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T
he rapid depletion of natural energy
resources coupled with the worsen-
ing environmental pollution issues

call for the need to develop sustainable
energy-conversion technologies relying on
alternative resources. However, in all these
individual energy harvesting technologies,
other forms of associated energies are
usually not tapped and hence wasted. Due
to the unpredictable availability of renew-
able energy sources, it is desirable to create
a hybrid device that captures power from
multiple sources.1�4 Among the various
renewable energy resources, mechanical
vibrations5 and solar power6 are two of such
sources of energy that are readily available
and easily accessible which can be tapped
by nanogenerators7�13 and photoelectro-
chemical (PEC)14�17 cells, respectively. More-
over, both mechanical and solar energy
can also initiate H2 generation18,19 and
water pollutants degradation20�22 by piezo-
potential and photocatalysis processes which
are of great significance for environmental

remediation and renewable energy produc-
tion. Despite the fascination and compelling
benefits of fabricating a multiple-energy-
sources powered system for integrated
photocatalysis functionalities, realization of
such device is unprecedented due to various
material incompatibility and fabrication
challenges. Hence, it is of utmost importance
to develop viable fabrication processes that
encompass performance and cost trade-offs
which have limited large-scale applications
of such self-poweredmultifunctional device.
Zinc oxide (ZnO) is highly regarded for

its piezoelectric properties due to its non-
centrosymmetric lattice structure,23 making
it an ideal material for piezoelectric nano-
generators.24�30 However, as a photocatalyst,
it offers mediocre performance due to high
recombination rates and is only functional
within the ultraviolet (UV) spectrumdue to its
wide bandgap.31 Moreover, one-dimensional
nanostructure remains themostwidely used
nanostructure for piezo-nanogenerator and
PEC devices simply because fabrication of
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ABSTRACT Utilizing solar energy for environmental and energy remediations

based on photocatalytic hydrogen (H2) generation and water cleaning poses great

challenges due to inadequate visible-light power conversion, high recombination rate,

and intermittent availability of solar energy. Here, we report an energy-harvesting

technology that utilizes multiple energy sources for development of sustainable

operation of dual photocatalytic reactions. The fabricated hybrid cell combines energy

harvesting from light and vibration to run a power-free photocatalytic process that

exploits novel metal�semiconductor branched heterostructure (BHS) of its visible light

absorption, high charge-separation efficiency, and piezoelectric properties to overcome

the aforementioned challenges. The desirable characteristics of conductive flexible

piezoelectrode in conjunction with pronounced light scattering of hierarchical structure

originate intrinsically from the elaborate design yet facile synthesis of BHS. This self-powered photocatalysis system could potentially be used as H2
generator and water treatment system to produce clean energy and water resources.
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hierarchical nanostructured device is both complex
and formidable. However, it is well-known that elabo-
rate nanostructure engineering promises new oppor-
tunities and could drastically improve the energy
conversion performance. In this regard, hierarchical
nanostructures of diverse material compositions are
attractive due to their appealing attributes of long
optical paths for efficient light absorption, optimized
interfaces for visible light activation, high-quality con-
ducting media for rapid electron�hole separation
and charge transport as well as high surface areas for
fast interfacial charge transfer and electrochemical
reactions. Hence, a departure from the conventional
paradigm of one-dimensional planar device alongwith
dedication in designing materials composition and
structural architecture to promote energy conversion
efficiency is highly desirable.
In this paper, we report a multiple-energy-source

powered PEC system based on a unique metal�
semiconductor BHS. A novel seedless galvanic dis-
placement method was employed to aid in designing
complex hierarchical nanostructures of diverse materi-
al compositions at low processing requirements. A
complementary approach of partially encapsulating
BHS in polydimethylsiloxane (PDMS) for piezoelectric
harvesting while the exposed BHS undergoes facile
sulfurization was proposed for integration of vibra-
tional and solar energy conversion jointly with photo-
catalysis functionalities on an integral monolithic
platform. The sulfurized BHS aims to overcome the
previously mentioned drawbacks of ZnO material
as photocatalyst,32 and at the same time, the sulfurized
core metallic nanowires (NWs) serve as co-catalyst,
thereby offering higher charge-separation efficiency
and photosensitivity toward visible light. The synergis-
tic features of conductive flexible piezoelectrode and
favorable light manipulation33 are exhibited by the
elaborate design of BHS. This two-in-one mechanically
flexible hybrid cell combines piezoelectricity and photo-
electrochemistry to harvest mechanical and light
energy, respectively. A self-bias function of the piezo-
electric-photoelectrochemical hybrid cell is also de-
monstrated together with the photocatalytic splitting
of water and degradation of polluted water.

