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ABSTRACT: A novel photoelectrode based on ZnS/CdTe/Mn-
CdS/ZnS-sensitized three-dimensional macroporous ZnO nano-
sheet (NS) has been prepared by electrodeposition and successive
ion layer adsorption and reaction (SILAR) method. The
photoelectrode performances were significantly improved through
the coupling of the core/shell CdTe/Mn-CdS quantum dots
(QDs) with ZnO NS, and the introduction of the ZnS layer as a
potential barrier. The photocurrent density systematically
increases from ZnO NS (0.45 mA/cm?), CdTe/Mn-CdS/ZnO
NS (498 mA/cm?), to ZnS/CdTe/Mn-CdS/ZnS/ZnO (6.23
mA/cm?) under the irradiation of AM 1.5G simulated sunlight.
More important, the ZnS/CdTe/Mn-CdS/ZnS-sensitized ZnO
NS photoelectrode provides a remarkable photoelectrochemical

cell efficiency of 4.20% at —0.39 V vs Ag/AgCl
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B INTRODUCTION

In recent years, ZnO has been widely investigated as a promisin:

alternative photoanode material for photoelectrochemical cell.”

This trend can be attributed to the fact that ZnO has much higher
electron diffusivity than that of TiO,.>* Moreover, various ZnO
nanostructures such as zero-dimensional, one-dimensional
(nanowire), two-dimensional (nanosheets), and three-dimen-
sional (multilayer porous nanosheets) can grow directly on
transparent substrates through low-cost and simple chemical
routes, giving a wide direct band gap of 3.37 eV and large exciton
binding energy of 60 m eV. To increase the light-harvesting
efficiency, various semiconductor nanocrystals including CdS,>™”
CdSe,*” and CdTe'" have been adopted to sensitize ZnO. For
example, Singh et al.®> reported the fabrication of ZnO
nanoparticles for CdS quantum dots-sensitized solar cell. Yong
et al” prepared a novel ZnO/CdS core/shell nanowire
heterostructure array for the potential applications in nano-
wire-based photoelectrochemical cells. Dam et al.” demonstrated
that CdS and CdSe-cosensitized three-dimensional porous ZnO
nanosheet photoelectrodes could be potentially useful materials
in light-harvesting applications. Jiang et al.'® encapsulated
thickness-tunable CdTe quantum dots shell onto ZnO nanorod
arrays forming an intact interface. More interestingly, Li et al'!
designed novel double-sided CdS and CdSe quantum dots
cosensitized ZnO nanowires for photoelectrochemical hydrogen
generation. According to previous reports,'> fabrication of
photoelectrodes with the help of one-dimensional nanostruc-
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tures,”®'® which can provide a direct rather than zigzag pathway

for electron transfer as compared to zero-dimensional nano-
particle analogues,” has proven to be an effective way to facilitate
electron transport. However, insufficient internal surface area of
nanowires limits the conversion efficiency at a relatively low level
due to the limited sensitizer loading. In contrast, three-
dimensional macroporous ZnO NS®° not only can offer a large
specific surface area for the deposition of sensitizers but also
facilitate the diffusion of electrolyte.'”*> More importantly, the
macroporous ZnO NS in situ grown on conducting substrate is
also expected to afford more excellent electron transfer
comparable to nanowires.® Studies show that cosensitizing
ZnO with different nanocrystals”'® such as CdSe/CdTe,"* CdS/
CdTe," and CdS/CdSe'® can extend the light absorption to the
infrared range, and more importantly align the energy bands of
the semiconductor. Ho et al.!” utilized ZnO nanowire/
nanoparticles composite films as photoanodes to cosensitize
CdS/CdSe/ZnS. Cao et al.'® reported a bilayer photoelectrode
constructed by ZnO nanoparticle and ZnO microsphere
scattering layer for CdS/CdSe QD cosensitized solar cells.
Unfortunately, macroporous ZnO NS substrate has not been
used in cosensitized strategy. Here, we choose macroporous
ZnO NS as substrate to load cosensitizers. Among the different
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QD compositions, we are particularly interested in CdTe QDs, a
p-type semiconductor possessing a large absorption coeflicient
with a direct band gap of E, = 1.56 eV." Further, the conduction
band energy of CdTe is favorable for electron injection into
Zn0."* As compared to single composition QDs, QDs with
core/shell nanoheterostructure are superior in that the relative
positions of the conduction band and valence bands of the two
components can be chosen to tailor the electron and hole
distributions to control the single and multiple exciton lifetimes.
On the basis of this consideration, core/shell CdTe/Mn-CdS
QDs were chosen to extend the light-harvesting ability of ZnO
NS into the visible region in this work. Synthesis of Mn doped
II-VI semiconductor and their photophysical properties has
been the subject of recent reports.”** Using Mn-CdS QDs as
the shell has been proven to be a powerful strate%y to extend the
lifetime of charge carriers to boost the efficiency.” So far, to our
knowledge, this is the first report to apply Mn-doping shell in the
CdTe/Mn-CdS core—shell system. To further improve the
CdTe/Mn-CdS/ZnO NS photolelctrode performances, ZnS
shell was introduced as a dual-function potential barrier to reduce
the leakage of electrons on intefaces, which has been
demonstrated to be an efficient interface treating strategy for
performance improvement.”*** An overall conversion efficiency
of 4.2% was observed in the ZnS/CdTe/Mn-CdS/ZnS/ZnO NS
photoelectrode.

