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Abstract

To enhance the absorptig
methods such as sensit}
engineering using dop
mismatch, mherent dis

nandPds (NRs) were grown on FTO glass by
position, and ZnS and PANI films were coated by liquid
ilms were applied as a visible light sensitizer and
ion layer for ZnS/ZnO photoelectrodes. Subsequently,
effect of photocurrent loss due to the photocorrosion of semi-
3s systematically investigated. The photocurrent of the

Keywords

Polyaniline, Visible Light Sensitizer, Photocorrosion, Heterojunction, ZnS
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1. Introduction

The solar energy received by the earth consists of ultraviolet (~5%) and visible
light (~43%). Nanostructures are important not only for visible-light absorption in
the solar spectrum, but also to obtain a high photocatalytic efficiency for semi-
conductor photoelectrodes. There has been extensive research on various
nanostructured photoelectrodes such as nanowires, nanorods, and nanotubes
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[1]-[6]. Many multilayered heterojunction nanostructures with great penetration
depth have been also reported for the absorption of long wavelengths in the visible
light spectrum, as well as the efficient charge separation and transfer of excited
electrons and holes [7] [8] [9] [10].

One of the methods to enhance visible-light absorption is to adhere inorganic
semiconductors with narrow-band-gap materials such as nanoparticles or quantum
dots (QDs) on the surface of wide-band-gap semiconductors, as a sensitizer [11]
[12] [13]. Another way is to manipulate the band gap sufficiently to obtain a visi-
ble light spectrum response of 1.7 - 2.9 eV by doping impurities such as carbon,
nitrogen, or hydrogen [14] [15].

Regarding visible-light sensitizers, studies on chalcogenide compound QDs
such as CdS (Eg = 2.4 eV), CdSe (1.7 eV), and CdS$ B.V) have been report-

combination probability
sites, which include dete

d holes is very high near doping
| defects such as lattice mismatch at the

alance among dopants. Hence, even though
improved by doping, these recombination sites

In this study, conductive organic polyaniline (PANI, AELumo-Homo = 2.4 eV)
was applied for the core/shell composites of ZnS film/ZnO nanorods (NRs) on
F:SnO, (FTO) substrates. Subsequently, the performance of PANI as a sensitizer
as well as a prevention layer to improve the photocatalytic properties, was evalu-
ated.

2. Methods

In this study, to fabricate the hybrid core/shell heterojunction photoelectrodes, af-
ter ZnO NRs were grown on FTO substrates by electrodeposition, ZnS films were
formed on the surface of ZnO NRs by chemical dipping of ZnO NRs into Na,S
solution. Finally, the PANI films were coated by chemical dipping techniques.
The detail processes are described below.
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2.1. Preparation of ZnO NRs/FTO Glass Photoelectrode

ZnO NRs were grown on FTO (resistance = 8 Q-m) glass by potentiostatic elec-
trodeposition [21] [22]. The FTO glass was placed in an aqueous solution of 0.5
mM ZnCl, and 0.1 M KCI under oxygen bubbling in a three-electrode electro-
chemical cell, comprising a counter electrode of Pt mesh and reference electrode
of Ag/AgCl/sat. KCI. Electrodeposition was carried out at —1.0 V for ~3 h at room
temperature.

2.2. Particulate ZnS Film Coating on ZnO NRs

A particulate ZnS film was coated on the surface of the ZnO NRs by immersing
the ZnO NR electrode in an aqueous 0.32 M Na»S-9H,0 solution for ~12 h. Sulfu-
rization by anion-exchange reaction was carried o onized water bath at
60°C. NazS-9H,0 was used as an S?~ anion soyrce

2—
Zn0Oy, +S(aq) +H,0

The electrode was then washe

tained an oxidant solution of 0.2 M ammonium persul-
which served as an anionic precursor. The electrodes

4. Micrdstructural Characterization

crostructures of the photoelectrodes were characterized by field-emission
ning electron microscopy (FE-SEM; JSM-6500 F, JEOL), field-emission
transmission electron microscopy (FE-TEM; 200 kV/JEM-2100F HR, JEOL), and
X-ray diffraction (XRD, SWXD, Rigaku). Ultraviolet-visible (UV-vis) absorbance
spectra of the electrodes were obtained using an ultraviolet-visible-near infrared
(UV-VIS-NIR) spectrophotometer (UV 2600, Shimadzu). XPS was performed
using a Thermo VG ESCALAB 250 instrument equipped with a microfocused,
monochromatic Al Ka X-ray source (1486.6 eV) and magnetic lens. The X-ray
spot size was 500 pm (15 kV, 150 W). The spectra were acquired in the constant
analyzer energy mode with a pass energy of 150 eV and 40 eV for overview scans
and high-resolution scans, respectively.

