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ABSTRACT: ZnO-based photoanodes absorb a limited spectrum of light, and
their photogenerated electrons and holes combine easily. Such features limit their
photoelectrochemical activity. Herein, we report the synthesis of ternary
heterostructures comprising ZnO nanorods (NRs) and ZnS nanoparticles wrapped
in MoS, nanosheets (ZnO/ZnS/MoS,, ZSM) directly grown on a substrate by a
low-cost hydrothermal route and their performance as anodes for photo-
electrochemical water splitting. The ZSM heterostructures exhibit a sixfold
photocurrent density of 0.72 mA cm ™, a fourfold maximum applied bias photon-
to-current efficiency of 0.28% compared to bare ZnO NRs, and excellent
photostability. These improvements in the overall photoelectrochemical activity
are due to enhanced light absorption in the visible light range, higher surface active sites, and eflicient charge separation enabled by
the introduction of a ZnS/MOS, coating. Our study demonstrates an alternative architecture design of ternary heterostructures with
increased photoelectrochemical activity. In general, this approach of constructing a double heterojunction can also be extended to
other materials with similar architectures.
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oxygen evolution reaction

B INTRODUCTION

Hydrogen gas has emerged as a main candidate for clean
energies due to its lightweight nature with high energy
density." Apart from being a fuel, hydrogen can also be utilized
to produce added-value goods, including ethanol, acetate, and
methane.” However, around 96% of the current global
hydrogen production is still generated from fossil fuels.' In
response, research on hydrogen production using clean and
renewable energy sources such as solar and water continues to
grow. Water can be split into hydrogen and oxygen molecules
using energy provided by the sun using a mechanism known as
photoelectrochemical (PEC) water splitting. A basic PEC
water splitting device employs two electrodes: a semi-
conductor-based photoanode and a metal cathode.” When
these two electrodes are immersed in an electrolyte and
exposed to sunlight, excitons (pairs of electrons and holes) are
generated. The holes move to the photoanode surface to
conduct oxygen evolution reaction (OER), while electrons
migrate toward the metal cathode surface through a conductive
wire to perform hydrogen evolution reaction (HER)."’

To this end, an n-type semiconductor ZnO has been widely
used as an OER photoanode due to its favorable band
structure, which is close to the OER potential barrier of 1.23 V
versus normal hydrogen electrode (NHE), thus preventing the
impractical OER overpotential.®™® ZnO is also easy to
synthesize via low-cost fabrication methods, including hydro-
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thermal,’ chemical bath deposition,10 electrodeposition,11 and
sol—gel methods.'” However, ZnO can only work optimally in
the UV region owing to its wide band gap of 3.37 eV
(equivalent to optical absorption at a wavelength of 368 nm)."?
This limited absorption window causes the ZnO-based
photoanode to be less effective for PEC water splitting
because 43% of the sunlight lies within the visible light range
(380-740 nm).'* In addition, the use of a monolithic
semiconductor increases the recombination rate of the
photogenerated electrons and holes, thus reducing the redox
reaction.” To this end, heterostructure formation of a
semiconductor with other semiconductor(s) is one appealing
approach to reduce such charge recombination. This way, the
photoexcited electrons and holes are transferred into a
different material in the heterostructure, suppressing the
recombination probability’ and prolonging the electrons’
lifetime."> The utilization of other semiconductors may also
induce lattice mismatch in their interfaces, which consequently
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alters their band gaps and expands their light absorption
range.l ’

In such concept, heterostructures comprising semiconduc-
tors with narrow and wide band gaps are ideal to prompt
photogenerated charge movement and widen the light
absorption range. For this reason, two-dimensional (2D)
materials with a layered structure of molybdenum disulfide
(MoS,) have emerged as a novel standalone and/or an
integrant photoelectrode in a PEC system.”''® For ZnO/
MoS, heterostructures, such a combination has resulted in
increased light scattering and absorption,'”'”*" reduced band
gap with maintained charge mobility,””** and improved charge
separation due to the lattice mismatch.”>** To this end, ZnO/
MoS, heterostructure photoanodes have been fabricated using
various methods from drop-casting® to solvothermal*® and
metal—organic chemical vapor deposition.””** In such a
structure, diverse ZnO morphologies have been utilized,
namely, nanoparticles (NPs),”® nanorods (NRs),”**’ and
nanowires (NWS).25

With the above results, it is possible to further elevate the
PEC activity via charge movement engineering, achieved by
incorporating an additional semiconductor with an appropriate
band structure, for example, by forming a ternary hetero-
structure. When the process is done correctly, electrons and
holes can be spatially confined through creation of electron
and hole sinks, which results in enhanced charge separa-
tion.””*® Furthermore, a ternary heterostructure allows the
formation of multiple interfaces with lattice mismatch, which
modifies the band gap”"”’ and the absorbance of the
heterostructure, as discussed above.