RESULTS AND DISCUSSION

Large quantities of silver (Ag) and copper (Cu) NWs
with uniform diameters of 100 nm and lengths ranging
from 5 to 20 μm (Supporting Information Figure S1)
were synthesized by the hydrothermalmethod. The Ag
NWs fabricated by the PVP-assisted polyol reduction
method were reported to possess a pentagonal cross-
sectionwith five-fold symmetry.34 The ends of the NWs
are terminated by {111} facets, while the side surfaces
are bounded by five {100} facets. The {100} facets
are passivated by PVP, resulting in the occurrence
of growth predominantly along the {111} facets.

The multiple twin-induced pentagonal geometry of
Ag NWs is a stable structure produced by chemical
growth methods. On the other hand, Cu NWs had a
penta-twinned structure bounded by 10 {111} facets
at the two ends and five {100} side face as well.35 ZnO
nanorods (NRs) were then grown on the Ag and Cu
NWs via a galvanic displacement deposition method,
and a highly directional growth of ZnO NRs was
observed along the length of the metallic NWs
(Figure 1a,b,f,g). The growth of ZnO NRs was observed
across the entire network of metallic NWs, indicating
the presence of good contacts between the metallic
NWs, which facilitate charge transfer for the galvanic
deposition process.
The galvanic deposition method of growing ZnO

NRs is a contact potential driven process, as shown in
Figure 1m.36 A potential bias generated from the work
function difference between themetallic NWs cathode
and aluminum (Al) foil sacrificial anode drives the
reactions shown in Figure 1m. Since the reduction
potential for Al is more negative than that of the
cathode, electrons will flow from Al to the metallic
NWs, generating a positive charge on Al (reaction 1).
A reduction reaction of dissolved oxygen occurs on the
cathodic metallic NWs substrate to produce OH� ions
(reaction 2). The Zn2þ ions in the electrolyte then react
with the OH� ions to form Zn(OH)2 on the metallic
NWs, which subsequently dehydrates to formZnONRs.

At the Al anode : Al f Al3þ þ 3e� (1)

At the metallic NWs cathode :

O2 þ 2H2Oþ 4e� f 4OH� (2)

Zn(OH)2 f ZnOþH2O

The galvanic deposition of ZnO on the facets of the
Ag NWs creates a well-defined five-sided growth
morphology, as illustrated in Figure 1m. A less directed
growth of ZnO NRs was observed on Cu NWs, probably
due to the existence of a thin copper oxide layer, which
has influenced the lattice matching and the charge
transfer of the galvanic deposition process.
The Ag-ZnO (AZ) and Cu-ZnO (CZ) BHS were then

sulfurized and the high-resolution transmission elec-
tronmicroscopy (HRTEM) images of the NRs are shown
in Figure 1k,m. A core�shell structure is observed; with
the lattice spacing of the shell being different from that
of the core, indicating the presence of two different
materials. The core is identified as ZnO with a lattice
spacing of 0.26 nm, while the shell consists of ZnS
nanoparticles with a lattice spacing of 0.31 nm.37 This
suggests that during the sulfurization process, ZnS was
formed as an outer shell layer, while the inner core
remained as ZnO, producing a core�shell structure as
reported by Kushwaha et al.38 The crystallinity of the
Ag/Ag2S-ZnO/ZnS (ASZS) and Cu/CuS-ZnO/ZnS (CSZS)
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BHS was also characterized by X-ray diffraction (XRD)
(Supporting Information Figure S3), and presence of
the diffraction planes corresponding to the various
materials indicates that the sulfurization process was
successful. The elemental composition of the sulfu-
rized heterostructure was further investigated in scan-
ning transmission electron microscopy (STEM). The
elemental maps in Figure 1c�e show the distribution
of Ag, O and S on a ASZS BHS. It can be seen that Ag is
concentrated in the core of the BHS (Figure 1c), while
S is observed to have diffused uniformly across the
entire BHS (Figure 1e), suggesting that the sulfuriza-
tion process was successful in producing ZnS and
Ag2S. Elemental mapping was also carried out on an
individual ZnO/ZnS (ZS) NR (Supporting Information
Figure S4). The presence of S is detected along with O,
but the distinction between the ZnS outer shell and
ZnO core depicted in the HRTEM images could not be
made from the elemental maps. This could be due to
hybridization of the ZnS outer shell with the ZnO core.
Elemental mapping was also carried out on the CSZS
BHS (Figure 1h�j), and a similar observation was
made. The S element was observed to be uniformly