B EXPERIMENTAL SECTION

Preparation of Three-Dimensional, Macroporous ZnO NS.
Zinc nitrate hexahydrate (Zn(NO,),-6H,0), mercaptoacetic acid
(MAA), terephthalic acid (TA), manganese acetate (Mn(CH;COO0),),
Na,TeO;, NaBH,, Cd(NO3),, Na,S, and Na,SO; of analytical reagent
grade were purchased from commercial sources and used as supplied.
The ZnO NS was electrodeposited onto FTO glass substrate in an
aqueous electrolyte containing 0.05 M Zn(NO;),-6H,0 and 0.1 M KCl
using an electrochemical workstation.”® The electrodeposition was
performed at —1.0 V for 30 min at 70 °C. Prior to electrodeposition, the
FTO substrate was cleaned ultrasonically for 10 min in acetone, 10 min
in ethanol, and then rinsed with distilled water. The as-synthesized ZnO
NS was sintered at 450 °C for 30 min in air atmosphere to obtain
macroporous structure. To recycle the FTO, the used substrate was
immersed into so-called piranha solution (1:3 of 30% H,0,:H,SO,) for
30 min, then rinsed with distilled water several times to reuse.

Preparation of CdTe QDs and CdTe/ZnO NS Photoelectrode.
Water-soluble MAA capped CdTe QDs were synthesized according to
our previously reported method.*° First, 40 mg of MAA was added to
100 mL of ultrapure water containing 91.5 mg of cadmium acetate under
nitrogen atmosphere. Next, 0.5 M NaOH was used to adjust the pH to
8.5. Under constant bubbling, 175.5 mg of trisodium citrate and 17.9 mg
of Na,TeO; were added in sequence. Last, 10.5 mg of NaBH, was added.
Note that bubbling was kept on another 30 min until all of the insolubles
disappeared. Finally, the above solution was placed in a high-pressure
reaction kettle, and kept boiling at 120 °C for 5 min. The obtained CdTe
QDs capped with MAA were directly absorbed onto the ZnO NS by
immersing the ZnO NS in a CdTe QD aqueous solution at 25 °C for 12
h.

Fabrication of ZnS/CdTe/Mn-CdS/ZnS/ZnO NS Photoelec-
trode. SILAR was used to coat CdTe/ZnO NS with CdS shell. The free
MAA molecules in CdTe QDs aqueous solution can capture Cd** to
form core/shell CdTe/CdS QDs during the coating step. Briefly, CdTe/
ZnO NS substrate was successively soaked 30 s in 0.05 M Cd(NO;),
aqueous solutions and 30 s in 0.05 M Na,S aqueous solutions. This step
was repeated nine times to obtain CdS shell. For CdS or Mn-CdS-
modified ZnO NS photoelectrodes preparation, this step is repeated five
times. The Mn-CdsS shell coated CdTe/ZnO NS photoelectrodes were
prepared with similar methods (nine layers), but with 0.05 M Cd(NO;),
containing 0.0375 M Mn(CH,COO), as cation source.”® This allowed
coadsorption of Mn?* and Cd** ions. The ZnS buffer layer was prepared

according to previous literature."**> For ZnS pretreatment, 0.05 M
Zn(NOs), in ethanol and 0.05 M Na,S in methanol/water (7:3, v/v)
were used for one SILAR process with a dipping time of 1 min for each
cycle and repeated for 15 cycles. For ZnS post-treatment, we dipped the
sensitized photoelectrode two times in 0.1 M Zn(NO;), and 0.1 M Na,$
aqueous solutions 1 min for each dipping.

