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ABSTRACT

A novel hybrid heterojunction composite (MoS;@Cu/Co-MOF) was fabricated via hydrothermal method for
hydrogen production via water splitting and wastewater treatment. The as-prepared MoS;@Cu/Co-MOF heter-
ostructure was characterised using X-ray diffraction (XRD), Transmission electron microscopy (TEM), Field
emission-scanning electron microscopy (FE-SEM), Brunauer-Emmett-Teller (BET), UV-Vis Diffuse Reflectance
Spectroscopy (UV-vis DRS), Electrochemical impedance spectroscopy (EIS) and Chronoamperometry (CA). The
FE-SEM and TEM confirmed the formation of a heterojunction composite since their images showed multi-
stacked layers of MoS; nanosheets uniformly grown onto the octahedral shape of Cu/Co-MOF. Furthermore,
the optical and piezo-electrochemical properties of the MoS,@Cu/Co-MOF heterostructure were improved as
confirmed by UV-DRS and CA. The internal piezoelectric field generated through ultrasonic vibration improved
the separation of photogenerated charge carriers, thus enhancing photocatalytic performance. Under synergistic
effect (combination of photocatalysis and piezocatalysis), MoS;@Cu/Co-MOF heterojunction composite
exhibited maximum hydrogen (Hj) production of 1308.028 umol, which was greater than under individual
processes including photocatalysis (832.381 umol) and piezocatalysis (1010.749 pmol). Furthermore, the
MoS2@Cu/Co-MOF heterojunction composite achieved the highest degradation efficiency of 82 % under both
light and ultrasonic irradiation. The plausible hydrogen production and degradation mechanism was proposed.
This study offers valuable insights into the development of highly efficient and versatile heterostructure mate-
rials aimed at producing clean hydrogen energy and water.

1. Introduction

based on (i) harnessing sunlight (solar energy) and splitting mainly
water as a renewable resource, (ii) it is a safe technology that does not

The production of clean hydrogen (Hy) is necessary for achieving a
sustainable and low-carbon energy future, by providing a zero-emission
energy source. Several traditional methods, such as steam reforming,
partial oxidation, and autothermal steam reforming, have been
employed in the past years to produce a large amount of Hy. However
these methods are associated with the emission of greenhouse gases
(GHGs) which have a negative impact on the environment [1-5]. On the
other hand, photocatalytic hydrogen production via water splitting of-
fers several advantages over traditional methods. This technology is
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depend on fossil fuels, thus reliable for decarbonization and climate
change mitigation, (iii) it operates at atmospheric temperature and
pressure, therefore doesn’t require any heat or pressure [6,7]. However,
the fast recombination of the photogenerated charge carriers (electrons
(e) and holes (h™)) compromises the efficiency of the photocatalytic
performance, thus restricting its practical application [8-10]. To date,
several strategies, including doping, heterojunction formation, and
morphological control, have been used to improve the photocatalytic
performance [11,12]. But, there’s still a need for effective separation of
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charge carriers and transfer for overall better photocatalytic
performance.

Recently, the piezoelectric effect has been shown as another effective
strategy to inhibit the recombination of photogenerated charge carriers.
The deformation of piezoelectric materials under the influence of me-
chanical vibration generated an internal piezoelectric field for the sup-
pression of charge carriers [13,14]. Various lead-based piezoelectric
materials, such as lead zirconate titanate (PZT) has widely employed
due to their high piezoelectric coefficient (dss ~ 500-600 pC/N,),
polarizability, and conductivity [15]. For example, Xu et al.[16] have
demonstrated that in the presence of ultrasonic vibration,
PbTiO3/g-C3N4 heterostructure exhibited excellent photocatalytic per-
formance due to spontaneous polarization. However, the toxicity of lead
(Pb), a key component in PZT, raises significant health and environ-
mental concerns. Due to the toxicity concerns associated with Pb, there
has been a significant push towards developing and using lead-free
piezoelectric materials.

Molybdenum disulfide (MoS,) has been utilized as lead-free based
piezo-photocatalyst for several applications, including photocatalytic
water splitting due to its excellent piezoelectric and optical properties
[17,18]. Furthermore, its narrow band gap enables the absorption of
visible light and the generation of electron-hole pairs when exposed to
light. Therefore, these properties have made MoS, an ideal photo-
catalyst for various photocatalytic applications. Despite these strengths,
setbacks such as lower surface area, limited photon capture, catalytic
active sites, and faster kinetic mass transfer. Hence, additional modifi-
cation is required to improve the surface area and dispersion of the
photocatalyst material.

