon injection of photoelectrons from the QDs.  

 A marked improvement in photocurrent is observed for CdTe 
QD-sensitized TNT prepared by  in situ  deposition (Figure  2 b), 
compared to that deposited by the EPD. This is true despite sim-
ilar CdTe nanocrystals density in both cases at the comparable QD 
sizes (Table  1 ). In such case, the enhanced photocurrent for the  in 
situ  deposited sample is most likely to stem from the more favo-
rable interfacial contact, since the QDs were grafted and grown 
directly onto the TNT surface site. Like that prepared by EPD, 
CdTe QDs of smaller size displays higher photocurrent response 
(12 folds relative to bare TNT) than that of the larger size (5 folds 
relative to bare TNT). Important experimental evidence could be 
drawn from the current set of results, which shows that despite 
fractional increase (30%) in QDs density in the 2.3 nm CdTe QDs 
compared to that of 3.1 nm, photocurrent could be enhanced by 
as much as  ∼ 2.4 fold under full arc irradiation. As discussed by 
Kamat and coworkers, [  25  ,  26  ]  the more negative conduction band-
edge of smaller QDs favours faster interfacial electrons injection 
in the Marcus normal region, [  27  ]  resulting in higher measured 
photocurrent. Here, the difference in conduction band-edges of 
the two different sizes of CdTe QDs was estimated to be approxi-
mately 0.1 eV. [  28  ]  Similar extent of quantisation-induced photocur-
rent enhancement could not however be observed for the EPD 
prepared samples, stressing the importance of the quality of the 
2823wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     Photocurrent response (in chopping mode, light on-off repeatedly) of bare TNT and that sensitized with CdTe QDs deposited by EPD under 
a) full arc and c)   λ    >  455 nm. Also shown are the corresponding samples prepared by  in situ  deposition by aqueous synthesis under b) full arc and 
d)   λ    >  455 nm irradiation.  
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QD-TNT heterojunctions ( Scheme    1  ). It is further noted that only 
incremental enhancement related to the CdTe QDs density was 
measured at   λ    >  455 nm when the TNT was not photoexcited, 
4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 

     Scheme  1 .     a) An illustration of the QD-sensitized TNT photoelectrochemic
trations of the nature of heterojunctions formed by QDs by b) EPD and c) 
QD resulted in effi cient interfacial electron injection across the low resistan
implying synergistic effect when both TNT and QDs are excited. 
Detailed fundamental studies are currently being devoted to 
understand this effect.  
GmbH & Co. KGaA, Weinheim

al solar cells used in the current study. Also shown are the schematic illus-
 in situ  deposition. The more negative conduction band-edge in smaller size 
ce heterojunction.  
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     Figure  3 .      I – V  curves of bare TNT and that sensitized by CdTe QDs of different sizes deposited by a) EPD under  + 5.0 V, and b)  in situ  deposition by 
aqueous synthesis. Light source: 300 W xenon lamp.  
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  Figure    3   shows the typical  I – V  curves of the CdTe QD-sensi-
tized TNT prepared by both the EPD and in situ deposition. It 
is evident that there are at least two intangible factors that result 
in the increase in the open circuit voltages ( V  OC ), or the differ-
ence between the Fermi level of the photoanode (QD-sensitized 
TNT) and equilibrated redox (S 2 −  /S n  2 −  ) potential at the counter 
electrode. [  9  ,  30  ]  The fi rst being the higher density of QDs on TNT, 
and second, the more negative conduction band edge of smaller 
size QDs. As discussed above, both factors result in the higher 
rates of photoelectrons injection. Essentially, the higher rates 
of photoelectrons injection (as refl ected by the net short-circuit 
current,  J  SC ) are almost synonymous to the more negative shift 
in photoanode Fermi level, i.e., higher  V  OC  ( Table    2  ).   

