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We present a simple method to construct Au-Ag.Se-Pbs(PO.). multicomponent heterojunction. Firstly, PbSe nanoparticles
were electrodeposited onto indium-tin-oxide-coated glass electrodes. Subsequently, the resulting PbSe/ITO electrode was
immersed into a solution containing Ag®, PO,*, and surfactant at 60 °C for 24 h to fom Ag-Se nanoparticles-decorated
Pb3(PO4); nanorods heterojunction. Finally, the electrode was immersed into a solution containing AuCl* ions to
spontaneously grow Au nanoparticles onto the heterojunction. The photocurrent of the Au-Ag.Se-Pbs(POg4)2/ITO
photoelectrodes is about 200-fold larger than that of the Ag>Se-Pb3(PO4)2/ITO electrode. The mechanisms of the formation of
the heterojunction and the enhancementofthe photocurrentwere discussed.
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1. Introduction

Semiconductor-based photocatalysts have attracted
considerable interest for their potential applications in
clean energy generation and environmental remediation
[1-3]. However, the efficiency of semiconductor
photocatalyst is limited by their fast rate of charge-carrier
recombination and low visible-light absorption. This
problem can be solved by modifying the electronic band
structure for visible-light harvesting and separating
photogenerated charge [2, 3]. Among alternative strategies
for improving the photocatalytic efficiency, the formation
of a semiconductor heterojunction by combining them
with metal and/or other semiconductors has been one of
the most effective methods [4, 5].

Some phosphate salts, such as AgszPO4;, BiPOy,
Cuy(OH)PQ,, calcium phosphate, and cobalt phosphate
(Co-Pi), have been demonstrated to be excellent
photocatalysts [6-14]. Pb3(PO,),, a traditional ferroelastic
material, however, exhibits a lower photocatalytic activity
than its other phosphate counterparts. Recently, several
efforts have been devoted to extend applications of
Pb3(POy4), to environmental remediation and catalysis for
ethane oxydehydrogenation [15-17]. Singh et al. calculated
electronic structure of Pb3(PO,), and suggested a band gap
of approximately 3.0 eV [18]. Due to its wide band gap,
the photocatalytic activity of Pb3(PO,), in visible light is
very low. The photocatalytic activity may be improved by

constructing a semiconductorsemiconductor
heterojunction or the semiconductor-metal heterojunction,
or combining both to form a multicomponent
heterojunction [2, 19-21].

Bulk Ag,Se is a narrow band gap semiconductor with
a band gap of 0.15 eV. The band gaps of nanostructured
Ag,Se can vary from 1.13 to 1.8 eV due to the quantum
size effect [22-24]. By using the band gap value and
Mulliken electronegativity, the valence band top (Ecg) of
nanostructured Ag,Se can be estimated as from 0.94 eV to
1.28 eV, which are lower than that of Pb3(PO,), (3.19 eV)
[25]. Therefore, the band structures of Ag,Se and
Pb3(PO,), meet the requirements to form a heterojunction
that may facilitate the transfer of charge carriers and retard
the e-h" recombination, resulting in improved
photocatalytic performance. Another advantages of using
Ag,Se is that selenide may be favorable to form a
semiconductor-metal (e.g. Au) heterojunction, which leads
to charge separation that facilitates photocurrent
generation [26, 27]. However, it is a great challenge to
fabricate an Au-Ag,Se-Pb3(PO,), heterojunction. To the
best of our knowledge, there are no reports on fabricating
such a multicomponent heterojunction.

In this paper, we present a simple and facile method to
construct Au-Ag,Se-Pb3(PO,), heterojunction. The first
step in the procedure is to electrodeposit PbSe
nanoparticles onto indium-tin-oxide-coated (ITO) glass
electrodes. Subsequently, an one-step ion-exchange
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strategy was applied to simultaneously form Ag,Se
nanoparticles-decorated Pb3(PO,). nanorods
heterojunction.  Finally, ~Au  nanoparticles  were
spontaneously grown onto the heterojunction. The
morphology and structure of the Au-Ag,Se-Pb3(PO,);
heterojunction were studied, and enhanced photocurrents
of the heterojunction were observed. Furthermore, we
propose mechanisms to explain the formation of the
heterojunction and the enhanced photocurrent.