Metal-Organic Frameworks (MOFs) are porous crystalline materials
composed of metal ions or clusters connected by organic ligands. This
arrangement creates a framework characterized by a substantial surface
area and high porosity. Their modular structure permits precise
adjustment of their chemical and physical properties [19]. In this regard,
the synergistic effect of MOF-based semiconductor composites offers a
novel material with excellent properties such as higher surface area,
porosity, and good chemical stability. For instance, ZnO coupled with
HKUST-1 MOF was reported for photocatalytic elimination of organic
pollutants [20]. The hybrid composite (ZnO@MOF) possessed excellent
degradation efficiency under sunlight exposure. In another study,
ZnO-based heterostructure consisting of HKUST-1 MOF also showed an
exceptional visible-light H evolution rate of 467.1 pmol h™* g~! [21].

In the quest for wastewater treatment, various technologies have
been implemented to purify wastewater. These methods include
adsorption [22,23], membrane filtration [24-26], ozonation [27-29],
and reverse osmosis [30,31]. However, some of these approaches come
with drawbacks such as high operational costs, complexity, incomplete
removal of contaminants, and the production of toxic secondary sludge
[9]. On the other hand, semiconductor-based photocatalysis is regarded
as an ideal solution to these challenges due to its cost-effectiveness, ef-
ficiency, and eco-friendly nature, as it directly harnesses solar energy
[32].

To the best of our knowledge, the piezo-photocatalytic hydrogen
production and wastewater purification using MoS; catalyst coupled
with bimetallic MOF (Co/Cu-MOF) has not been reported yet. Hence, we
report a novel hydrothermally synthesized MoS,@Co/Cu-MOF hetero-
structure composite for photocatalytic, piezocatalytic, and piezo-
photocatalytic hydrogen production and degradation of organic pollut-
ants. The developed piezo-photocatalyst composite (MoS;@Co/Cu-
MOF) was confirmed using XRD, FTIR, FE-SEM, TEM, TGA, and BET.
The overall study shows that bimetallic MOF-based coupled with pie-
zocatalyst can be employed in various photocatalytic applications,
including hydrogen production and wastewater treatment, due to their
improved properties.
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2. Materials and methods
2.1. Materials

All reagents used for synthesis were of analytical grade such as cobalt
nitrate hexahydrate (Co(NO3)2-6 H30), copper nitrate hexahydrate (Cu
(NO3).3H30), benzene-1,3,5-tricarboxylic acid (BTC) and N, N-Dime-
thylformamide (DMF) were purchased from Sigma Aldrich, South Af-
rica. The commercial bulk molybdenum disulfide (MoSz) employed for
the formation of heterojunction with Cu/Co-MOF was also purchased
from Sigma Aldrich, South Africa. All compounds and chemicals were
used as received without additional purification. Ultrapure distilled
water was employed during the entire study.

2.2. Piezo-photocatalyst synthesis

Hydrothermal method was employed to synthesise Cu/Co-MOF [33].
Here, about 2.85 mmol of benzene-1,3,5-tricarboxylic acid (BTC) was
dissolved in a mixture of DMF, ethanol, and distilled water (Hy0) with a
volume (v) ratio of 2;2;1, respectively. The solution mixture was stirred
for 30 min at room temperature. Thereafter, an amount of 3 mmol of Cu
(NO3)2.3H20 and 2 mmol of Co(NO3),-6 HO were added to the above
solution mixture and further stirred for an additional 30 min. The ho-
mogenous mixture consisting of Cu(NO3),.3H20, Co(NO3)2-6 Hy0, and
BTC was transferred into a Teflon autoclave and heated at 120 ° C for 24
hrs in an oven. The Cu/Co-BTC (MOF) precipitates were filtered and
washed with a mixture of ethanol and deionised water several times.

To develop MoS;@Cu/Co-MOF heterojunction composite, the same
above hydrothermal synthetic route for the preparation of Cu/Co-MOF
was followed, except that a certain amount of MoS; was added with
Cu(NO3),.3H50 and Co(NO3),-6 HyO into BTC solution.

2.3. Characterisation analysis

X-ray diffraction (XRD, Ultima IV-Rigaku) was employed for phase
identification and to investigate the purity of the fabricated piezo-
photocatalyst. The external morphology of the materials was investi-
gated using Field emission-scanning electron microscopy (FE-SEM, Zeiss
Crossbeam 540) coupled with Energy dispersive X-ray spectroscopy
(EDS). For internal morphological analysis, Transmission electron mi-
croscopy (TEM, JEM-2100, Japan) was employed. Agilent Cary 600
Series Fourier transform infrared spectroscopy (FTIR) was employed to
detect the functional groups within the fabricated materials. The surface
area and thermal stability were determined using Brunauer-Emmett-
Teller (BET, St 1 on NOVA 800) and Thermogravimetric analysis
(TGA, PerkinElmer, Paris), respectively. The rate of electron and hole
recombination was determined by measuring photoluminescence (PL)
emission peaks using a Fluorescence spectrophotometer (F-186 2710,
HITACHI) at 440 nm excitation. The ciprofloxacin (CIP) concentration
and optical properties were investigated using UV-vis spectrophotom-
eter (Agilent Technologies Cary 60 UV-vis). Electrochemical properties,
including electrochemical impedance spectroscopy (EIS), piezo-
electrochemical behavior, and transient photocurrent response (TPR)
were examined with an Autolab potentiostat (PGSTAT204).