 To gain more in-depth understanding on the charge trans-
port properties, the electron lifetime ( τ  e ) of QD-sensitized TNT 
was measured as a function of the rate of  V  OC  decay. [  15  ,  30  ]  Under 
continuous irradiation, steady state exists between all charge 
transport processes, including the forward electron injection 
from QDs to TNT, hole scavenging by S 2 −  , and recombination 
© 2012 WILEY-VCH Verlag G

   Table  2.     Characteristics of open circuit voltage ( V  OC ) and short circuit 
current ( J  SC ) of bare TNT and TNT sensitized with CdTe and CdSe QDs 
by various deposition conditions. Light source: Full arc 300 W xenon 
lamp; Counter electrode: Pt; Electrolyte: Aqueous-based 0.1  M  Na 2 S and 
0.01 M sulfur. 

QDs 
[nm]

 V  oc  
[V vs Ag/AgCl]

 J  sc  
[mA cm  − 2 ]

Bare TNT 0.76 0.17  ±  0.01

TNT-CdTe 2.4 nm (EPD  + 2.0 V) 0.99 0.87  ±  0.03

TNT-CdTe 2.4 nm (EPD  + 5.0 V) 1.03 1.42  ±  0.04

TNT-CdTe 3.1 nm (EPD  + 2.0 V) 0.80 0.80  ±  0.02

TNT-CdTe 3.1 nm (EPD  + 5.0 V) 0.83 1.25  ±  0.03

TNT-CdTe 2.3 nm ( in situ  deposition, aqueous) 0.78 2.15  ±  0.05

TNT-CdTe 3.1 nm ( in situ  deposition, aqueous) 0.75 1.14  ±  0.02

TNT-CdSe 2.2 nm ( in situ  deposition, aqueous) 1.23 3.12  ±  0.04

TNT-CdSe 6.9 nm ( in situ  deposition, organic) 0.78 1.58  ±  0.02

Adv. Funct. Mater. 2012, 22, 2821–2829
of accumulated electrons with the oxidized form of the redox 
couple (S n  2 −  ). [  29  ]  This results in a steady open circuit potential 
as shown in  Figure    4  . Upon termination of excitation source, 
recombination of accumulated electrons with oxidized form of 
redox couple (S n  2 −  ) and photoholes dominates, resulting in the 
decay of  V  OC . At comparable  V  OC , TNT sensitized with 2.4 nm 
CdTe QDs (by EPD) displays a magnitude higher in electron 
lifetime compared to the bare TNT (Figure  4 b). It is hypoth-
esized the photoelectrons are trapped at the QD-TNT hetero-
junction thereby suppressing its rapid recombination with S n  2 −  . 
This is consistent with our earlier discussion that the hetero-
junction between electrophorectic deposited QDs and TNT may 
be the limiting interface for effi cient electron transfer.  

 The difference in the nature of QD-TNT interfacial contact 
between EPD and that of  in situ  deposition is further exem-
plifi ed by the electron lifetime measurements of the latter 
(Figure  4 d). Compared to that of EPD, the direct growth of CdTe 
on TNT during  in situ  deposition resulted in more intimate 
interfacial contact, and hence of lower resistance (Scheme  1 ). 
In other words, the trapping of electrons at the heterojunction 
is less effi cient. For this reason, variability in electron lifetime 
is less signifi cant between samples with and without QD-sensi-
tisation. In fact, the more effi cient electron injection from the 
conduction band of 2.4 nm CdTe QDs to that of TNT, may have 
resulted in shorter lifetime as a result of recombination with 
photoholes and/or S n  2 −  . Enhanced recombination of conduc-
tion band electrons from TNT with the photoholes at the now 
more positive CdTe valence band edge is also possible in this 
case. 