Photoelectrochemical Measurements and Apparatus. All
electrodeposition and electrochemical measurements were performed
with a CHI electrochemical analyzer (CHI660C, Shanghai Chenhua
Instrument Co. Ltd.) using a conventional three-electrode system
comprised of a Ag/AgCl reference electrode, working electrode, and a Pt
sheet counter electrode containing 0.35 M Na,SO; and 0.24 M Na,S
(pH = 11.5). The incident light from a 300 W Xe lamp was filtered to
match the AM 1.5G spectrum with an intensity of 88 mW/cm? as
measured by a radiometer (OPHIR, Littleton, CO).

Scanning electron microscopy (SEM, JSM-6700F), high-resolution
transmission electron microscopy (HRTEM), and transmission
electron microscopy (TEM, JEOL, JEM 2100) were used to character
the morphology and dimension of the products. Energy dispersive X-ray
spectrometers (EDS) fitted to the HRTEM were used for elemental
analysis. Photoluminescence spectra (PL) and absorption spectra were
recorded by a F-4600 fluorescence spectrophotometer (Hitachi, Japan)
and Cary 300 (Agilent, U.S.), respectively. Brunauer—Emmett—Teller
(BET) surface area was measured by BELSORP-MINI 1I 00668.

Photocatalytic Degradation of 2,4-Dichlorophenoxyacetic
Acid (2,4-D) and Anthracene-9-carboxylic Acid (9-AnCOOH).
The photoelectrocatalytic degradation of organic pollutants was carried
out in 0.05 M Na,SO, electrolyte under AM 1.5G illumination in a cubic
quartz reactor containing 20 mL of 2,4-D or 9-AnCOOH at an initial
concentration of 20 mg/L. The concentration change during the
degradation procedure was monitored by determining the UV—visible
adsorption of SO uL of sample taken from the solution. After
measurement, the solution was immediately added back to the reaction
cell to keep the volume constant.

Analysis of Photodegradation Mechanism. Hydroxyl radicals (-
OH) produced by the as-prepared photoelectrode under AM 1.5G
illumination were detected by the PL analysis using TA as probe
molecule.”” Experimental steps are similar to those of the degradation
procedure except that organic pollutant solution is replaced by the 5 X
107 M TA and 2 X 107> M NaOH. The change of -OH concentration
during the degradation procedure was monitored by determining the
fluorescence emission intensity with an excitation wavelength of 320
nm.

B RESULTS AND DISCUSSION

Characterization of the Cosensitized Materials. Sup-
porting Information Figure S1 shows the SEM images of
Zny(OH)ClL,-H,0 (A,B, without crystallization) and ZnO NS
(C,D, with crystallization). Supporting Information Figure S1B
and D shows the corresponding high-resolution images of (A)
and (C), respectively. After crystallization at 450 °C for 30 min,
the morphology of nanosheet turns from smooth surface
(Supporting Information Figure S1A and B) into three-
dimensional macroporous structure with the same sheetlike
hexagon (Supporting Information Figure S1C and D) with edge
length of 1.5—3 ym and thickness of 300—400 nm. As we know,
the nanosheet obtained from electrodeposition consists of
Zny(OH)sCL-H,O crystals.”® After crystallization, the smooth
surface turned into macroporous structure resulting from the
pyrolysis of Zn(OH)4Cl,-H,0. To evaluate the porous
structure, nitrogen adsorption and desorption measurements
were performed. The corresponding isotherms are shown in
Supporting Information Figure S2. The BET surface area of the
hierarchically ZnO NS was 17.8 m?/ §, which is much bigger than
that of the ZnO powder (<3 m?/g)*® or single layer porous ZnO
NS (9.56 m?*/ g).29 The large specific surface area was attributed
to the macroporous structure embedded in three-dimensional
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Figure 1. TEM images of CdTe/CdS/ZnO NS with different magnification (A,B). HRTEM images of CdTe QDs-modified ZnO NS (C), CdTe/CdS/
ZnO NS (D), and core/shell CdTe/CdS QDs (E). (F) shows the EDS spectrum of CdTe/CdS/ZnO NS. Morphology and the sizes histogram of the as-
prepared CdTe QDs are shown in the inset of (C).

microarchitectures, which will benefit the following deposition of Figure 1B clearly displays that the naked ZnO NS surface is fully

QDs sensitizers. covered with sensitizers. These closely packed sensitizers would
The TEM image of the cosensitized CdTe/CdS/ZnO NS is benefit the carriers transport without space barriers. It is noted
shown in Figure 1A. The corresponding high-resolution image of that the deposition of the sensitizers does not obviously change
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Figure 2. (A) The light on/off photocurrent responses of CdTe/ZnO NS in which CdTe QDs were immobilized by immersing the ZnO NS in CdTe
QD solution (curve h) or dropping 0.1—0.6 mL of CdTe QDs solution onto ZnO NS (curves b—g). (B,C) The photocurrent responses and J—V
characteristics measured under AM 1.5G illumination of 88 mW/cm? sunlight. (D) Photoconversion efficiency corresponding to (C). (E) UV—vis
absorption spectra, and (F) (ahv)* versus hv plot for determining the absorption onset of different photoelectrodes. For all curves of (B)—(F): a, ZnO
NS; b, CdTe QDs/Zn0O NS; ¢, CdS/ZnO NS; d, Mn-CdS/ZnO NS; e, core/shelnl CdTe/CdS/ZnO NS; f, core/shell CdTe/Mn-CdS/ZnO NS; g,