2. Experimental

2.1. Chemicals and materials

Pb(NO3),, sodium dodecyl benzene sulfonate (SDBS),
silver nitrate(AgNO3, and HAuCl,-4H,O were purchased

from Sinopharm (Shanghai, China). Acetic acid
(CH3COOH), sodium acetate trihydrate
(CH3COONa-3H,0), Dibasic  Sodium  Phosphate
(Na;HPO4-12H,0), sodium sulfate (Na,SO;), and

ethylenediaminetetraacetic acid disodium salt (EDTA)
were purchased from Xilong chemical engineering
(Shantou, China). Cetyltrimethylammonium chloride
(CTAC) was obtained from Beijing chemical reagent
(Beijing, China). Indium-tin-oxide-coated (ITO) glass
electrodes (7 Q/sq, 13x30x1.1 mm) were from Kaivo
optoelectronic (Zhuhai, China). Other reagents were of
analytical grade. Ultrapure water (resistivity>18 MQ cm)
was obtained from a WP-UP-IV-30 purification system
(Woter, China) and used in the all experiments.

2.2. Hlectrodeposition of PbSe thin films onto
ITO-coated glass substrates

The film electrodeposition was carried out using a
three-electrode system consisting of an indium-doped tin
oxide (ITO) covered glass as the working electrode, an
Ag/AgCl as the reference electrode, and a Pt plate as the
counter electrode. Cyclic voltammetry was carried out
using a CHI660B electrochemical workstation (CH
Instruments Inc., China). All potentials were measured
against an Ag/AgCl reference. The ITO substrates were
cleaned ultrasonically in acetone, ethanol, and then rinsed
in ultrapure water. The electrodeposition of PbSe was
performed by cycling the potential from 0 V and -1 V
using a scan rate of 50 mV/s for 20 cycles in a solution
containing 0.02 M Pb(NOs),, 0.03M EDTA, 3mM SeO,,
and 0.46 M NaySO,. The resulting dark brown film
(hereafter referred as PbSe/ITO) was washed with
ultrapure water, and dried in air at room temperature.

2.3. Conwersion of PbSe/ITO into
Ag,Se-Phz(PO,4),/ITO nanocheterojunction
thin films

The PbSe/ITO substrate was vertically immersed into
a 10-mL solution containing 0.2 mM AgNO;, 4 mM
Na,HPO,, and 1% (w/w) SDBS at 60 °C for 24 h. The
resulting slide (hereafter referred as Ag,Se-Pb3(PO,),/ITO)
was washed with ultrapure water, and dried in air at room
temperature.

2.4. Spontaneous growth of Au nanoparticles onto
AQZSe-Pbg(PO4)2/ITO slide

To a 20-mL beaker was sequentially added with 5 mL
of ultrapure water, 300 pL of 0.2 M acetic acid buffer
solution (NaAc-HAc, pH=6.0), 25 uL of HAuCl; (1%,
w/w), and 80 pL of 02 M CTAC. The
Ag,S-Pb3(PO,),/ITO slide was immersed in the above
solution at 60 °C for 3 h. After the growth of Au
nanoparticles, the slide was washed with ultrapure water,
dried in air, and hereafter referred as
Au-Ag,Se-Ph3(PO,),/ITO.

2.5. Characterization and electrochemical
measurements

The surface morphology and surface element analysis
were obtained with a Hitachi S-4800 scanning electron
microscope (SEM) equipped with an energy dispersive
X-ray (EDX) detector. X-ray Power diffraction (XRD)
measurements were carried out on an X-ray diffractometer
(X’pert PRO, Philips, Eindhoven, Netherlands).
Photoelectrochemical measurements were performed with
a homemade photoelectrochemical system. A 300 W
Xenon lamp was used as the irradiation source.
Photocurrent was measured on a CHI 660B
electrochemical workstation. An Au-Ag,Se-Pb3(PO,),/ITO
electrode with an area of 1 cm? was employed as the
working electrode. A Pt wire was used as the counter
electrode, and a saturated Ag/AgCl electrode was used as
the reference electrode. All photocurrent measurements
were performed at a constant potential of 0 V (vs saturated
Ag/AgCl) ina 0.2 M phosphate buffer solution (PBS, pH
=6.8).

3. Results and discussion

3.1. Electrodeposition of PbSe thin films onto ITO
substrates

Fig. la depicts a typical cyclic voltammogram (the
first cycle) for the electrodeposition of PbSe onto ITO
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substrate. The CV was initiated at 0.0 V, scanned in the
negative direction and reversed at -1.0 V in the positive
direction. The first reduction wave observed at -0.29 V is
contributed to the reduction of Se(1V) to Se(0) [28]. The
rapid increase in current observed at -0.72 V, is assigned to
the commencement of the electrodeposition of PbSe at the
ITO cathode. The current increased sharply to the potential
at -0.89 V and subsequently decreased. The potential scan
was reversed at -1.0 V and the current decreased and
subsequently formed a “nucleation loop” between the
cathodic and anodic branches (from -0.619 to -0.756 V),
indicating the formation of PbSe nuclei on ITO substrate.
In the reversed scan the first oxidation peak is observed at
-0.31 V, which correspond to the oxidation of elemental
lead.