2.4. Piezo-photocatalytic hydrogen production and degradation
experiment

Photocatalytic Hy production was conducted in a closed reaction cell,
and an amount of 100 mg piezo-photocatalyst was added into 50 mL
solution of distilled water (H20). The solution mixture was purged with
nitrogen gas (N2) prior to piezo-photocatalytic water splitting. In this
experiment, 150 W Osram lamp and ultrasonicator were employed as
sources of light and vibration irradiation, respectively. A 50 mL gas
syringe was used to collect the volume of Hy and Oy produced. By
assuming both gases act as ideal gases, an ideal gas law was utilized to
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Scheme 1. Schematic representation for the preparation of MoS,@Cu/Co-MOF heterojunction composite.

calculate the amount of Hy and O; produced.

For the piezo-photocatalytic degradation of ciprofloxacin (CIP), a
100 W Xenon (Xe) lamp and UP400St ultrasonicator probe were used to
initiate light irradiation and ultrasonic vibrations, respectively. In this
process, 100 mg of the heterojunction composite was dispersed into
75 mL of a solution containing 5 ppm of CIP at neutral pH (6.5). The
degradation of CIP was monitored at a wavelength of 276 nm using a
UV-vis spectrophotometer (Agilent Technologies Cary 60 UV-vis) under
simultaneous light irradiation and ultrasonic vibration. The solution was
maintained at 25 + 1°C using a circulating ice water bath. Aliquots of
4 mL were taken every 10 min throughout the degradation process.

3. Results and discussions
3.1. Structural analysis

Fig. 1(a) illustrates the FTIR spectra of Cu/Co-MOF and MoS;@Cu/
Co-MOF, which exhibit a peak at 731 cm ™! due to the coordination of
metal ions (Cu?*/ Co?") with O—C=O0 from the BTC organic linker [34].
The peaks at 1374 and 1445 cm™! were assigned to the stretching of the
aromatic ring. These stretching bands at the range of 1528-1610 cm ™
and 1373-1430 cm™! correspond to the asymmetric and symmetric
modes of the carboxylate groups in the Cu/Co-MOF. Similar vibration
bands were observed in the MoS;@Cu/Co-MOF composite spectrum;
however, a slight difference was observed. The peak at 1715 cm ™! being
characteristic of the partially coordinated benzene-1,3,5-tricarboxylic
acid (BTC), became more distinct after the formation of hetero-
structure composite (MoS2@Cu/Co-MOF). The FTIR spectra of MoS;
shows a peak at 620 cm ™! corresponding to Mo-S stretching vibration

1(a)

Cu/Co-MOF
MoS,@Cu/Co-MOF

Intensity (a.u)
Intensity (a.u)

T T T T T T T T
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

[35], whereas other multiples peaks at lower bands (700-1150 cm’l)
can be attributed to sulfate groups and S-S bonds at 483 and 931 cm™!
[35] (Figure S1).

The XRD analysis was conducted to identify the phases and assess the
purity of the fabricated piezo-photocatalyst [36]. As shown in Fig. 1(b),
the diffraction pattern of the MoS; nanosheets exhibited multiple peaks
corresponding to the hexagonal structure (JCPDS no. 37-1492) [13,37].
Additionally, the presence of the (002) reflection with a d-spacing of
0.62 nm indicates that the MoS, nanosheets consist of multiple stacked
layers, similar to bulk MoS; powder. The bimetallic MOF (Cu/Co-MOF)
was highly crystalline, as observed in Fig. 1(b). The fabricated bimetallic
MOF displayed an XRD pattern similar to those of Cu-Co-BTC MOF re-
ported in the literature [38]. The XRD pattern of the heterostructure
composite (MoS;@Cu/Co-MOF) showed a prominent (002) peak, con-
firming the successful formation of the heterostructure with
Cu/Co-MOF. Both Cu/Co-MOF and MoS; peaks were present in the
heterostructure composite (MoS;@Cu/Co-MOF), with no additional
peaks, indicating its high purity.