Fortunately, it is possible to form ternary heterostructures
with ease due to in situ nucleation during hydrothermal
synthesis, typically from excess precursors. In MoS, synthesis
using a hydrothermal route, several authors reported the
formation of various integrants, such as Ni3$231 or NiSz32
(excess sulfur reacts with nickel foam), CoS,” (excess sulfur
reacts with cobalt), and ZnS'>?° (excess sulfur reacts with
zinc). Specific to ZnS, a prior study reported charge
recombination inhibition and photocatalytic activity improve-
ment in ZnO/ZnS/MoS, nanoarrays synthesized using two
hydrothermal processes.20 In another example, ZnO/ZnS/
MoS, nanostructured powder exhibited an improved photo-
catalytic HER, which was attributed to in situ-generated ZnS
that increased the number of interfaces.”> Additionally, a
photocurrent density (J,;) as high as 5.23 yA cm™ at 0 V
versus Ag/AgCl was achieved by binding the nanopowder with
Nafion followed by drop-casting on top of an ITO substrate.
However, such an approach may infer PEC activity reduction
due to the intrinsic charge resistance of the binder. The
resulting ZnO orientation was also highly randomized since
there was no immobilized platform (i.e, ZnO seed) on the
substrate’s surface for ZnO to grow vertically. This lack of the
ZnO seed layer hinders charge transfer from the active
materials toward the conductive substrate. These drawbacks
simultaneously cause unsatisfactory PEC activity, and thus a
better architecture design of such a heterostructure is
necessary.

As a response, herein, we develop a photoanode composed
of vertically aligned ZnO/ZnS/MoS, (ZSM), where the ZnS
nanoparticles/MoS, nanosheets (NSs) coating is achieved
through a single-step hydrothermal process on directly grown
ZnO nanorods on a fluorine-doped tin oxide (FTO) substrate.
This binder-free and directly grown approach allows intimate

contact of the heterostructures with the conductive substrate
via the ZnO seed layer, which promotes charge transfer. As a
result, a photoanode with a ], of 0.72 mA cm™ at 123 V
versus reversible hydrogen electrode (RHE) and excellent
photostability is obtained. This excellent performance is
attributed to the enhanced charge separation driven by the
formation of double heterojunctions between ZnO/ZnS and
ZnS/MoS,.

B EXPERIMENTAL SECTION

Synthesis of ZSM. Scheme 1 illustrates the steps taken to produce
the ZSM heterostructures. First, ZnO NRs were fabricated using two

Scheme 1. Artist’s Rendition of ZSM Heterostructure
Fabrication Comprising ZnO Seed Layer Deposition on an
FTO Substrate, ZnO Seed Layer Growth into ZnO NRs, and
Concurrent in Situ Synthesis and Deposition of ZnS and
MoS, on ZnO NRs’ Surface

0.2 M Zn(CH3C00),.2H,0
Ultrasonic spray pyrolysis 450 °C - 10 min

0.05 M Zn(NO3),.4H,0 + 0.05 M CgH1,N,
Hydrothermal 95 °C - 6 h

0.02 M Na,M00,.2H,0 + 0.13 M CH3;CSNH,
Hydrothermal 200 °C - 24 h

successive steps, namely, seeding and growth. First, 0.2 M zinc acetate
dihydrate (Zn(CH;C0O0),-2H,0) dissolved in deionized water was
poured into a 1.7 MHz atomic nebulizer to spray the FTO-coated
glass substrate for 15 min. Prior to this, the glass was preannealed at
450 °C for 10 min in an air atmosphere to facilitate nucleation of the
ZnO seed. To induce ZnO growth, the sprayed sample was placed 45°
upside down in an aqueous growth solution comprising of 20 mL of
equimolar 0.05 M zinc nitrate tetrahydrate (Zn(NO,),-4H,0) and
hexamethylenetetramine (C¢H;,N,) for 6 h at 95 °C in an electric
oven. Finally, the ZSM heterostructures were synthesized using a
modified approach from a prior study* in which the ZnO NRs were
placed 45° upside down in an aqueous solution containing 0.02 M
sodium molybdate dihydrate (Na,M0O,2H,0) and 0.13 M
thioacetamide (CH;CSNH,) in deionized water and heated at a
temperature of 200 °C for 24 h in a Teflon-lined stainless steel
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autoclave. The simultaneous formation of ZnS and MoS, on the
surface of ZnO occurs according to the following reaction
equations“‘36