distributed across the BHS, indicating that both the
ZnO NRs and Cu NWs were sulfurized.
X-ray photoelectron spectroscopy (XPS) was carried

out to determine the valence states of the elements
present in ASZS (Supporting Information Figure S5)
and CSZS (Supporting Information Figure S6). The
peaks at 368.3 and 374.3 eV are assigned to the binding
energies of Ag 3d5/2 and Ag 3d3/2 from Ag0 metal39

(Supporting Information Figure S5a), while the 368.8
and 374.8 eV peaks represent the binding energies
of Ag 3d5/2 and Ag 3d3/2 from Agþ in Ag2S.

39 Zn and
O peaks were also detected as shown in Supporting
Information Figure S5b,c, respectively. The Zn 2p3/2
peak can be deconvoluted into 2 peaks at 1021.7 and
1022.4 eV, which can be attributed to Zn�S and Zn�O,
respectively.40 Deconvolution of the O 1s peak re-
vealed two peaks centered at 530.1 and 531.2 eV.
The peak at 530.1 eV can be attributed to Zn�O, while
the peak at 531.2 eV is ascribed to the chemisorbed
oxygen caused by the surface hydroxyl groups, which
corresponds to the O�H bonds.41 The S 2p spectrum
(Figure 1l) is best fitted with two doublets, and the
doublet at the higher binding energies of 161.6 eV

Figure 1. SEM images of (a,b) AZ and (f,g) CZ with corresponding elemental mapping (c,d,e) and (h,i,j). (m) Schematic
illustration of the galvanic cell deposition mechanism in the formation of BHS structure. HRTEM images of (k) ASZS and (n)
CSZS and XPS spectra of (l) ASZS and (o) CSZS, respectively.
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(S 2p3/2) and 162.8 eV (S 2p1/2) is assigned to the Zn�S
bonds,38 whereas the other at a relatively lower bind-
ing energy of 159.8 eV (S 2p3/2) and 160.9 eV (S 2p1/2) is
in good agreement with the Ag�S bonds.42 This
means that the sulfurized BHS is comprised of Ag,
Ag2S, ZnO, and ZnS. For CSZS BHS, the Cu 2p3/2 and
2p1/2 peaks (Supporting Information Figure S6a) at
932.9 and 952.6 eV can be attributed to Cu0 metal,43

while the 932.4 and952.1 eVpeaks represent the binding
energies of Cu 2p3/2 and 2p1/2 of Cu

2þ in CuS.44 Similar to
theASZS BHS, the Zn 2p3/2 peak (Supporting Information
Figure S6b) can be deconvoluted into two peaks at
1021.7 and 1022.4 eV, which can be attributed to Zn�S
and Zn�O, respectively.40 Deconvolution of the O 1s
peak (Supporting Information Figure S6c) revealed two
peaks centered at 530.2 and 531 eV, which can be
attributed to Zn�O and chemisorbed oxygen (O�H
bonds), respectively.41 The S 2p spectrum (Figure 1o)
can be deconvulated into two doublets, with the
doublet of 161.6 eV (S 2p3/2) and 162.8 eV (S 2p1/2)
being attributed to the Zn�S bonds,38 while the other
doublet of 161.4 eV (S 2p3/2) and 162.6 eV (S 2p1/2) is in
good agreement with the Cu�S bonds.45

The photocatalytic performance of the BHS is shown
in Figure 2. The BHS was able to degrade methyl
orange (MO) under UV�vis illumination (300 W xenon
arc lamp, intensity 100 mW cm�2), with the CSZS BHS
exhibiting the best performance of complete degrada-
tion in 120min (Figure 2a). The BHS could also degrade