The external morphology of the prepared piezo-photocatalyst was
examined using FE-SEM analysis at various magnifications. As depicted
in Fig. 2(a), the bimetallic MOF displayed a rough octahedral shape. At
higher magnification, it is evident that this octahedral structure was
formed by compacted nanorods (Fig. 2(b)). Fig. 2(c,d) shows multiple
stacked layers of the fabricated MoS: nanosheets. The formation of the
heterojunction is confirmed in Fig. 2(e,f), where it can be clearly seen
that the MoS: nanosheets are deposited on the surface of the octahedral
bimetallic MOF. Additionally, the elemental analysis of the hetero-
junction composite revealed the presence of Mo from the MoS: and Cu/
Co from the bimetallic MOF (Cu/Co-MOF), confirming the successful

MoS,@Cu/Co-MOF

o Jl 1 _k A_J\_.__'_A__na_

+Cu/Co-MOF

10 20 30 40 50 60 70
20

80

Fig. 1. (a) FTIR spectra and (b) XRD pattern of MoS,, Cu/Co-MOF and MoS,@Cu/Co-MOF.
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Fig. 2. FE-SEM images for (a,b) Cu/Co-MOF, (c,d) MoS,, (e,f) MoS,@Cu/Co-MOF at different magnifications and (g) EDS spectrum for heterojunction composite.
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fabrication of the heterojunction composite (Fig. 2(g)).

The internal surface morphology of the developed piezo/photo-
catalyst materials was investigated using TEM at different magnifica-
tions (Fig. 3(a-i)). As depicted in Fig. 3 (a-c), the bimetallic MOF
exhibited a rod-like morphology structure. The small spherical particles
on the surface of the nanorods demonstrate cobalt (Co) nanospheres.
The 2D-MoS; showed an irregular multiple stacked sheets-like structure
(Fig. 3(d-f)). The morphology of MoS,@Cu/Co-MOF depicted in Fig. 3
(g-i) shows that the MoS; nanosheets were wrapped around the surface
of Cu/Co-MOF. These TEM micrographs also provide more evidence for
the successful formation of heterojunction composite (MoSy@Cu/Co-
MOF).

3.2. Thermal and surface analysis

Thermal Gravimetric Analysis (TGA) was employed to determine the
thermal stability of the pristine materials and heterojunction composite.
The bimetallic MOF (Cu/Co-MOF) exhibited three (3) distinctive
decomposition steps (Fig. 4(a)). The first degradation step at around the
temperature range of 28-100 °C is due to evaporation of the adsorbed
water molecules on the surface, whereas as second degradation step
which occurs at approximately 270-350 °C is attributed to the removal
of solvent and water molecules which are trapped within the pores of the
bimetallic MOF [39]. The last continuous thermal decomposition step
around 400-600 °C is due to the disintegration of the BTC organic linker
within the bimetallic MOF to form bimetallic oxide [40-44]. Upon
successful formation of a heterojunction composite between MoS; and
Cu/Co-MOF, it was noticed that the heterojunction composite also
exhibited three distinctive decomposition steps similar to that of pristine
Cu/Co-MOF. However, improved thermal stability was observed due to
MoS; nanosheets wrapped around the surface of Cu/Co-MOF. This also
confirms the successful formation of heterojunction composite.

The surface area and pore sizes of the developed piezo-photocatalyst
materials play a significant role in piezo-photocatalytic process. As a
result, the BET analyser was used to determine surface area of the porous
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materials fabricated. As shown from the nitrogen (N3) sorption iso-
therms (Fig. 4(b) and Figure S2), the prepared materials (MoSz, Cu/Co-
MOF, and MoS;@Cu/Co-MOF) showed type IV adsorption-desorption
isotherms, suggesting their mesoporous structure according to Interna-
tional Union of Pure and Applied Chemistry (IUPAC) [45-47]. The BET
surface area for MoS;, Cu/Co-MOF, and MoS;@Cu/Co-MOF were
determined to be 5.295, 322.094, and 380.585 mz/g, respectively
(Table 1). It was observed that the heterojunction composite
(MoS,@Cu/Co-MOF) showed the highest specific surface area compared
to pristine materials (MoSy and Cu/Co-MOF). This large surface area
could provide more active sites within the heterojunction composite,
which can improve the piezo/photocatalytic activity [48]. The average
pore sizes were found to be 3.42, 3.84, and 3.40 nm for MoS,,
Cu/Co-MOF, and MoS;@Cu/Co-MOF, respectively. This shows that the
formation of heterojunction composite led to a slight decrease in pore
size due to the possibility of MoSy being trapped within the porous
structure of bimetallic MOF.