2.5. Photoelectrochemical Characterization
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The photocurrent densities of the photoelectrodes were measured using a potentiostat
(AMT VERSASTAT 3, Princeton Applied Research) with a three-electrode cell
comprising Pt mesh as the counter electrode and Ag/AgCl/sat. KCI as the refer-
ence electrode separated by a proton exchange membrane in aqueous 0.5 M
NazSO4 (pH = 7.15) electrolyte. Using a 1 kW xenon lamp (Newport) with the in-
frared wavelengths filtered out by water, 1 cm? of the working electrode was ex-
posed. The light irradiance, measured using a thermopile detector, was 100
mwW/cm?.

3. Results and Discussion

3.1. Microstructural Characterization

Yaf

Figure 1. FE-SEM images of coated PANI on sulfurized ZnO NRs core. Cross sectional
and surface views for ZnO NRs/FTO (a) & (b), particulate ZnS film/ZnO NRs/FTO (c) &
(d), and PANI/particulate ZnS film/ZnO NRs/FTO (e) & (f), respectively.

The top surface of the prepared ZnO NRs was dominantly composed of slanted
side faces of {10il} crystal planes rather than flat hexagonal {0001} crystal
planes. Compared to the hexagonal {0001} planes, {1011} crystal planes have
lower stacking density, and thus, higher surface energy. The hydrothermal growth
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rate of ZnO NRs on FTO is determined primarily by the diffusion rate of Zn2* ions
during the process, and ion diffusion into side {1011} planes is much more than
that into top {0001} surfaces, such that the hydrothermally grown ZnO NRs show
wide {0001} crystal planes on their top surfaces. On the other hand, electroplated
ZnO NRs have narrow and sharp top surfaces composed of hexagonal {0001}
planes, because Zn?* concentration is much higher in the top surfaces due to high-
er electroplating potential. However, many voids are observed on the surface of
ZnO NRs (Figure 1), probably formed by O, gas bubbles in the electroplating
bath, which disturbed the migration of Zn?* ions on the surface.

Meanwhile, for fabrication of heterojunction composites with efficient charge
separation, the ZnS films were coated on the surface of ZnO NRs via ion exchange
sulfurization. When the ZnO NRs were dipped in t olution, the O ions

rface images of
igure 1(c) and

Figure 1(d). As shown in Figure 1(d stacked agglomer-
ates of ~25 nm nanoparticles. T surface images of the
conductive organic sensitizer, film/ZnO NRs are shown

NRs (Figure 2(a) and Figure 2(b)) show
is surrounded by both ~5-nm-thick PANI
film and #POg-thi iculat ZnS film. Thus, this core/shell structure should
nO NRs with the electrolyte in the photocatalytic cells,

............. (©)

* hLlS —
o *

Particulate zZnogie2)”
Znsfilm -

ZNONRs
10 nm £

Figure 2. TEM (a) bright field and (b) lattice fringe images of the PANI/particulate ZnS
film/ZnO NRs, and (c) selective area electron diffraction pattern of the interface between
particulate ZnS film and ZnO NRs, respectively.

However, for direct adhesion of ZnS nanoparticles on the ZnO surface, mi-
cro-voids can occur in the sites between the ZnS nanoparticles. The lattice mis-
match between the ZnS nanoparticles and ZnO NRs can also cause the interface
defects. Thus, annealing processes are necessary for reduction of these crystalline
defects.

In the VLS methods using Zn and S powder sources, non-uniform adsorption of
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Zn and S vapors on the surfaces of ZnO NRs, which have different surface states
depending on crystal orientations, results in anisotropic growth of ZnS. Thus, it is
difficult to obtain dense ZnS films using this technique, but thick films can be ob-
tained. However, in the surface sulfurization processes, uniform ZnS films can be
feasibly formed, because ZnS nanoparticles are formed by ion exchange of 0%
ions on the ZnO surface and S?” ions in the solution. Furthermore, the crystal ori-
entations of ZnO NRs have negligible effect on the growth of ZnS because the ZnO
surface is surrounded by water molecules in the solution.