7ZnS/CdTe/Mn-CdS/ZnS/ZnO NS.

the macroporous morphology of ZnO NS. This is very important
for the incident light absorption even within the thick nanosheet,
which results in excellent photoelectrochemistry performance.
To prepare the cosensitized photoelectrode, pure ZnO NS
should be first modified with CdTe QDs by immersing it into a
CdTe QD solution. Figure 1C shows the HRTEM image of
CdTe QDs-modified ZnO NS. One can see that the CdTe QDs
are uniformly deposited onto the ZnO NS surface. The lattice

12356

spacing measured is 0.262 nm corresponding to the (011) plane
of the CdTe QDs (JPCDS 41-0941)." The insets of Figure 1C
display the spherical morphology of CdTe QDs and the
corresponding size histogram with an average diameter of 2.4
nm. Such size CdTe QDs show the maximum photocurrent
response according to our previous report.zo HRTEM image of
Figure 1D reveals the core/shell structure of CdTe/CdS on the
ZnO NBS. The lattice spacing of 0.26 nm corresponds to ZnO Ns
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on which the CdTe QDs surrounded by CdS are anchored. The
lattice spacing of 0.326 nm corresponds to the (200) plane of the
CdTe QDs (JCPDS 65-0880), and those of 0.29 and 0.321 nm
correspond to the (200) and (111) planes of the CdS shell (well-
matched to the reference data JCPDS 80-0019), respectively.”
Here, the CdS shell has a polycrystalline structure, and is closely
contacted with both the CdTe QDs and the ZnO NS, forming a
novel core/shell structure assembled onto the ZnO NS surface.
The core—shell structure of CdTe/CdS was further confirmed by
the HRTEM image of Figure 1E, which clearly depicts that CdTe
with a lattice spacing of 0.326 nm is encapsulated by CdS with a
lattice spacing of 0.29 nm. The EDS spectrum shown in Figure
1F reveals the characteristic peaks of O, S, Cd, Te, and Zn.

Optimization of the Photoelectrodes. CdTe QDs were
first immobilized on ZnO NS by either dropping 0.1—0.6 mL of
CdTe QD solution on the ZnO NS or immersing the ZnO NS in
this CdTe QD solution. Although the photocurrent density
increases from 0.54 to 0.65 mA/cm” with increasing dropped
solution from 0.1 to 0.6 mL (Figure 2A, curves b—g), the
immersion method gives a higher photocurrent density of 0.77
mA/cm?® than the dropping method probably due to the more
efficient loading of CdTe QDs (Figure 24, curve h). The naked
ZnO NS is with a photocurrent density of 0.45 mA/cm?” (Figure
2A, curve a).

Further immobilization of CdS or Mn-CdS QDs on the CdTe
QDs-immobilized ZnO NS resulted in dramatic increases of the
photocurrent up to 4.06 or 4.98 mA/cm? by nine SILAR cycles.
Overloading of CdS or Mn-CdS QDs beyond nine SILAR cycles
formed a loose particle-packing film resulting in decreases in
photocurrents because such a loose network structure was with a
lot of grain boundaries, which acted as both recombination
centers and potential barrier to block the transport of carriers
between adjacent crystals. The dramatic increases in photo-
current are the results of synergetic effects of these materials
because the photocurrent densities of CdS or Mn-CdS QDs-
immobilized ZnO NS were only 1.71 or 2.07 mA/cm? (Figure
2B, curves ¢,d).

Photoelectrochemical Behavior Evaluation. Figure 2C
shows the J—V (current density versus potential) curves for ZnO
NS with different modifications measured with 88 mW/cm? AM
1.5G illumination. The light to chemical energy conversion
efficiencies shown in Figure 2D are calculated as follows:""

n (%) = [(total power output — electrical power input)
/light power input] X 100

=, [E°.., = |Epgsl]/I, X 100

where j, is the photocurrent density (mA/ cm?) shown in Figure
2C, E°,, is the standard reversible potential (1.23 V/NHE), I, is
the power density of incident light (88 mW/cm?), and Egyy is the
applied voltage versus reversible hydrogen electrode (RHE)
calculated from the measured potentials (E Ag/ AgCl) versus the Ag/
AgCl reference electrode via the Nernst equation:

Ergn = Eag/agar + 0.059pH + E° 5 a0

where E°;g/a,ci is the standard potential of Ag/AgCl at 25 °C
(0.1976 Vg. In this work, pH = 11.5, therefore Epgyy = Epg/agcrt
0.8761.