3.3. Optical and piezo-electrochemical properties

UV-Vis DRS analysis was employed to examine the wavelength re-
gions at which the prepared piezo/photocatalyst absorbs photons. As
shown in Fig. 5(a), the optical properties were investigated at a wave-
length range of 200-800 nm. All the samples absorbed the photons in
the visible regions, Cu/Co-MOF and MoS;@Cu/Co-MOF wavelength
band-edges were extrapolated to be 433.568 and 473.706 nm, respec-
tively. However, the MoS; nanosheets covered the whole absorption
spectrum (200-800 nm). The formation of heterojunction between
MoS; and Cu/Co-MOF extended the absorption wavelength edge of Cu/
Co-MOF from 433.568 to 473.706 nm within MoS;@Cu/Co-MOF,
making heterojunction composite (MoS2@Cu/Co-MOF) a better solar
harvesting catalyst as compared to pristine materials.

The tauc’s plots derived from the UV-DRS data were used to deter-
mine the direct band gaps of the materials by applying the Eq. (1.1)
below:

Fig. 3. TEM images for (a-c) Cu/Co-MOF, (d-f) MoS, and (g-i) MoS,@Cu/Co-MOF at different magnifications.
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Table 1
BET surface areas and pore sizes for MoS,, Cu/Co/MOF and MoS,@Cu/Co-MOF.

Catalyst BET surface areas (m?2/ g) Pore sizes (nm)
MoS, 5.295 3.42
Cu/Co-MOF 322.094 3.84
MoS,@Cu/Co-MOF 380.585 3.40

(ohv) = A(hv - EQ)" (1.1)

Where extinction coefficient, Planck’s constant, incident light fre-
quency, constant, and energy band gap are represented by o, h, v, A, and
Ey, respectively.

The extrapolated direct energy band gaps were found to be 2.86,
1.98 and 2.62 eV for Cu/Co-MOF, MoS; and MoS,@Cu/Co-MOF,
respectively. The formation of heterojunction between MoS; and Cu/Co-
MOF improved charge carrier transfer and more efficient utilization of
visible light, as demonstrated by UV-DRS spectra.

The Mott-Schottky (M-S) analysis was used to determine the flat
band potential and the type of semiconductors employed. As shown
from the M-S plot (Fig. 5(e,f)), the fabricated materials exhibited posi-
tive slopes, thus suggesting their n-type characteristics [49]. Based on
the M-S plot, the extrapolated flat band potentials were obtained to be
—0.78 and —0.63 (V vs Ag/AgCl), which is equivalent to —0.58 and
—0.43 V vs normal hydrogen electrode (NHE) for MoS; and Cu/Co-MOF,
respectively. The conduction band (CB) potential for n-type semi-
conductors is usually — 0.1 to —0.2 V more negative than the flat band
potential [49,50], thus the corresponding CB/LUMO potentials were
calculated to be —0.68, and —0.53 vs normal hydrogen electrode (NHE)
for MoS, and Cu/Co-MOF, respectively. Furthermore, the obtained en-
ergy band gaps were used to determine valance band (VB) edge poten-
tials using Eq. (1.2) below:

Eyp =E;+ Ecg (1.2)

According to the band gaps, the valence band (VB)/HOMO potentials
were calculated to be 1.30 and 2.33 V vs NHE for MoS, and Cu/Co-MOF,
respectively.

The photoluminescence (PL) was used to investigate the rate of the
charge carrier recombination. From literature, it has been reported that
lower PL intensity is associated with lower recombination rate of charge
carriers [51,52]. The emission PL spectra showed that Cu/Co-MOF had
highest PL intensity as compared to MoS; and MoS;@Cu/Co-MOF
(Fig. 6(a)). Therefore, suggesting that faster recombination of electrons
and holes for Cu/Co-MOF. On the other hand, significant decrease in PL
intensity was observed in MoS; nanosheets and the heterojunction

composites. The MoS2@Cu/Co-MOF heterojunction composite exhibi-
ted the lowest PL emission peak, with about 80 % reduction. This lower
peak intensity demonstrates that the formation of heterojunction be-
tween MoS; and Cu/Co-MOF could inhibit or lower the rate of photo-
generated electrons and hole recombination. Additionally, the
low-energy tail of the PL spectrum suggests the presence of
sub-bandgap features, likely due to defects in the MoS,@Cu/Co-MOF
heterojunction. The PL results indicate that MoS,@Cu/Co-MOF excels in
separating and transporting spatial electrons and holes, which is the
main reason for its superior photocatalytic activity.