MO in visible illumination (420 nm cutoff filter) but at a
slower rate. The pseudo-first-order kinetics of the various
photocatalysts were analyzed using the pseudo-first-
order model46 as follows:

ln(C0=Ct) ¼ kt (3)

where C0 and Ct are the concentrations of MO at time
0 and t, respectively, and k is the pseudo-first-order
rate constant. The pseudo-first-order rate constants, k,
of the BHS are shown in Figure 2b. The sulfurized BHS
performed better than the nonsulfurized BHS, with the
Cu-based BHSperforming better than theAg-based BHS.
The CSZS BHS showed the highest rate constants k of
0.0224 and 0.0035 min�1 in UV�vis and visible irradia-
tion, respectively. It should be noted that without any
photocatalysts, the degradation of MO by hydrogen
peroxide (H2O2) under UV�vis irradiation was relatively
slow, while no degradation was observed under visible
irradiation. Besides MO degradation, the sulfurized BHS
was also capable of producing H2 from the photocataly-
tic splitting of water shown in Figure 2c,d. The ASZS
BHS produced H2 at a rate of 98.8 μmol h�1 g�1 under
UV�vis illumination and 20 μmol h�1 g�1 under visible
illumination, as shown in Figure 2d. The CSZS BHS
performed much better with a H2 production rate of
1250 μmol h�1 g�1 under UV�vis illumination and
182 μmol h�1 g�1 under visible illumination. A similar
trend was observed in the absorbance spectra of the
BHS (Supporting Information Figure S7). The sulfurized

Figure 2. PhotodegradationofMOunder (a) UV�vis and visible illumination. (b) Rate coefficients of theBHS in degradation of
MO. (c) Amount of H2 evolved from the sulfurized BHS in both UV�vis and visible illumination with (d) corresponding H2

evolution rates.
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BHS exhibited increased absorbance acrosswavelengths
300 to 800 nm compared to nonsulfurized BHS, with the
CSZS BHS having the highest absorbance. This shows
that sulfurization results in increased light absorption
and sensitivity toward visible wavelengths.
Sulfurization of the BHS leads to hybridization

between the band structures of oxides and sulfides,
as reported by Zhu et al.47,48 By hybridizing the wide
bandgap materials (ZnO and ZnS) with the narrow
bandgapmaterials (Ag2S or CuS), the resultant bandgap
of the composite is reduced and sensitive to
visible wavelengths. The elemental maps show the
out-diffusion of Ag and Cu to the ZnO NRs in the ASZS
and CSZS BHS, indicating the occurrence of hybridiza-
tion during sulfurization. The process of out-diffusion
also aids in optimizing the contact interface for en-
hanced heterojunction-induced charge transfer48 from
ZS to Ag/Ag2S (AS) and Cu/CuS (CS). When the BHS
is irradiated with UV�vis or visible light, electrons
are excited from the valence band to the conduction
band to produce H2 by reduction, while the holes
are quenched by the sacrificial reagent (S2�/SO3

2�).49

The transfer of photogenerated electrons to AS and
CS reduces the recombination rate, hence resulting
in enhanced photocatalytic performance. In the case
of MO degradation, photogenerated electrons react
with dissolved oxygen molecules and produce oxygen
peroxide radicals (reaction 4), while the positively
charged holes react withOH� and H2O to formhydroxyl
radicals (reactions 5 and 6). These radicals are powerful
oxidizing agents capable of degrading MO to CO2, H2O,
and other mineralization products (reaction 7).50

e� þO2 f O2
•� (4)

hþ þOH� f OH• (5)

hþ þH2O f OH• þHþ (6)

O2
•�or OH• þMO f degradation products (7)