The photocurrent density over the investigated potential range
follows an increasing trend according to naked ZnO NS, CdTe/
ZnO NS, CdS/ZnO NS, Mn-CdS/ZnO NS, core/shell CdTe/
CdS/ZnO NS, core/shell CdTe/Mn-CdS/ZnO NS, and ZnS/

CdTe/Mn-CdS/ZnS/ZnO NS. The photoresponse is related to
both the light absorption ability and the composite structure.
Figure 2E shows the UV—vis absorption spectra of these
photoelectrodes. Because both CdTe and CdS are direct-band
gap semiconductor,'”*" their absorption coefficients are related
to the excitation energy (E,. = hv) by (ahv)* = const — (hv —
Eg),30 where E, is the band gap energy. To obtain the absorption
onset, (ahv)? is plotted against energy hv shown together with
UV—vis absorption spectra in Figure 2F. Extrapolation of the
linear part until its intersection with the hv axis gives the values of
E,. As shown in Figure 2E, the naked ZnO NS absorbs only UV
light (less than 390 nm) due to its large band gap of 3.17 eV
(curve a, Figure 2E). Incorporation of CdTe QDs onto ZnO NS
extends the absorption spectrum significantly into the visible
region (curve b, Figure 2E) with absorption edge approximately
at 660 nm corresponding to a bandgap of 1.87 eV (curve b,
Figure 2F), which match well with the reported value.>’ The
absorption spectra of CdS/ZnO NS show absorption onset
around 500 nm corresponding to a bandgap of 2.48 eV (curve c,
Figure 2F). Interestingly, the absorption spectrum of the Mn-
CdS/ZnO NS (curve d, Figure 2E) resembles that of CdS/ZnO
NS except with higher absorbance and an obvious red-shift with
absorption onset around 512 nm corresponding to a bandgap of
242 eV (curve d, Figure 2F). The absorption of the core/shell
CdTe/CdS/ZnO NS is further red-shifted with absorption onset
at ~532 nm (curve e, Figure 2E) corresponding to a band gap of
2.33 eV (curve e, Figure 2F), which displays a complementary
and enhancement effect in the light harvest as compared to the
single sensitizer. Replacing CdS with Mn-CdS shell, the
cosensitized core/shell CdTe/Mn-CdS/ZnO NS shows a higher
light absorbance ability in the entire region (curve f, Figure 2E)
with absorption onset at 563 nm corresponding to a bandgap of
2.20 eV (curve f, Figure 2F). Introduction of ZnS$ layers within
CdTe/Mn-CdS/ZnO NS gives the highest light absorption with
absorption onset at 579 nm (2.14 eV). The ZnS$ layers may play a
role as light scattering layers to increase the light absorption.
The higher light absorption ability results in a superior
photoresponse performance. The photocurrent responses of
these photoelectrodes are well consistent with their light
absorption ability (Figure 2C and E). The photocurrent density
also demonstrates a strong dependence on the structure. The
core/shell CdTe/CdS/ZnO NS or CdTe/Mn-CdS/ZnO NS
shows high photocurrent responses up to 4.06 and 4.98 mA/cm?,
respectively, dramatically higher than the values obtained with
only one sensitizer. Here, A type Il-like core—shell model is
proposed to elucidate the possible charge transfer mechanism in
CdTe/Mn-CdS/ZnO NS photoelectrode system (as describe in
Scheme 1). In an ideal type II core/shell QD, the spatially
separated electron and hole wave functions reduce their coulomb
interaction, increasing the lifetimes of single and multiple exciton
states. Meanwhile, shell-localized electrons and core-localized
holes could achieve ultrafast electron transfer to adsorbed
acceptors while simultaneously retarding the charge recombina-
tion process.”” The subsequent Mn-CdS coating forms a layered
shell on the core of CdTe QDs. When the cosensitized
photoelectrode is brought into contact in a redox couple
solution, the Fermi levels of semiconductors and the redox
couple solution will be identical after electrostatic equilibrium.
Such a Fermilevel alignment causes upward and downward shifts
of the band edges for CdTe QDs and CdS QDs, respectively.
Therefore, a type II energy level alignment is formed. The
elevated conduction band edge of CdTe QDs provides a higher
driving force for the injection of photogenerated electrons from
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Scheme 1. Band Diagram Schematic of the Photoelectrode
and Mechanism of Photocatalysis Degradation