2CH,CSNH, + 4H,0 — 2NH, + 2CH,COOH + 2H,S (1)

H,S + ZnO — Zn$S + H,0 (2)

4MoO}~ + 9H,S + 6CH,COOH
— 4MoS, + SO}~ + 6CH,COO + 12H,0 (3)

Material Characterizations and PEC Measurements. X-ray
diffraction (XRD) measurements were carried out using a Panalytical
X’Pert Pro diffractometer with CuKa radiation (4 = 1.54 A), while the
samples’ morphology was characterized using a field-emission
scanning electron microscope (FESEM) Hitachi SU-8030 and a
high-resolution transmission electron microscope (HRTEM)—EDX
FEI Tecnai G20 S-Twin at 200 kV beam exposure. Samples’ optical
absorption was measured by the Thermo Fisher Scientific GENESYS
10S UV-—vis spectrophotometer. The ULVAC-PHI Quantera II
spectrophotometer collected the X-ray photoelectron spectroscopy
(XPS) spectra with the Al Ko X-ray beam at 1486.6 eV. The current—
potential measurement was recorded by an Autolab PGSTAT204
potentiostat in a three-electrode electrochemical workstation system
using 0.5 M Na,SO, (pH = 6.8) as the electrolyte. The device was
illuminated with a solar simulator paired with an AM 1.5G filter and
calibrated using a solar power meter SM206 to establish a light
intensity of 7S mW cm ™2 The samples with an active area of 1 cm?
were used as the working electrode, Pt electrode was used as the
counter electrode, and Ag/AgCl (saturated 3.0 M KCl aqueous
solution) was used as the reference electrode. The current—time
measurement was recorded under continuous solar simulator
irradiance for 1800 s with a constant bias of 1.23 V versus RHE.
The impedance measurement was recorded without illumination
using sine waves (0.1—100,000 Hz). The applied bias of the Ag/AgCl
electrode (V vs Ag/AgCl) was then converted into the reversible
hydrogen electrode (V vs RHE) using the Nernst equation

E (V vs RHE) = E (V vs Ag/AgCl) + (0.059 X pH) + 0.21
4)

B RESULTS AND DISCUSSION

Crystallography Analysis. To validate the phase
composition of our synthesized samples, we carried out XRD
measurements. Figure 1 shows the XRD pattern of bare ZnO,
revealing the facets of (002), (101), (102), (103), and (112) in
the wurtzite phase.”'® From the pattern, we deduced the (002)
facet interplanar spacing of 0.27 nm. For the ZSM sample, we
noticed a similar pattern but with two additional peaks that
correspond to the (111) and (022) zinc blende ZnS. The
interplanar spacing of the (111) ZnS plane is found to be 0.33
nm. Notably, the ZSM sample shows no diffraction peaks
corresponding to the standard MoS, reference. Such an
absence is likely due to the inability of conventional XRD
instruments with the Bragg—Brentano geometry to examine
the ultrathin 2D MoS, layers.”” However, its presence was
confirmed by an XPS measurement, which will be discussed
later below.

From the XRD patterns, it is evident that the semipolar
(101) facet is the dominant facet in the ZnO sample, which
originates from the nonuniform polarity of the ZnO seed
layer.”® Being a semipolar facet, (101) ZnO exhibits a lower
surface energy (6.51 J m™?) compared to its polar (002)
counterpart (12.42 J m™2),”” which mirrors its reactivity with
water molecules. On the other hand, the polar (111) ZnS facet
dominates in the ZSM sample. Such a facet is reported to have

(111)

022)

ZSM

i
%g

_———

‘Ilw‘ [ N

‘ COD 96-110-0044 (ZnS)
1 ‘

LA ZnO

COD 96-101-1287 (MoS,)

Intensity (a.u.)