In addition, the transient photocurrent (TPC) response was con-
ducted by switching visible light On/Off to determine the photoactivity
of the fabricated piezo-photocatalyst in terms of their charge separation
efficiency and the effective lifetime of charge carriers. As shown in Fig. 6
(b), the heterojunction composite exhibited a higher photocurrent of
0.40 mA, which was 2.0 and 3.30 times greater than that of MoS,
(0.2 mA) and Cu/Co-MOF (0.12 mA) pristine materials, respectively.
These results further confirm that the formation of heterojunction be-
tween MoS,; and Cu/Co-MOF could inhibit the fast recombination of
photogenerated charge carriers, thus improving charge separation and
transfer. Additionally, the high-intensity spike, referred to as decay,
observed in the plot—unlike the simple rectangular "on-off" response-
—indicates that the photogenerated holes have a long lifetime. This also
demonstrates significant band bending due to the accumulation of hole
carriers near the photoanode interface, leading to electron depletion.
The more pronounced the band bending, the better the charge separa-
tion, and the lower the recombination rate of photogenerated holes and
electrons.

To determine the piezoelectric effect of the developed materials,
chronoamperometry studies were conducted by switching ultrasonic
vibration cycles On/Off. As observed in Fig. 6(c), all samples have
shown to exhibit a piezoelectric effect since, under ultrasonic vibration,
a notable piezocurrent was generated. The MoS, nanosheets exhibited
greater piezoelectrochemical current as compared to Cu/Co-MOF,
because MoS; nanosheets as a piezoelectric material, have higher
piezoelectric coefficients than MOFs. However, a significant increase in
piezocurrent was observed when heterojunction formation between
MoS; and Cu/Co-MOF was formed. This shows that coupling piezo-
electric materials with MOFs could lead to generating an internal
piezoelectric field under ultrasonic vibration, which can suppress the
recombination of photogenerated electrons and holes, thus improving
current mobility and separation of charge carriers. The piezo-
electrochemical current exhibited by MoS; and Cu/Co-MOF and
MoS;@Cu/Co-MOF were 0.582, 0.467 and 0.838 mA, respectively
(Table 2).

Furthermore, EIS was employed to investigate the charge migration
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Fig. 5. (a) UV-vis DRS, (b,c) tauc’s plots for MoS,, Cu/Co-MOF and MoS,@Cu/Co-MOF heterojunction composite and (e,f) M-S plot.

and separation of the piezo-photocatalyst. The semi-circular pattern
shown in Fig. 6(d) results from the charge transfer process, with its
resistance corresponding to the diameter of the semicircle. The pristine
materials (MoSy and Cu/Co-MOF) had large semi-circles, suggesting
higher charge transfer resistance (R.¢). The heterojunction formation led
to a decrease in semi-circle, indicating its lowest interfacial charge
transfer resistance (R¢y). This low charge transfer allows easy migration
of electrons within the heterojunction composites, thus leading to sup-
pression of photogenerated electrons and holes by improving photo-
catalytic activity. The R values of the catalysts follow the order: MoS,
> Cu/Co-MOF > MoS;@Cu/Co-MOF. The heterojunction composite
demonstrated improved charge separation compared to the pristine
materials, as indicated by the photocurrent and piezocurrent response

measurements in Fig. 6(b,c)).
3.4. Piezo-photocatalytic hydrogen production

The prepared piezo-photocatalyst (MoS;, Cu/Co-MOF and
MoS,@Cu/Co-MOF) were investigated for photocatalytic, piezocatalytic
and piezo-photocatalytic hydrogen production under different condi-
tions (light irradiation, ultrasonic irradiation or both light and ultrasonic
irradiation). Under light irradiation (photocatalysis), the pristine ma-
terials (MoSz and Cu/Co-MOF) exhibited low photocatalytic Hy gener-
ation, which could be due to fast recombination of photogenerated
charge carriers ((Fig. 7(a,b)). However, an improved photocatalytic Hy
generation was observed when a heterojunction composite (MoS;@Cu/
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heterojunction composites.

Table 2

Piezoelectrochemical and optical parameter measurements.
Catalyst Photocurrent Piezocurrent Charge transfer ~ Energy

(mA) (mA) resistance Re; band gap
Q) (eV)

MoS, 0.20 0.582 292.44 1.98
Cu/Co-MOF 0.12 0.467 152.32 2.86
MoS,@Cu/ 0.40 0.838 76.49 2.62