CdTe/Mn-CdS

CdTe QDs to Mn-CdS shell, as well as the injection of excited
holes.”® Subsequently, the electrons are transferred to the Mn*
T, state. The midgap states created by Mn doping cause
electrons to get trapped and screen them from char%e
recombination with holes and oxidized polysulfide electrolyte.>®
Therefore, the spatial separation of electrons can be efliciently
collected using an external circuit. This energy level alignment

will be discussed in detail in the following work. Besides, the Mn-
CdS coating layer, with band gap larger than that of CdTe and
much lower oxidation potential, can provide a better coverage of
the surface of CdTe QDs, resulting in low photooxidative
degradation and surface defects. Thus, the Mn-CdS coating
passivated the CdTe QDs surface and suppressed the charge
recombination or the electron leakage to the electrolyte.** On
the basis of the above experimental facts, we believe that the
stepwise band-edge level, type-II structure core/shell CdTe/Mn-
CdS sensitized photoelectrode, produces a leading role for the
excellent photoelectrode performance (Scheme 1).>%%°

Meanwhile, the d—d transition of Mn (*T;—°A,) is both spin
and orbitally forbidden, resulting in a very long lifetime in the
range of several hundreds of microseconds. Mn doped CdS QDs
have been proved to be a powerful strategy to utilize long-lived
charge carriers to boost the efficiency. So, Mn-CdS/ZnO NS
photoelectrode displays a higher J,. of 2.07 mA/cm? than that of
CdS/ZnO NS (1.71 mA/cm?).

The introduction of ZnS layers achieves the highest photo-
current density of 6.23 mA/cm?. Ye et al.*® reported the pioneer
work on ZnS coating effect and pointed out that the ZnS
pretreatment can passivate the surface states of ZnO NS and
block the oxide surface to suppress the recombination at the
interface between the oxide and sensitizers. The second ZnS
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Figure 3. Cyclic voltammogram records of ZnO NS (A), CdTe/ZnO NS (B), CdS/ZnO NS (C), and CdTe/CdS/ZnO NS (D).
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layer with a large bandgap at the electrode/electrolyte solution
interfaces acted as a potential barrier, which was similar to an
insulating layer employed in the conventional metal—insulator—
semiconductor solar cells, allowing the adjustment of the electric
field and potential distribution in the interface between the
electrodes and the electrolyte and suppressing the dark current
and back recombination of the injected electrons. As expected,
ZnS/CdTe/Mn-CdS/ZnS/ZnO NS photoelectrode achieves
the highest efficiency of 4.20% at —0.39 V vs Ag/AgCl as shown
in Figure 2D.

Charge Transfer Mechanism of the Photoelectrode.
Cyclic voltammetry (CV) is proposed to roughly elucidate the
possible charge transfer mechanism, that is, to confirm the type
II-like stepwise conduction band edge (as describe in Scheme 1).
Figure 3A—D shows the CV records for ZnO NS, CdTe/ZnO
NS, CdS/ZnO NS, and CdTe/CdS/ZnO NS, respectively. The
energy levels of the conduction band edges can be calculated
from the onset reduction potential (E™®) according to the
following equations:*”

Epomo = — E, = — e(E®* + 471) eV

where the potential is measured relative to a Ag/AgClI reference
electrode.

From Figure 3, one can see that the reduction potentials
(conduction band edges) of CdTe and CdS are ca. —1.32 and
—1.23 V corresponding to LUMO levels of —3.39 and —3.48 eV,
respectively, while they exist in ZnO NS. While they form the
core—shell structure in CdTe/CdS/ZnO NS, the reduction
potentials of CdTe and CdS are shifted to —1.51 and —1.17 V,
respectively, corresponding to LUMO levels of —3.2 and —3.54
eV. The conduction band edge of CdTe shifts upward, whereas
that of CdS shifts downward. Changing the loading mass of CdS
with different SILAR layers resulted in corresponding changes in
reduction potential, while the potential of CdTe remains
unchanged (Supporting Information Figure S3). These results
clearly confirm a band structure reconfiguration of the core/shell
CdTe/CdS/ZnO NS heterojunction, core/shell type II, which
enables the quick separation of photogenerated electron—hole
pairs, demonstrating a much more fluent electron transport.