20 40 60 80
26 (deg.)

Figure 1. XRD patterns of ZnO and ZSM samples along with COD
96-101-1259 (ZnO), COD 96-110-0044 (ZnS), and COD 96-101-
1287 (MoS,) references. The ZnO sample shows expected diffraction
peaks with a dominant (101) facet, while the ZSM sample exhibits a
combination of diffraction peaks between ZnO and ZnS. The absence
of expected MoS, diffraction peaks in the ZSM sample is due to the
limitation of conventional XRD instruments to examine ultrathin 2D
materials.

the lowest water adsorption energy of —1.06 eV," thus
stronger electronic interactions with water molecules.

Microscopic Analysis. Next, we investigated the micro-
structure of our samples. Figure 2a,b show the representative
FESEM and TEM images of the synthesized, vertically aligned
ZnO NRs, respectively. The NRs are hexagonal with an
average side-to-side diameter of 124.7 nm. Through the high-
resolution TEM image, we found an interplanar spacing of 0.26
nm, which can be attributed to the (002) ZnO, based on the
XRD data mentioned above (Figure 2c). On the other hand,
Figure 2d,e show the morphology of ZSM with the existence of
irregular NPs with an average diameter of 124.4 nm, which
partially cover the ZnO NRs. These NPs are likely ZnS
covered with a few-layer MoS, NSs. It is reported that the
outer layer of ZnO NRs transforms into ZnS when there are
sufficient sulfur precursor concentration and reaction time.*"**
The partial transformation of ZnO to ZnS can be seen as a few
ZnO NRs maintain their hexagonal rod morphology, while the
rest convert into ZnS with a cube-like morphology, confirming
a fair degree of sulfidation in the ZSM sample. In our case, the
emergence of ZnS originates from the sulfur in CH;CSNH,
that reacts with ZnO NRs. Furthermore, there is excess sulfur
that reacts with Na,MoO,-2H,0 and materializes into low-
density MoS, NSs. These few-layer MoS, NSs concentrate and
encapsulate the outer layer of ZnO/ZnS, forming ZSM
heterostructures. To confirm the existence of these three
phases, we employed a high-resolution TEM that reveals three
distinct lattice fringes that correspond to ZnO, ZnS, and MoS,
(Figure 2f). Specifically, the interlayer spacing of 0.69 nm
corresponds to (002) MoS,, while those of 0.32 and 0.26 nm
are in good agreement with the facets of (111) ZnS and (002)
ZnO, respectively. These values are consistent with our
findings on the crystallography analysis above.
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Figure 2. (a) FESEM image, (b) TEM image, and (c) HRTEM image of ZnO NRs. The inset in panel (a) shows the side-to-side diameter
distribution histogram of ZnO NRs. (d) FESEM image, (¢) TEM image, and (f) HRTEM image of ZSM heterostructures. The found interlayer
spacings correspond excellently with the facets of (002) ZnO, (111) ZnS, and (002) MoS,, corroborating the formation of ZSM heterostructures.
The inset in panel (d) shows the diameter distribution histogram of ZnS NPs.

Spectroscopic Analysis. To investigate the optical
properties, the UV—vis absorbance of all samples was recorded
within 300—800 nm (Figure 3a). It is clear that ZSM’s
absorbance in the visible range is considerably higher than that
of bare ZnO owing to the presence of ZnS NPs with a higher
surface area and the absorption contribution by MoS, NSs."**°
There is also a hint of band gap reduction in ZSM as its
absorption edge redshifts from 386 to 400 nm, compared to
bare ZnO. By constructing a Tauc plot, we found that ZSM

)
~
o

o
©

o
~

ZnO

Normalized intensity

0.0

350 450 550 650 750
Wavelength (nm)

G5
ct
N

o
©

(ahv)?