Co-MOF

Co-MOF) was employed. These results further confirm that the forma-
tion of a heterojunction composite between MoS; and Cu/Co-MOF could
promote the separation of photogenerated carriers, thus improving
photocatalytic performance. The amounts of Hy generated were
401.327, 654.014, and 832.381 pmol using Cu/Co-MOF, MoS,, and
MoS;@Cu/Co-MOF, respectively, after 30 min of light irradiation.
Under ultrasonic vibration (piezocatalysis), MoSs demonstrated higher
piezocatalytic Hy production compared to Cu/Co-MOF (Fig. 7(c,d)).
This is attributed to MoS;’s classification as a piezoelectric material with
excellent piezoelectric properties. When the MoS, piezocatalyst un-
dergoes mechanical vibration during ultrasonic irradiation, it generates
a piezoelectric potential that drives free carriers to engage in redox re-
actions. Additionally, the formation of a heterojunction between MoS;
and Cu/Co-MOF provides a large number of free carriers for the com-
posite, thereby enhancing its piezocatalytic activity compared to the
pristine MoS; sample. The MoS,@Cu/Co-MOF heterojunction compos-
ite achieved the highest piezocatalytic Hy production yield, approxi-
mately 1010.749 pmol, which was 1.6 and 4.8 times more than that of

pure MoS; and Cu/Co-MOF, respectively. The piezo-photocatalytic Hy
production was investigated under both light and ultrasonic irradiation.
As depicted in Fig. 7(e,f), the amount of Hy generated by all piezo-
photocatalysts during the piezo-photocatalytic process was signifi-
cantly higher compared to either photocatalysis or piezocatalysis alone.
This suggests that the synergy between ultrasonic vibration and light
irradiation is crucial for enhancing hydrogen evolution. Piezo-
photocatalytic Hy produced was obtained at 1040.477 and 445.919
umol for pure MoS; and Cu/Co-MOF, respectively. The exceptional
piezo-photocatalytic Hy generated by MoS,@Cu/Co-MOF composite
reached about 1308.028 umol within 30 min. Comparing the Hy pro-
duction by heterojunction composite under different processes (photo-
catalysis, piezo-photo catalysis). It was observed that the Hy production
yield of the piezo-photocatalytic system was 1.3 times greater than that
of the piezoelectric system and 1.6 times higher than that of the pho-
tocatalytic system. This further illustrates the synergistic effects of
piezoelectric and photoelectrical mechanisms in the MoS,@Cu/Co-MOF
heterojunction composite. Our study was compared with other existing
piezo-photocatalysts, as presented in Table S1. The synergistic effect was
quantified using the Eq. (1.3) below:

SynergiSﬁC E_ﬂ: ect = (HP combined — HP expected ) / HP expected (13)
Where HP.ombined iS the hydrogen produced via piezo-photocatalysis,
and HPeypected is the sum of the hydrogen produced via photocatalysis
and piezocatalysis.

A zero value indicates no synergy, whereas a positive and negative
value indicates a positive and antagonistic effect, respectively. The
calculated synergistic effect value was —0.29, thus confirming antago-
nistic effect synergy. This could be because, in a coupled system, the
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Fig. 7. (a,b) Photocatalytic (b,c) piezocatalytic and (c,d) piezo-photocatalytic hydrogen (H») production.

photocatalyst and piezocatalyst may compete for the same active sites
on the material, reducing the overall efficiency of both processes. If the
active sites are limited, the piezocatalytic and photocatalytic processes
might hinder each other’s effectiveness.

3.5. Piezo-photocatalytic degradation

The fabricated heterojunction composite was further analyzed for its
ability to adsorb, as well as to degrade ciprofloxacin (CIP) through
piezocatalytic and piezo-photocatalytic processes (Fig. 8(a)). During the
adsorption process, without light or ultrasonic irradiation, the com-
posite removed approximately 36 % of CIP from wastewater. When
exposed to visible light, the MoS,;@Cu/Co-MOF achieved a maximum

degradation efficiency of 60 % within 60 min. Notably, the introduction
of mechanical force through ultrasonic vibration significantly enhanced
the photocatalytic degradation. Under both light and ultrasonic irradi-
ation, the degradation efficiency increased to 82 %. This improvement
was attributed to the internal piezoelectric field generated by the pie-
zocatalyst (MoSz) under ultrasonic vibration, which reduced the rapid
recombination of photogenerated electrons (e’) and holes (h™). The
adsorption and degradation data were fitted using pseudo-first-order
kinetics. The rate constants (k) were determined as the slope from the
plot of In(C,/Cy) versus time (t) in Fig. 8(b). From this plot, the derived
rate constants (k) were 0.0060, 0.0142, and 0.0243 min~" for adsorp-
tion, photocatalysis, and piezo-photocatalysis, respectively. These re-
sults demonstrate that the removal efficiency was significantly faster
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Fig. 8. (a) Piezo-photocatalytic degradation of CIP, (b) kinetic studies, (c) scavenger studies, and (d) cyclic experiment using heterojunction composite.

when piezo-photocatalysis was employed. Table S2 compares the find-
ings of this study with those from existing literature.