The surface morphology of electrodeposited PbSe thin
films were characterized by SEM (Fig. 1b). The PbSe film
is composed of small crystallites with diameters of several
nanometers, most of which have coalesced to form
cauliflower-shaped nanostructures  (several hundred
nanometers in size). The XRD results (Fig. 1b) support the
formation of PbSe on the surface of the ITO slides.

3.2. Conwersion of PbSe/ITO into
Ag,Se-Pbs(PO,),/ITO heterojunction thin
films

If the PbSe/ITO slides are immersed in a NaHPOq
solution, PbSe converts to Ph3(PO,), because the solubility
product of Pb3(PO,), (Ksp=4x10™°) is lower than that of
the PbSe (Ksp:10'38). However, this process proceeds very
slowly that no significant conversion occurs before 4 d.
The addition of an appropriate amount of AgNO;3;
significantly accelerates the process. This may be
attributed to the formation of insoluble Ag,Se, whose
solubility product (Ks,=2x10"°%) is much lower than that of
PbSe and Pb3(PO,),. Ag® ions can be adsorbed on PbSe
crystal surface to form Ag,Se and release Pb®* ions into
the solution. Because of the simu ltaneous presence of Pb**
and PO,*, Pb3(PO,), is formed and deposited on the ITO
substrate surface. The SEM image (Fig. 1b) shows clearly
that PbSe particles disappeared after immersion in a
solution containing AgNO3, Na,HPO, and 1% SDBS
60 °C for 24 hours. However, it can be seen that a number
of nanorods with diameters of 60-100 nm and lengths of
1-2 um were formed on the surface of the ITO substrate.
The morphology of the nanorods are almost the same as
that of Ph3(PO,4), grown from a Na,HP O, solution without
AgNO3, except that the nanorods are decorated with some
20-30 nm-sized nanoparticles. From the SEM images, we
can conclude that the nanorods are Pbs(PO,4), and the
nanoparticles are Ag,Se. This deduction was also
confirmed by XRD analysis (Fig. 2c).
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Fig. 1. (a) the first cycle of cyclic voltammograms for
PbSe electrodeposition, (b) SEM image, and (c) XRD of
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Fig. 2. (a) low and (b) high magnification SEM images,
and (c) XRD of Ag,Se-Pb3(PO4),/ITO
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3.3. Growth of Au nanoparticles onto the
Ag,Se-Pbs(PO,),/ITO slides

After the Ag,Se-Pb3(POy,),/ITO slides were immersed
in the Au growth solution containing HAuCls, NaAc-HAc,
and CTAC for several hours, the films became darker with
a brown-red coloration with the increase of growth time.
This color change may be due to the growth of gold. The
XRD (Fig. 3a) analysis confirms the presence of metallic
gold in the slides. Three diffraction peaks at 26 values of
38.22°, 44.23°, and 64.23°, corresponding to (111), (200),
and (220) crystalline planes, respectively, suggest the
formation of the face-centered cubic crystalline gold
(PDF#01-089-3697). This result is in good agreement with
energy dispersive X-ray (EDX) analysis (Fig. 3b).

Fig. 3c depicts a typical SEM micrograph of the Au
nanoparticles for a deposition time of 1 h. A few large
nanoparticles with diameters of 100-200 nm appeared after
the growth of Au for 1 h. Further increasing the growth
time to 3 h, more and lager particles with diameter of
100-300 nm were observed and the nanorods were coated
with homogeneous coating layers (Fig. 3). According to
the results of XRD EDX, and SEM, we conclude that Au
nanoparticles were grown on the surface of
Agzse-Pbg(PO4)2/|TO.
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Fig. 3. (a) XRD and (b) EDX of
Au-Ag,Se-Ph3(PO4),/ITO; SEM images of