   2.3. Sensitization of TNT with CdSe QDs by  In Situ  Deposition 
from Aqueous and Organic Phase 

 Studies on QD-sensitized TNT were further extended to the 
CdSe QD systems. Perhaps more differently, comparisons 
between  in situ  deposition of CdSe QDs on TNT were carried 
out in aqueous as well as organic phase. The latter is a well-
established technique for the preparation of a wide range of 
2825wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     a) Profi les of  V  oc  decay of bare TNT and that sensitized by CdTe QD of different sizes by EPD under  + 5.0 V, as well as the corresponding 
electron lifetimes as a function of  V  oc . Also shown are the  V  oc  decay profi les of CdTe QD-sensitized TNT prepared by  in situ  deposition by aqueous 
synthesis, and the corresponding electron lifetimes as a function of  V   .  
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colloidal QDs, as previously reported by us as well as others. [  31–33  ]   
Figure    5  a shows the absorption spectra of the CdSe QDs as-
synthesized in the aqueous and organic phases. The CdSe par-
ticle sizes were determined to be 2.2 and 6.9 nm, respectively. [  34  ]  
It is worth noting that the particle growth rate of CdSe QDs in 
the organic medium was accelerated greatly by the introduction 
of TNT arrays. The absence of steric hydration layer in organic 
medium provided more sites for which Cd 2 +   could conjugate 
with Ti-O  −  . As a result of the close proximity of the nuclea-
tion sites, the formed CdSe nanoparticles are prone to higher 
growth rates by surface coalescence. Figures  5 b and c show 
homogeneous dispersion and high crystallinity of CdSe QDs 
on TNT. High density of CdSe QDs on TNT was obtained by 
the  in situ  deposition, in the same order of magnitudes as that 
for CdTe QDs (Table  1 ). Near stoichiometric Cd:Se ratio of 1:1 
were obtained in all cases, as confi rmed by X-ray photoelectron 
spectroscopy and inductively-coupled plasma–atomic emis-
sion spectroscopy elemental analyses. Perhaps due to the more 
prevalent surface coalescence during  in situ  deposition of CdSe 
QDs in organic medium, the density of QDs nanocrystals was 6 
times less than that deposited in aqueous medium.  

 As shown in  Figure    6  a, a remarkable 18 fold increase in 
photocurrent relative to bare TNT was obtained for the electrode 

oc
826 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
prepared by  in situ  deposition of CdSe QDs in organic medium. 
This is twice that of CdSe QD-sensitized TNT electrode syn-
thesized in aqueous medium, despite its much larger crystal 
size and lower QD density. As further shown in the  I – V  curves 
in Figure  6 b, the high photoelectron density in the organics-
prepared sample was accompanied by the signifi cant enhance-
ment in  V  OC  (highest in the current study) as compared to 
the bare TNT and that  in situ  sensitized in aqueous medium 
(Table  2 ). Again, this is true despite the much lower conduction 
band edge of the large CdSe QDs; difference between that of 
2.2 and 6.9 nm estimated to be  > 0.2 eV. [  39  ]  At fi rst glance, this 
may appear to contradict Marcus theory and the earlier work by 
Kamat and coworkers on the CdSe QD-TiO 2  system. [  25  ]  How-
ever, meaningful insights could be obtained from the electron 
lifetime as discussed below.  

 As shown in Figure  6 c, a magnitude increase in electron life-
time was measured for the sample sensitized with 6.9 nm CdSe 
QDs in organic medium, relative to that of bare TNT as well as 
that in situ sensitized in aqueous medium. Based on our ear-
lier hypothesis that more favorable QD-TNT interfacial contact 
formed during  in situ  deposition, one would expect the smaller 
size aqueous-synthesized CdSe QDs to be more effi cient in 
transferring photoelectrons across the QD-TNT heterojunction 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2821–2829
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     Figure  5 .     a) UV–vis absorption spectra of CdSe QDs synthesized during the  in situ  deposition in aqueous and that in organic medium. Note the signifi -
cant blue shift in absorption threshold as a result of smaller size CdSe QDs. b) TEM image and the corresponding c) HRTEM of CdSe QD-sensitized 
TNT prepared by in situ deposition in organic medium.  
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     Figure  6 .     a) Photocurrent response of bare TNT and that sensitized by CdSe QDs prepared by  in situ  deposition in aqueous and organic medium. Also 
shown are the corresponding b)  I – V  curves, and c) electrons lifetime as a function of  V  OC .  
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and undergo rapid recombination. In fact, the electron lifetime 
profi le matches closely that of bare TNT, suggesting rapid and 
effi cient injection of photoelectrons across the interface. By 
contrast, there exists smaller driving force in the larger size 
organic-synthesized CdSe for such interfacial electron migra-
tion and recombination. At the same time, its less positive 
valence band edge would also minimize the driving force for 
photoholes recombination with TiO 2  conduction band electrons. 
These factors resulted in longer electron lifetime of the organic-
synthesized CdSe-TNT. Furthermore, the surface recombination 
of S n  2 −   and photoelectrons as a function of QDs surface area 
(inversely proportional to size), relative to charge injection, is an 
interesting possibility that deserves detailed kinetic studies. 