To identify the active species responsible for the piezo-photocatalytic
degradation of CIP, a trapping or scavenger experiment was conducted
(Fig. 8(c)). In this experiment, tert-butanol (t-BuOH), ethylenedi-
aminetetraacetate salt (EDTA), silver nitrate (AgNO3), and p-benzoqui-
none (p-BZQ) were used as trapping agents to inhibit the generation of
hydroxyl radicals (eOH), holes (h™), electrons (e), and superoxide
radicals (#03), respectively. Without the trapping agents, the degrada-
tion efficiency was around 82 %. However, the addition of trapping
agents led to a noticeable reduction in degradation efficiency. When t-
BuOH was introduced, the efficiency dropped significantly from 82 % to
32 %, indicating that hydroxyl radicals ("OH) play a major role in the
piezo-photocatalytic degradation of CIP. With the addition of EDTA and
p-BZQ, the efficiency further decreased to 45 % and 48 %, respectively,
suggesting that superoxide radicals (*03) and holes (hh) are secondary
active species. Electrons (e’) had a minor role in the process, as the
degradation efficiency remained relatively high (68 %) in the presence
of AgNOs.

The re-usability and stability of the MoS,@Cu/Co-MOF hetero-
junction composite were investigated by performing a cyclic experi-
ment. The cyclic experiment was carried out by using the same
heterojunction composite for the degradation process for several cycles.
After each cycle, the heterojunction composite was dried for 5 hrs in an
oven at 60 °C. A noticeable reduction of 12 % degradation efficiency was
observed after 6th cycle treatment (Fig. 8(d)), thus suggesting a possible
reusability of the prepared heterojunction composite in real application.
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3.6. Proposed piezo-photocatalytic mechanisms

Based on the band structure derived from the M-S plot, the calculated
band positions can facilitate proton (H') reduction for H, generation
and the formation of reactive oxygen species (ROS) such as hydroxyl
radicals (¢OH) and superoxide radicals (eO3) for the degradation of
organic pollutants [49,53,54]. Scheme 2(a) (Type II band alignment)
illustrates the piezo-photocatalytic mechanisms for the degradation of
CIP. Under visible light irradiation, electrons (e’) are excited from the
valence bands of both MoS; and Cu/Co-MOF to their respective con-
duction bands, leaving behind holes (h™). To prevent electron-hole
recombination, electrons are transferred from the conduction band
(CB) of MoS; to the LUMO of Cu/Co-MOF, as the CB potential of MoS; is
higher than that of Cu/Co-MOF. These transferred electrons then react
with oxygen (O3), forming superoxide radicals (e¢O3), while the holes
react with water (HyO) to generate hydroxyl radicals (eOH). The
resulting ROS are responsible for breaking down CIP into harmless
by-products [55-57].

For piezo-photocatalytic Hy production, a similar mechanism was
proposed as shown in Scheme 2(b). Similarly, both piezo-photocatalysts
are subjected to visible light exposure, thus resulting in the excitation
from the valance band to the conduction band, leaving the holes behind.
Due to the higher CB potential of MoS,, the electrons are migrated from
the CB band of MoS, to the LUMO of Cu/Co-MOF, whereas holes from
HOMO of Cu/Co-MOF accumulate in the VB of MoS, [49,58-60]. The
migrated electrons in the CB of MoS; with strong reduction potential are
used to catalyze the conversion of protons (H") to hydrogen gas (Hy)
[49,61]. Additionally, ultrasonic vibrations generate a piezoelectric
field at the interface, which serves as a driving force for the separation of
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electrons and holes, thereby enhancing the photocatalytic activity.
4. Conclusion

The formation of a heterojunction (MoS,@Cu/Co-MOF) composite
was successfully fabricated using the hydrothermal method. The fast
recombination of electrons and holes was suppressed by the formation
heterostructure composite and piezoelectric field. Additionally, poor
charge carrier migration and visible-light capturing were improved via
the formation of a heterojunction composite. The fabricated hetero-
junction composite was investigated for photocatalytic, piezocatalytic,
and piezo-photocatalytic Hy production and degradation of CIP. In
comparison to piezocatalysis and photocatalysis, the piezo-
photocatalytic activity of the heterojunction composite was greater.
Under light and wultrasonic irradiation (piezo-photocatalysis),
MoS,;@Cu/Co-MOF heterostructure produced approximately 1308.028
umol of Hy and exhibited a degradation efficiency of 82 %. Furthermore,
combining photocatalysis and piezocatalysis processes improved Hj
production and degradation efficiency. This work provides new insights
into the fabrication of heterostructure composite for various photo-
catalytic applications, including energy production and wastewater
treatment.
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