041
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Phbton energy (év)

Figure 3. Optical properties of ZnO and the ZSM heterostructure.
(a) UV—vis absorbance spectra. (b) Corresponding Tauc plot. Light
absorption enhancement in the visible range is observed for ZSM with
a lower band gap than ZnO.

exhibits a 3.10 eV band gap, which is considerably lower than
that of bare ZnO of 3.21 eV (Figure 3b). From the
crystallography and microscopic analysis above, the three
compositing materials have different lattice types (i.e.,
hexagonal ZnO, cubic ZnS, and hexagonal MoS,). These
lattice disparities comprising hexagonal/cubic/hexagonal in-
terfaces result in substantial lattice mismatch and thus generate
compressive and tensile strains at the interfacial areas that
contribute to band gap tuning.*"**

In the next step, we conducted XPS measurement to
determine the surface chemical composition and oxidation
state of all the elements in our samples. From the obtained
spectra, we make the following observation (see Table S1 for
the list of the peak energies): (i) ZnO and ZSM samples
exhibit the signature features of Zn and O (Figure 4a,b). (ii) At
the Zn 2p region, the ZnO peaks are split into two, which
correspond to Zn 2p;, and Zn 2p;,, states, respectively
(Figure 4a).” The difference of ~23 eV between the peaks
confirms that the Zn ions are in a +2 oxidation state.”** (iii)
For ZSM, the Zn 2p peaks are shifted to a higher energy,
indicating the presence of ZnS bonds.** (iv) The peak in the O
1s spectrum of bare ZnO is deconvoluted into three peaks: O1
peak corresponding to the O”” state of lattice oxygen in
wurtzite ZnO, O2 peak correlating to the oxygen vacancies Vg,
and O3 peak corresponding to the adsorbed —OH molecules
or other surface oxygen species (Figure 4b).**® (v) For ZSM,
the O 1s spectra comprise a low-intensity O1 peak due to ZnO
being partially covered by ZnS NPs. This is further supported
by the O2 peak shift to a higher binding energy, which
correlates with the formation of ZnS.*”*® On the other hand,
the O3 peak is higher in intensity, indicating a higher active
site for the adsorption of —OH molecules, which is beneficial
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Figure 4. XPS spectra at core levels of (a) Zn 2p, (b) O 1s, (c) Mo 3d, and (d) S 2p. The peak splitting at the Mo 3d region signifies a mixed 1T/

2H MoS, polytype existing with a high density of 1T MoS, (86.1%).

for PEC activity. (vi) ZSM contains a mixed metallic 1T and
semiconducting 2H MoS, polytypes (Figure 4¢).* (vii) In the
S 2p region of ZSM, there are two peaks of S 2p,,, and S 2p;,,
which are attributed to the S state in ZnS and MoS, phases,
respectively (Figure 4d).**° By deconvoluting and calculating
these peaks, we found MoS, in the heterostructure to comprise
86.1% of 1T MoS, phase.

Performance Benchmark. Having confirmed the exis-
tence of a ZnS/M052 coating in our heterostructures, we set
out to investigate its effect on the PEC activity when used as a
photoanode. The PEC measurements of the ZSM hetero-
structures were conducted by performing linear sweep
voltammetry (LSV) measurements under 75 mW cm™ solar
simulator illumination with 0.5 M Na,SO, as the electrolyte
and were compared to its bare ZnO counterpart, as shown in
Figure Sa. Because of limited light absorption and severe
charge recombination, ZnO registers a low ], at 1.23 V versus
RHE of 0.12 mA cm 2. On the contrary, ZSM shows a sixfold
Joh improvement of 0.72 mA cm™% Furthermore, the ratio of
energy converted under illumination while applying bias is
described as the applied bias photon-to-current efficiency
(ABPE)

g L 123V~ W)

X 100%
) ’ (s)

where ], is the photocurrent density (mA cm™), Vj, is the
applied bias (V), and P is the intensity of solar illumination (75
mW cm™?). Figure Sb shows the ABPE of the samples, where
ZSM displays a maximum ABPE of 0.28% at 0.43 V versus
RHE due to more efficient charge separation. Meanwhile, ZnO
only exhibits a much lower maximum ABPE of 0.06% at 0.90 V
versus RHE. We also noticed a shift in the potential where the
maximum ABPE occurred (from 0.90 to 0.43 V vs RHE), likely
caused by the reduced overpotential in ZSM.