    3. Conclusions 

 The quality of heterojunctions established through the deposi-
tion of CdTe and CdSe QDs on TNT has important impacts on 
the overall photoconversion effi ciencies. In particular, we show 
in this work that electrophoretic deposition of pre-synthesized 
thioacid-capped QDs resulted in heterojunctions that may 
have limited the photoelectrons transfer effi ciencies across 
the QD-TNT interface. By comparison, QDs that were  in situ  
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 2821–2829
synthesized and deposited onto TNT (i.e.; direct grafting) show 
much favorable interfacial charge transfer. By establishing such 
favorable contact, the effect of size-dependent electron injection 
effi ciencies of different sizes QDs became apparent (Marcus 
theory). As a result, enhancement in photocurrent up to 18 
fold for CdSe QD-sensitized TNT was measured, relative to 
that of bare TNT. Besides photoconversion, the fi ndings from 
this work have important implications on the wider applica-
tions such as sensors, photocatalysis and nanoelectronics, 
where charge transfer across QD-metal oxide heterojunctions is 
critical. In fact, the work may have fundamental importance to 
the extraction of multiple excitons or hot carriers in third gen-
eration solar cells. 

   4. Experimental Section 
  Fabrication of Titanium Nanotube (TNT) Arrays : Fabrication of TNT 

arrays by anodization is similar to that reported by Yun et al. [  19  ]  The 
electrolyte composed of 0.5 wt.% sodium fl uoride (Acros Organics, 
99 + %), 5 wt.% milli-Q water, and 94.5 wt.% ethylene glycol (Sigma 
Aldrich, 99%). The titanium foil (Strem Chemicals, 99.7%) was mounted 
in a Tefl on cell as the anode, with a platinum foil as the counter cathode. 
The anodization was carried out at 40 V for 12 h. The anodized foil was 
annealed at 500  ° C for 6 h with the ramping rate of 5  ° C min  − 1  in air. 
2827wileyonlinelibrary.combH & Co. KGaA, Weinheim
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  Aqueous Synthesis and In Situ Deposition of CdTe QDs and CdSe QDs 
onto TNT : The CdTe and CdSe QD capped by a short-chain ligand 
mercaptopropionic acid (MPA) were synthesized in water as reported 
previously. [  23  ,  35  ]  Cadmium perchlorate (Cd(ClO 4 ) 2 , 2.35 mmol) was 
dissolved in 500 mL and 125 mL of water, for CdTe QDs and CdSe 
QDs, respectively. MPA (5.74 mmol) was added under vigorous stirring, 
followed by adjusting the pH value to 11.2 by dropwise addition of 
1 M solution of NaOH. The mixture was deaerated by argon bubbling 
for 30 min, and 5.9 mL of fresh NaHTe or NaHSe solution (0.1  M ) was 
injected into the mixture, followed by heating and maintaining boiling 
until getting CdTe QDs or CdSe QDs with desired size by monitoring 
UV–vis absorption spectra. For in situ deposition of CdTe QDs or CdSe 
QDs onto TNT, TNT substrate was placed into cadmium precursor 
and stirred for 30 mins before the injection of tellurium precursor or 
selenium precursor. The TNT sample was taken out when getting CdTe 
QDs or CdSe QDs with desired size by monitoring UV–vis absorption 
spectra. 