The PANI film synthesized by polymerization was deposited relatively uni-
formly on the ZnS film. Selected area electron diffraction patterns for the interface
between particulate ZnS film and ZnO NRs are shown in Figure 2(c). Polycrystal-

ite structure of ZnO NRs.
However, the electron diffraci
the (111) sphalerite cubic ph PDS card no. 05-0566) and
the hexagonal (008) he group P63mc; JCPDS card no.
39-1363), which have intqplanar distagces of 3.123 A and 3.120 A, respectively.
At this point, the
lar ZnS synthesis

s and dip-coating, whereas other group has reported for the polycrystalline
ANI synthesis. This discrepancy was attributed to different processes including
sources for the PANI synthesis [27].

The PANI layer and compositional surface analysis of the ZnS film/ZnO NRs
were characterized by using X-ray photoelectron spectroscopy (XPS), and the
analysis results are shown in Figure 4. Zn 2ps, (1,045 eV), Zn 2psz» (1,020 eV)
and O 1s (531 eV) peaks were observed for ZnO NRs, and S 2s (226 eV) and S 2p
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Figure 3. X-ray diffraction patterns of PANI/particulg O NRs, ZnS/znO

Intentisity (a.u.)

) peaks were observed for ZnS films. On the other hand, N 1s (399 eV)
1s (285 eV) peaks were observed for PANI. The N 1s (399 eV) peak, con-
isting of imine R3-N = C-R'R? (398.5 eV), amine R!R?-NH (399.7 eV), and pro-
tonated nitrogen -N* = (401.9 eV) signals, originated from the N element of the
aniline monomer, as shown in Figure 4(b) [28].

3.2. Photoelectrochemical Characterization

The UV-Vis absorption spectra of PANI/ZnS film/ZnO NRs, ZnS film/ZnO NRs,
and ZnO NR electrodes were measured as shown in Figure 5(a). All the spectra
present a strong absorption in the UV region between 300 and 400 nm. The band
gaps of each layers were estimated from the Tauc plots [29] as shown in Figure
5(b). The values from the line intersections were measured as 3.12, 3.16, and 2.7
eV for ZnO NRs, ZnS film/ZnO NRs, and PANI/ZnS film/ZnO
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(b)
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NRs, respectively§
showed slightly i

.1 in the Tauc plot. Thus this is due to the narrow band gap
in the range from ~2.4 eV to ~2.8 eV [30].

pping light source (on-off) was measured. The measured photocurrent density
was the photoresponse difference between the on- and off-states of the light
source.

Under white light illumination, the representative photocurrent densities of ZnO
NRs, ZnS film/ZnO NRs, and PANI/ZnS film/ZnO NRs were 0.173 mA/cm?, 0.461
mA/cm?, and 0.865 mA/cm?, respectively, at 0.5 V. The PANI/ZnS film/ZnO NR
electrode showed about 5- and 1.8-times larger photocurrent density than the ZnO
NRs and ZnS film/ZnO NRs, respectively. The ZnS film/ZnO NR electrode
showed about 2.7-times larger photocurrent density than the ZnO NRs.

These measurement results confirm the light absorption spectral analysis results
(Figure 5). The photocurrent densities of PANI/ZnS film/ZnO NRs were signifi-
cantly improved due to superior visible light absorption properties of the
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Figure 6. Photocurrent density of (a) ZnO NRs, (b) ZnS film/ZnO NRs, and (c) PANI/ZnS
film/ZnO NRs electrodes under white light (UV and visible light) irradiation.

ol | - | [| (i ||[ \ ‘ ‘

Photocurrent density (mA/cm?)

|

PANI layers. The PANI band gap was 2.7 eV as shown in Figure 5(b). Further-
more, both PANI/ZnS film/ZnO NRs and ZnS film/Zg@aagterojunction have good

srine hexagonal ZnO
NRs of lengths 0.5 - 1.5 um were bic ZnS films consist-
ing of 5 - 10-nm nanoparticles i ss of ~30 nm on the ZnO
NRs and organic PANI | i i s of ~5 nm were coated on the ZnS
films. XRD and XPS an aks for ZnS (111) and ZnO (002)
crystal planes, and C/N elfgaents and Wolecular bonding structure were observed
for PANL.

nO/FTO electrodes were studied on their interface and
ite light illumination, the PANI/ZnS film/ZnO NR elec-

film/ZnO NRs) to efficiently transfer and separate excited electrons and holes. It is
d that this hybrid heterojunction photoelectrode with proper band align-
t using organic materials could be utilized for other applications such as pho-
tovoltaics, solar CO, fuel conversion, and solar pollutant decomposition.
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