For real applications, stability is an important parameter for
a device. Hence, in Figure 5c, we show the recorded CA curves
of continuous ], of ZSM and ZnO samples over 30 min of
operational time. It is evident that ZSM exhibits better stability
than its ZnO counterpart. In particular, over the course of 30
min, ZSM only experiences a minor ], decay of 3% from the
initial value. In contrast, ZnO exhibits a significant 17% ],
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Figure S. PEC measurement of ZnO and ZSM samples in a standard
three-electrode electrochemical workstation system. (a) LSV curves
under 75 mW cm™? illumination using a 0.5 M Na,SO, electrolyte.
The gray dashed line denotes the benchmarking potential of 1.23 V vs
RHE, while the blue and red dashed lines correspond to the dark
current. (b) Corresponding ABPE curves with dashed lines
representing the maximum ABPE. (c) Chronoamperometry (CA)
curves under constant irradiance (75 mW cm™2) and bias (1.23 V vs
RHE) over time.

decrease over the same duration. We argue such deterioration
to occur due to photocorrosion in ZnO. In particular, the
accumulated holes oxidize the oxygen atoms in ZnO instead of
the ones in water. This way, zinc ions are released via the
reaction 2ZnO + 4h* — 2Zn** + O,, initiating structural
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decomposition.”" In the ZSM sample, such a reaction does not
take place due to ZnO being effectively passivated by the ZnS/
MoS, coating.

Next, we investigate the charge separation dynamics of ZnO
and ZSM samples using electrochemical impedance spectros-
copy (EIS) measurement with sine waves of 0.1—100,000 Hz
under dark conditions. Figure 6a depicts the Nyquist plot of

(a) 300

200
=)
N

' 100

(b)

Active
P material

Electrolyte

Figure 6. (a) Nyquist plot under dark conditions using a 0.5 M
Na,SO, electrolyte and 0.1—100,000 Hz sine waves showing the
measured and fitted data. The inset shows the magnified Nyquist plot
of the ZSM heterostructure. (b) Equivalent circuit used for data
fitting, where R, denotes the ohmic resistance, R, indicates the charge-
transfer resistance across the photoanode, and R, represents the
oxygen adsorption/desorption and oxygen ion diffusion on the
photoanode’s surface. CPE; and CPE, refer to the corresponding
dispersive resistance factors of R; and R,, respectively.

ZnO and ZSM samples. Both ZnO and ZSM show a semicircle
shape that signifies an imperfect capacitive characteristic. Thus,
instead of using the double-layer capacitance (Cg), the
constant phase element (CPE) is applied to resolve the
dispersive capacitance across the surface of the samples. We
then fit the measured EIS spectra using the equivalent circuit
shown in Figure 6b, where R; is the ohmic resistance
comprising ionic and electronic components, R, and R, are
the charge-transfer resistances between FTO/active material®>
and oxygen adsorption/desorption and oxygen ion diffusion
from the electrolyte into the photoanode’s surface,”
respectively, and CPE; and CPE, are the corresponding
dispersive resistance factors of R; and R,. The complete
impedance parameters used for fitting are listed in Table S2.
The arcs in the high frequency denote the R, of ZnO (11.54
Q) and ZSM (7.97 Q). Evidently, ZSM exhibits a smaller R,
and R, than ZnO (16.32 Q and 6.16 kQ compared to 160.30
Q and 14.96 kQ, respectively). In both cases, R; is much lower
than R,, suggesting that the OER kinetics is highly influenced
by oxygen adsorption/desorption and oxygen ion diffusion.
This is due to the faster migration rate of holes into the
photoanode/electrolyte interface compared to the hole
injection rate to the electrolyte, thus resulting in a sluggish
OER kinetics.® Undoubtedly, the high reduction in the R, and

R, values signifies faster charge transfer and oxygen
adsorption/desorption in ZSM. The Nyquist plot also contains
information about real impedance (Z') and imaginary
impedance (Z”) components. One can determine the
magnitude of these vectors in the form of total impedance (
| Z1) as a function of frequency. Figure S1a displays a IZ| Bode
plot from which we can infer that ZSM exhibits a higher
electrochemical performance compared to ZnO, specifically in
the high frequency regime (see related discussion in the
Supporting Information). The sine waves in EIS measurements
also carry information of the phase angle (¢). In OER
specifically, holes act as minority carriers, where they move
toward the surface of the photoanode. Since these carriers have
limited lifetime, determining the holes’ diffusivity from bulk to
the surface is crucial. Here, we can determine the hole diffusion
length (L) with the relation L, = /D, 7,, where Dy and 7,
are the hole diffusion coefficient and relaxation time, in which
such information could be retrieved from the Bode ¢ plot
(Figure S1b). We found that ZSM exhibits a shorter L;, of 25
pum compared to that of bare ZnO of 71 pm.