Au-Ag,Se-Ph3(PO,),/ITO  for the growth time of (c) 1 h
and (d) 3h

On the basis of our findings, we propose a possible
mechanism for the spontaneous growth of Au
nanoparticles onto the Ag,Se-Pb3(PO,),. The formation of
Au nanoparticles may undergo adsorption and redox
processes. It is well known that Au(lll) ions are easily
adsorbed onto the surface of sulfides via the strong Au-S
bond. Recent studies show that the Au-Se bond is stronger
than the corresponding Au-S bond by approximately 0.4

eV [29]. Therefore, we believe that AuCI* ions can be
adsorbed onto Ag,Se surface. The AuCI* ions on the
surface of Ag,Se can be immediately reduced to Au by
selenide, because the standard reduction potential of
AuCI*/Au redox pair (1.002 V vs. the standard hydrogen
electrode (SHE)) is higher than that of the Se/Se? (-0.924
V vs. SHE). The elemental gold should be mainly confined
to the vicinity of the Ag,Se surface. Once the
concentration of Au atoms has reached a critical value,
they will nucleate and grow into small clusters, and
eventually form Au nanoparticles.

3.4. Photoelectrochemical properties of the
Au-Ag,Se-Phz(PO,),/ITO

For comparison, we investigated the PEC properties
of three photoelectrodes: PbSe/ITO, Ag,Se-Pb3(PO,4),/ITO,
and Au-Ag,Se-Pb3(P0O,),/ITO photoelectrodes. As shown
in Fig. 4a, the PbSe /ITO photoelectrode displayed a very
low photocurrent (0.1 pA/cm?) under illumination. After
the formation of Ag,Se-Pb3(PO,), heterojunction, the
photocurrent was slightly increased to 0.14 pA/cmZ. A
significant enhancement of the photocurrent was observed
on the Au-Ag,Se-Pb3(PO,),/ITO. Upon irradiation, the
Au-Ag,Se-Pb3(PO,),/ITO prepared by grown Au
nanoparticles for 1 h produced a pronounced photocurrent
spike of 31 pA/cm?, which is approximately 200 times
higher than that of the Ag,Se-Pb3(PO,)./ITO electrode.
This photocurrent spike can be attributed to the generation
and separation of the electron/hole pairs [30]. When the
light was off, the separated electron/hole pairs
immed iately recombined, resulting in a sharp drop in the
photocurrent. No decay tail was observed, indicating the
highly efficient charge transport. Once the light was
switched on again, the photocurrent reverted to the
original value. The photocurrent kept almost constant and
instantaneous changesupon illumination on/off cycles.

The enhancement of the photocurrent can be
attributed to the formation of intense electric fields at the
Au nanoparticle surface, which increase the rate of
formation of electron/hole (e/h*) pairs at the nearby
Ag,Se-Pb3(PO,), heterojunction surface. The advantage of
the formation of e/h* pairs near the Ag,Se-Pbs(PO.),
heterojunction surface is that these charge carriers are
readily separated fromeach other and easily migrate to the
surface, where they can perform photocatalytic
transformations.

We investigated the photoelectrochemical
performance of the Au-Ag,Se-Pb3(PO,),/ITO electrodes
with different Au-grown time under illumination. As seen
in Fig. 4b, the maximum photocurrent is observed at a
growth times of 1 h. A tendency toward decreased
photocurrents was shown with increasing the growth time
of Au. This photocurrent decrement may due to the
quenching effect by more coating of Au and the dense
packing of Au nanoparticles, which is similar to those
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previously reported [31].
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Fig. 4. (a) The photocurrents of the PbSe/ITO,

Ag,Se-Ph3(PO,),/ITO, and Au-Ag,Se-Pbs(PO,),//ITO
photoelectrodes; (b) dependence of the growth times of
Au on the photocurrents

4. Conclusions

We have presented a simple method for fabricating
Au-Ag,Se-Pb3(PO,4), multicomponent heterojunction and
investigated the photoelectrochemical properties of the
heterojunction. Our method has two main advantages: 1)
through using an one-step ion-exchange strategy, Ag,Se
nanoparticles and Ph3(PO,), nanorods were simu ltaneously
synthesized and the heterojunction was in situ formed by
decorated Ag,Se nanoparticles onto Pb3(PO,4),; nanorods; 2)
Au nanoparticles were spontaneously grown onto the
surface of Ag,Se-Pb3(POy,), heterojunction, without adding
reducing agents. After growth of Au nanoparticles, the
photocurrent of the Au-Ag,Se-Ph3(PO,),/ITO
photoelectrode produced a maximum enhancement up to
200-fold compare with that of the Ag,Se-Pb3(PO,),/ITO
electrode. The enhancement of the photocurrent can be
explained by the formation of intense electric fields at the
Au nanoparticle surface, which increase the rate of
formation of e/h™ pairs at the nearby Ag,Se-Pbs(PO.),
heterojunction surface.
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