  Organic Synthesis and In Situ Deposition of CdSe QDs onto TNT : An 
amount of 0.42 g (1.58 mmol) of cadmium acetate (Cd(CH 3 COO) 2 ), 
5.56 g (23.03 mmol) of n-hexadecylamine (HDA), 1.35 g (5.41 mmol) 
dodecyl phosphonic acid were heated to 80  ° C and degassed by vacuum 
using Schlenk line technique. TNT substrate was placed into precursor 
solution, which was heated while stirred under nitrogen atmosphere to 
270 ° C. At this temperature a solution of readily dissolved and degassed 
0.4 g of selenium in 8 g trioctylphosphine (TOP) were quickly injected 
using a syringe. The reaction was quenched by removing the heating 
mantle and the mixture was allowed to cool down. 

  Electrophoretic Deposition (EPD) of CdTe QDs onto TNT : The 
as-obtained CdTe QDs with negative charges are capped with MPA, 
which is a bifunctional linker molecules (HOOC-R-SH). Carboxylate 
group of the ligand has good affi nity for TiO 2 , which enables the binding 
of CdTe QDs to TNT. [  36  ,  37  ]  Here we utilize EPD to facilitate the transport 
and binding of CdTe QDs to TNT anode. The EPD cell was fi lled with 
13 mL water, and constructed to a two-electrode system, comprising 
of TNT anode and platinum counter electrode. By applying voltage of 
 + 2.0 and 5.0 V, 0.2 mL of CdTe QDs solution (10 16  particles/mL) was 
added every 5 min for 10 times under magnetic stirring. The total 
duration of EPD was 2 hours. 

  Characterization : X-ray diffraction (XRD) was carried out on Bruker D8 
Diffractometer using Cu K α  radiation, scanning from 2  θ   of 10 to 100 ° , 
at 0.03 ° /min and 15 s per step. Quantifi cation of the crystallite content 
was further analyzed by Rietveld refi nement using the commercial 
X’Pert Highscore Plus software. [  22  ,  38  ]  The morphology of the samples 
was observed with a fi eld emission-scanning electron microscope (FE-
SEM, JEOL JSM 7001F) and transmission electron microscope (TEM; 
a Philips CM20). High-resolution transmission electron microscope 
(HRTEM) images were obtained with a Philips CM200 operated at 
200 kV. UV–vis absorption spectra were measured on Varian Cary 50 
UV–visible spectrophotometer. Fluorescence emission spectra were 
recorded on a Varian (Cary Eclipse) fl uorescence spectrophotometer. 
Element concentration on TNT was determined by inductively-coupled 
plasma–atomic emission spectroscopy (ICP–AES) (Perkin Elmer, Optima 
2100DV). Number ( N ) of QDs on TNT was estimated from element 
concentration on TNT and QDs particle size. 

  PEC Measurements : The PEC set up followed a classic three-
electrode system, comprising of CdTe QDs or CdSe QDs sensitized 
TNT photoanode, platinum counter electrode and Ag/AgCl reference 
electrode. The electrolyte consists of 0.1  M  Na 2 S and 0.01  M  sulfur 
aqueous solution deaerated with N 2  for 30 min prior to use. A 300 W 
xenon lamp (Newport) was used as the light source providing irradiance 
intensity of 0.896 W cm  − 2 . In some cases, GG455 (Schott) was used to 
provide  λ   >  455 nm. A Solartron Modulab potentiostat was employed 
to record the photocurrent and open-circuit voltage characteristics. The 
electron lifetime was deduced from the decay of open circuit voltage 
( V  OC ) upon termination of irradiation: [  15  ,  30  ] 

 
τn = − kB T

e

(
dVOC

dt

)−1

  
(1)   
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
  Where  k  B  is the Boltzmann’s constant,  T  is temperature, and  e  is the 
elementary charge. 
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