The fabrication of the hybrid device involves sepa-
rate synthesis of the Ag and AZ electrodes and the
process is illustrated in (Figure 3a). The Ag electrode
was fabricated by pouring PDMS over the polytetra-
fluoroethylene (PTFE) membrane supported Ag NWs
filtrate and curing at 90 �C for 1 h. After removing
the PTFE membrane, the Ag electrode was obtained
in the form of a Ag NWs-PDMS matrix layer. The AZ
electrode was then fabricated by pouring PDMS on
the Ag electrode, followed by placing the AZ BHS
(supported on another PTFE membrane) on top, and
curing the PDMS at 90 �C for 1 h. After the PDMS has
cured, the PTFE membrane was removed, leaving a
partial encapsulated and partial exposed AZ BHS layer,
which was then sulfurized. SEM images depicting the
cross-section, active, and counter electrodes of the
hybrid device are shown in Figure 3c�e. The partially
exposed AZ BHS layer is shown in Figure 3d and
Figure S8 (Supporting Information). The liquid PDMS
flows inside the semiporous network of AZ BHS and
fills the pores due to capillary forces. However, the
penetration of PDMS through the layer is limited by the
compactness of the BHS from vacuum filtration, hence
resulting in a partial encapsulated layer. The cured
PDMS binds the BHS together like a film that is highly
flexible, as shown in Figure 3b. To demonstrate the
potential applications of the hybrid cell, the piezo-
electric voltage output from the hybrid cell was directly
applied to the PEC water splitting andMO degradation
with UV�vis light irradiation and ultrasonic vibration.
The piezoelectric output and PEC photocurrent were
first measured separately to understand the perfor-
mance of the individual components (Figure 4a) before
combining them together and measuring the output
from the hybrid cell (Figure 4d).
The piezoelectric response of the device subjected

to cycles of ultrasonic vibration at 60 s interval is shown
in Figure 4b, and a peak-to-peak voltage of 2 V was
recorded. The piezoelectric output in subsequent
cycles was relatively consistent with minimum decay

Figure 3. (a) Fabrication procedure of hybrid cell. (b) Photograph of flexible hybrid device with corresponding (c) cross
section SEM image. The top active layer of (d) AZ/ASZS and bottom electrode of (e) Ag nanowires are shown.
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due to the encapsulation of the ZnO NRs. When a force
normal to the nanogenerator is applied, uniaxial com-
pressive stress is generated. Due to the piezoelectric
effect, the tip of the ZnO NRs will have a negative
piezoelectric potential, increasing the Fermi level at
the tip. The electrons will then flow from the tip to
the bottom through the external circuit, generating a
positive electrical potential at the tip in the process.
The PDMS insulating layer prevents the electrons from
being transported directly across to the Ag NWs layer,
thereby maintaining the potential at the tip. Inductive
charges established at the top and bottom electrodes
due to electrostatic forces then go on to flow through
an external load. Removal of the force results in the
diminishing of the piezopotential, and this releases
the stored electrons. The sonicating process would

result in a dynamically applied stress on the device,
which drives the electrons in the external circuit
to flow back and forth, resulting in an alternating
output.51

The AZ and ASZS active electrodes were tested in
a two-electrode PEC configuration with Pt foil as
the counter electrode. After three cycles of UV�vis
illumination, the ASZS electrode exhibited the highest
photocurrent density of about 10 mA m�2, which was
twice as large as that of the AZ electrode (Figure 4c).
It is believed that the ASZS heterostructure provided
considerable synergistic effects toward reduction
in energy barrier at the interface, enhancement
of charge transport, and improvement in separation
efficiency of photogenerated carriers.52 The ASZS
BHS was also photosensitive toward visible light, and

Figure 4. Schematic illustration of (a) individual componentmeasurement of (b) piezoelectric voltage and (c) photocurrent of
the hybrid cell. Schematic illustration of (d) self-bias hybrid system via a bias link with the corresponding enhanced (e)
photocurrent measurement and (f) MO photodegradation.
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a photocurrent of about 5 mA m�2 was obtained
(Figure 4c). The photogeneration of electron�hole
pairs for the PEC experiment is similar to that of the
photocatalytic proceses. When the ASZS BHS was
illuminated, the photogenerated electrons were trans-
ferred to the Ag electrode and then moved toward the
Pt counter electrode to reduce water into H2, while the
photogenerated holes were released to the electrolyte
solution. The presence of conductive metallic NWS
at the core makes the BHS good candidates for PEC
electrodes as it negates the need to deposit them on
a conductive substrate. Being partially encapsulated in
PDMS, the BHS can be easily removed or recycled as
compared to the traditional suspension-based photo-
catalysis. In addition, the one-dimensional compo-
nents of the BHS allow for a high charge-transfer rate
with a large surface area for effective adsorption/
desorption of molecules.
The schematics in characterizing the hybrid