Carrier Transfer and Recombination Behavior. To give a
reasonable interpretation of the superior performance of the
ZnS/CdTe/Mn-CdS/ZnS/ZnO NS photoelectrode, charge
transport and recombination behavior were well investigated.
The open-circuit dark—light—dark photovoltage response
(Figure 4A) is conducted to further confirm the recombination
kinetics of the photoelectrodes by monitoring the V. transient
during relaxation from an illuminated quasi-equilibrium state to
the dark equilibrium. Once the illumination is stopped, the
accumulated electrons are slowly discharged by the recombina-
tion with holes trapped in the composite and dissolved oxygen in
the electrolyte, which scavenges electrons. The photovoltage
decay rate directly relates to the electron lifetime by the following
expression:

1, = [ = kT/e][dV,/d]"
where kgT is the thermal energy, e is the positive elementary
charge, and dV,/d, is the open-circuit voltage transient. Figure
4B is the plot of the response time obtained by applying this
equation to the data in Figure 4A. At the same V,_ value, the
response time of the photoelectrodes follows an order of ZnS/
CdTe/Mn-CdS/ZnS/ZnO NS > CdTe/Mn-CdS/ZnO NS >
CdTe/CdS/ZnO NS > Mn-CdS/ZnO NS ~ CdTe/ZnO NS >
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Figure 4. (A) The open-circuit photovoltage responses of a, ZnO NS; b,
CdTe/ZnO NS; ¢, CdS/ZnO NS; d, Mn-CdS/ZnO NS; e, core/shell
CdTe/CdS/ZnO NS; f, core/shell CdTe/Mn-CdS/ZnO NS; g, ZnS/
CdTe/Mn-CdS/ZnS/ZnO NS. (B) Response time determined by
open-circuit potential decay for corresponding photoelectrodes shown
in (A).

CdS/ZnO NS > ZnO NS. As compared to CdTe, CdS are loose
packed on the ZnO NS by SILAR deposition,*® which will
produce lots of recombination centers resulting in a shorter
response time. After dopping CdS with Mn, the midgap states
created by Mn cause electrons to get trapped and screen them
from charge recombination with holes and oxidized polysulfide
electrolyte.® So, the response time of the Mn-CdS/ZnO NS will
be significantly improved and comparable to that of CdTe/ZnO
NS. For the core/shell sensitizers, single and multiple exciton
states lifetimes can be greatly increased by this novel structure;
these carriers are efficiently collected by an external circuit
through stepwise band-edge level (the type-II structure). So, the
response times are larger than the single sensitizers. Similar, the
Mn-CdS shell is also superior to the undoping CdS. Longer
response times are obtained for ZnS/CdTe/Mn-CdS/ZnS/ZnO
NS photoelectrode, indicating less recombination in this system,
possibly because of the great suppression of the back
recombination of the injected electron.
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Figure 5. UV—vis determination of photoelectrocatalytic degradation of 20 mg/L 2,4-D (A) and 9-AnCOOH (B) using ZnS/CdTe/Mn-CdS/ZnS/
ZnO NS photoelectrode under AM 1.5G illumination. (C,D) Corresponding photocatalytic performances of different photoelectrodes. L spectra
measured during illumination with ZnS/CdTe/Mn-CdS/ZnS/ZnO NS (E) or different photoelectrodes (F). For all of the curves: a, ZnO NS; b, CdTe/
ZnO NS; ¢, CdS/ZnO NS; d, Mn-CdS/ZnO NS; e, core/shell CdTe/CdS/ZnO NS; f, core/shell CdTe/Mn-CdS/ZnO NS; g, ZnS/CdTe/Mn-CdS/
ZnS/ZnO NS. For (C) and (D), blank test was done without catalyst.

The recombination and transfer behavior of the photoinduced CdTe/ZnO NS photoelectrode was coated with CdS QDs or
electrons and holes is further verified by emission spectra. As Mn-CdS QDs, the hybrid nanostructure exhibited more obvious
shown in Supporting Information Figure S4, curve a shows the
emission peak at 553 nm of CdTe QDs on clean FT'O substrate.
When CdTe QDs are anchored onto ZnO NS substrate, the
significant quenching of the emission peak is observed (curve b). tors, indicating that most of the excited electrons in the

Curve c displays the emission spectra of CdS/ZnO NS. After the photoelectrode were transferred to the ZnO NS substrate,

quenched emissions (curves d and e); this quenching behavior

confirms the excited-state interaction among the semiconduc-
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which significantly improved the photovoltaic performance of
the system.