device under simultaneous UV�vis light irradiation
and ultrasonic vibration are shown in Figure 4d. Upon
sonication, piezoelectric charges will be generated in
the hybrid cell, and charge transfer will occur between
the Ag NWs electrode and the Pt counter electrode of
the PEC cell. This creates a voltage bias between the
active electrode of the hybrid cell and the Pt electrode
(Figure 5). The PEC photocurrent density improved
from 8 mA m�2 to 22 mA m�2 when sonication was
applied, suggesting that self-biasing due to the piezo-
electric effect has led to an increase in the photo-
current measured (Figure 4e). The Ag NWs electrode
of the hybrid cell was then disconnected from the PEC
Pt counter electrode to determine the amount of
improvement in photocurrent due solely to agitation
of electrolyte by sonication. The enhancement of the
photocurrent was lower, suggesting that the bias from
the piezoelectric voltage has a significant effect on the

photocurrent. The observed increase in photocurrent
with an alternating voltage bias from the piezoelec-
tricity can be attributed to a larger increase in photo-
current density during forward bias and a smaller
decreaseduring reverse bias. This nonsymmetric nature
of the current�voltage (I�V) curve in forward and
reverse bias is due to the rectification property of
semiconductor electrolyte junction.53

Besides light energy harvesting and H2 production,
the hybrid cell also serves to enhance PEC degradation
of MO. A configuration similar to the photocurrent
measurement was used to investigate the degrada-
tion rate of the self-biased hybrid cell. Under UV�vis
illumination with the self-bias configuration, MO was
degraded in 75 min (Figure 4f). This degradation rate
is higher than that without self-bias connection and
without sonication as shown in Figure 4d. A digital
photograph (Figure 4f inset) shows the MO before
and after complete degradation. It has been reported
that the application of a bias voltage improves the
degradation rate54 due to the enhanced transport of
photogenerated charges to the Pt counter electrode,
which suppresses recombination of the electrons
and holes. Reactions between photoelectrons at the
counter electrode and the dissolved oxygenmolecules
produced O2

•� radicals, which are capable of degrad-
ing most pollutants.55

CONCLUSIONS

A novel piezoelectric-photoelectrochemcial hybrid
device based on BHS has been fabricated and
characterized under mechanical vibration and light
irradiation. A simple method of growing ZnO NRs on
one-dimensional NW conductors is first demonstrated
in this work, along with the study of its piezo-
electric and photocatalytic properties in the hybrid
cell. We have shown that the BHS in the form of

Figure 5. Proposed charge-transfer mechanism between the piezoelectric nanogenerator and photoelectrochemical cell.
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multicomponent structural and material composition
is highly promising for enhanced solar energy harvest-
ing and conversion capabilities. This would also pave

the way for a new generation of self-powered and
flexible photocatalytic devices for environmental and
energy science applications.

EXPERIMENTAL SECTION
Synthesis of Ag and Cu NWs. Ag NWs were synthesized via

a modified polyrol process, which involved the reduction of
silver nitrate (AgNO3) in the presence of polyvinylpyrrolidone
(PVP, average mol wt 1,300,000) in ethylene glycol (EG). Two g
of iron(III) chloride (FeCl3) solution (6 � 10�4 M in EG), 0.27 g of
AgNO3, and 0.1 g of PVPwere added to 30mL of EG. Themixture
was stirred for 12 h and then transferred to a Teflon-lined
autoclave and heated at 150 �C for 1.5 h. Cu NWs were
synthesized following procedures detailed in a previously pub-
lished work.56

Synthesis and Sulfurization of Ag-ZnO (AZ) and Cu-ZnO (CZ) BHS. The
synthesized metallic NWs were filtered through a polytetra-
fluoroethylene (PTFE) membrane filter (Omnipore, pore size
0.2 μm) and rinsed with isopropanol (IPA). Aluminum (Al)
foil was adhered to the membrane supported metallic NWs
filtrate and then placed in a growth solution containing 25 mM
of zinc nitrate hexahydrate (Zn(NO3)2 3 6H2O) and 25 mM of
hexamethylenetetramine (HMT) in DI water. The solution was
maintained at 90 �C for 3 h, and the as-synthesized AZ or CZ BHS
was rinsed in ethanol and dried at 55 �C. The BHS was sub-
sequently sulfurized by immersing in 1 M Na2S solution at 70 �C
for 4 h and air-dried after rinsing with IPA.