Photocatalytic Performance and Mechanism of the
ZnS/CdTe/Mn-CdS/ZnS/ZnO NS. The photocatalytic per-
formance of the ZnS/CdTe/Mn-CdS/ZnS/ZnO NS was
evaluated by the photodegradation of 2,4-D and 9-AnCOOH
under visible light, with the results shown in Figure 5. After 100
min illumination, all characteristic peaks of 2,4-D disappear
completely, indicating that the 2,4-D is completely degraded,
while 40 min illumination degrades 9-AnCOOH completely.
Such a catalytic efficiency is satisfactory as compared to the
previous research.*”* As illustrated in Figure SC,D, it is clearly
seen that under identical conditions, the ZnS/CdTe/Mn-CdS/
ZnS/ZnO NS shows much higher activity than that of ZnO NS
with other modifications. The degradation mechanism was
elucidated on the basis of the reported ones'®*” and is shown in
Scheme 1 with the following equations:

CdTe/Mn-CdS + hv — CdTe(h")/Mn-CdS(e”) (1)
ZnO + hv — ZnO(h" + &) (2)
CdTe(h")/Mn-CdS(e”) + ZnO(h" + e7)

— ZnO(e™ + e7) + CdTe(k" + K")/Mn-CdS (3)
ZnO(e” +e7) + O, » ZnO + -0, 4)
-0,” + H" - HOO: —» — -OH (5)
CdTe(h" + h")/Mn-CdS + H,0

— CdTe/Mn-CdS + -OH + H* (6)
CdTe(h" + h*)/Mn-CdS + OH™

— CdTe/Mn-CdS + -OH (7)
OH + organic pollutants — degradation products (8)

Under illumination, electron—hole pairs are generated on
CdTe/Mn-CdS QDs. The electrons are quickly transferred from
CdTe/Mn-CdS QDs to the conduction band of ZnO NS. Once
the electrons diffuse into the ZnO CB, the probability of its decay
is small because there is little electronic backflow and little free
holes in ZnO due to the existence of ZnS buffer layers. Electrons
(e”) accumulated on the surface of ZnO are scavenged by
dissolved oxygen molecules to yield superoxide radical anion -
0,7, producing hydroxyl radical (-OH). Meanwhile, the holes
generated on the valence band (VB) of CdTe/Mn-CdS QDs are
not transferred to the corresponding band of ZnO due to the
CdTe/Mn-CdS VB being more cathodic than that of ZnO. Holes
in CdTe/Mn-CdS QDs can potentially react with water or OH™
adhering to the surface of the photoelectrode to form highly
reactive hydroxyl radicals -OH, a strong oxidizing agent to
decompose the organic pollutants.

Hydroxyl radicals (-OH) generated on the surface of
photocatalysts during the illumination are the main species
responsible for the degradation of pollutant molecules. The
formed -OH was detected by the PL technique using TA as a
probe molecule. TA readily reacts with -OH to produce the
highly fluorescent product, TAOH, which was proportional to
the amount of -OH. As shown in Figure SE, the PL intensity
increases gradually with increasing irradiation time with ZnS/
CdTe/Mn-CdS/ZnS/ZnO NS as photocatalyst, indicating -OH
is indeed formed during this photocatalytic process. To illustrate

12361

photocatalytic properties of different photoelectrodes, the PL is
recorded after irradiation 10 min, and the results are shown in
Figure SF. From ZnO NS (curve a) to ZnS/CdTe/Mn-CdS/
ZnS/ZnO NS (curve g), the PL intensity shows a gradual
increase. The results confirm the best photocatalytic perform-
ance of ZnS/CdTe/Mn-CdS/ZnS/ZnO NS.

The stability of the prepared catalyst was evaluated by
repeatedly measuring its efficiency in photoelectrocatalytic
degradation of 2,4-D and 9-AnCOOH. The degradation
efficiency toward 2,4-D with 100 min illumination decreases
from 100% on the first run to 95.8% on the fourth run
(Supporting Information Figure SSA). The degradation
efficiency toward 9-AnCOOH with 40 min illumination is
100% on the first run, and 96.6% on the fourth run (Supporting
Information Figure SSB).

Bl CONCLUSIONS

A multicomposite photoelectrode, ZnS/CdTe/Mn-CdS/ZnS/
ZnO NS, was prepared using three-dimensional and macro-
porous ZnO NS as substrate. The charge transfer mechanism was
investigated in detail. The photocurrent intensity of the ZnO NS
was greatly enhanced by cosensitization with CdTe and Mn-CdS
QDs, which formed a core/shell stepwise band-edge structure
favoring the transport of excited electrons and holes across the
composite. By introduction of the ZnS layers potential barrier,
the CdTe/Mn-CdS/ZnO NS becomes more stable with the total
energy conversion efficiency fundamentally improved. Mean-
while, photocatalytic performance of the prepared photo-
electrode was investigated by photodegradation of organic
pollutants. The photodegradation mechanism was proposed on
the basis of band alignment to elucidate the enhancement of
efficiency of ZnS/CdTe/Mn-CdS/ZnS/ZnO NS photocatalysts.
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