Photocatalytic Measurement (Water Splitting and Methyl Orange
Degradation). Two mg of photocatalysts was dispersed in
10 mL of 0.35 M Na2S/0.25 M Na2SO3 aqueous solution in a
25mL quartz reaction cell sealed with a rubber septum. The cell
was purgedwith argon (Ar) gas and then irradiatedwith a 300W
xenon arc lamp (intensity 100mW cm�2) withmagnetic stirring.
Gas samples extracted periodically were analyzed with a gas
chromatograph to determine the amount of H2 produced.
Photodegradation of methyl orange (MO) was investigated
by dispersing 15 mg of photocatalysts in 15 mL of aqueous
MO solution (0.04 mM) with 0.1 mL of hydrogen peroxide
(H2O2) and stirring in the dark for 30 min to attain complete
adsorption�desorption equilibrium before illumination. The
concentration of MO was determined using a UV�vis-NIR
spectrophotometer. The experiments were repeated under
visible light irradiation with a 420 nm cutoff filter.

Fabrication of Device. The fabrication process involves sepa-
rate synthesis of the Ag and AZ electrodes. The Ag electrode
was fabricated by pouring PDMS over the PTFE membrane
supported Ag NWs filtrate and curing at 90 �C for 1 h. After
removing the PTFE membrane, the Ag electrode was obtained
in the form of a Ag NWs-PDMS matrix layer. The AZ electrode
was then fabricated by first pouring PDMS on the Ag electrode,
followed by placing the AZ BHS (attached to PTFE membrane)
on top, and curing the PDMS at 90 �C for 1 h. After the PDMS
has cured, the PTFE membrane was removed, leaving a partially
encapsulated and exposed AZ BHS layer, which was then
sulfurized via the above-mentioned procedure.

Measurement of Piezoelectric Output. Electrical contacts were
made by attaching wires to the device with conductive Ag
paste, and the device was connected to the Keithley 4200-
SCS machine to measure the piezoelectric voltage output.
Ultrasonic actuation was carried out with an ultrasonic bath
(Fisherbrand FB15051, 37 kHz).

PEC Measurement (Water Splitting and Methyl Orange Degrada-
tion). Two � 1 cm AZ and Ag/Ag2S-ZnO/ZnS (ASZS) active
electrodes were tested in a two-electrode PEC configuration
with Pt foil as the counter electrode in an aqueous 25 mM
anhydrous sodium sulfate (Na2SO4) electrolyte. The setup
was illuminated, and the photocurrents were measured using
a potentiostat (Princeton Applied Research, Parstat 4000).
PEC degradation of MO was investigated by adding aqueous
MO solution (0.4 mM) with 0.1 mL of H2O2 into the electrolyte.

Materials Characterization. The morphology of the BHS was
characterized with a SEM (JEOL FEG JSM 7001F) operated at
15 kV. The elements present in the nanostructures were ana-
lyzed using energy-dispersive X-ray spectroscopy (EDX, Oxford
Instruments), and the valence states of the various elements
were determined through XPS. The crystalline structures and
elemental compositions of the BHS were analyzed using XRD
(D5005 Bruker X-ray diffractometer equipped with graphite-
monochromated Cu KR radiation at λ = 1.541 Å), TEM,) and
STEM (JEOL 2100 TEM). Absorption spectra of the samples
were measured with a UV�vis-NIR spectrophotometer
(UV�vis, Shimadzu UV-3600). A Keithley 4200-SCS semiconduc-
tor characterization system was used to study the piezoelectric
voltage output from the BHS. The amount of H2 gas produced
from the photocatalytic experiments was measured by gas
chromatography (Shimadzu GC2010 TCD). The photocurrent
from the PEC cell was measured using a potentiostat (Princeton
Applied Research, Parstat 4000).
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