As a final characterization of the performance of our
heterostructures, we conducted a Mott—Schottky (MS)
analysis to investigate the charge separation in the photo-
anodes at 1 kHz frequency in the dark. As detailed in Figure
S2, we found the flat-band potential (Vi) of ZnO and ZSM to
be —0.10 and 0.13 V versus RHE, respectively. Furthermore,
the corresponding slope from the MS equation reveals the
donor density (Nj), that is, 4.07 X 10'* and 1.83 X 10" cm™
for ZnO and ZSM, respectively. It is also worth noting that
both ZnO and ZSM display a positive slope, indicating n-type
conductivity. All of these properties of ZnO and ZSM based on
the EIS analysis are summarized in Table 1.

Having characterized in detail the performance aspects of
our samples, we now discuss the factors contributing to the
overall OER activity improvement in ZSM compared to bare
ZnO. To start, we note the emergence of the polar (111) ZnS
facet in the ZSM sample (cf. Figure 1) with low water
adsorption energy, facilitating stronger electronic interactions
with water molecules. From the microscopy analysis, we also
found increased structural complexity as ZnS and MoS, are
grown on the ZnO NR surface, leading to increased surface
area (cf. Figure 2d). Consequently, the light scattering in such
complex structures is improved through recapturing of the
reflected light.'” This optical enhancement in ZSM is also clear
in the increased visible range absorbance spectra (cf. Figure
3a), owing to the lattice mismatch between each interface,
which in turn invokes band gap reduction and increases the
light-harvesting ability.”"””* In terms of impedance analysis,
ZSM yields shorter L; compared to bare ZnO. This
phenomenon is in agreement with previous studies, where
enlarged surface area (e.g, by establishing heterostructures in
our case) leads to shorter L. Shorter L, is beneficial in that
it enhances the charge separation and lowers the charge
recombination event.>”> In addition to this, the positive shift
found in the ZSM’s Vy, signifies a higher degree of band

Table 1. Impedance Parameters of ZnO and ZSM Measured in 0.5 M Na,SO, under Dark Conditions

charge-transfer resistance, relaxation freq)uency,

sample R, (Q) fmax (Hz 7 (ms)
ZnO 160.30 1.26 126
ZSM 16.32 10.00 16

relaxation time,

hole diffusion length, flat-band potential, Vj, donor dengity, Ny

L;, (um) (V vs RHE) (em™)
71 —-0.10 4,07 X 10"
25 0.13 1.83 x 10*
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Table 2. Performance Comparison of PEC Water Splitting Devices of Similar Heterostructures

band light intensity ~ photocurrent density, J,;, at 1.23 V vs applied bias photon-to-current
materials  alignment electrolyte mW cm2) RHE (mA cm2) efficiency, ABPE (%) ref
Zn0/ZnS  NA. 0.5 M Na,SO, 50 0.40 026 58
ZnO/ZnS type-1I 0.5 M Na,SO, 100 0.60 0.23 59
ZnO/MoS,  type-ll 0.5 M Na,SO, 100 0.51 NA. 25
ZnO/MoS,  type-II 0.1 M Na,S + H,SO, 100 N.A. 0.91 27
ZnO/ZnS/  type-1/ 0.5 M Na,SO, 75 0.72 0.28 this
MosS, type-II work

bending phenomenon,’®*” leading to minimized charge —

recombination at the photoanode/electrolyte interface. A E(V s, l

higher Ny on ZSM results in higher conductivity in the NHE)

photoanode/electrolyte interface, contributing to higher -1

charge separation.”” These multitude, synergistic enhance-

ments in both light absorption and electrocatalysis activities HH, 0]

materialize into higher overall OER activity. Finally, in terms of

stability, ZSM experiences a marginal decay, proving that the ]

encapsulation of ZnO with ZnS and MoS, substantially boosts I

the durability of the device. However, its structural integrity o

should be further investigated to achieve long-term operational 5]

PEC water splitting. To summarize, we compare our study to

other similar heterostructures found in the literature in Table 2

where our ZSM sample shows, in particular for ], an excellent 31

OER performance compared to the binary counterparts even 0.5 M Na,SO,

with an underpowered solar simulator intensity of only 75 mW
cm™? instead of the standardized 100 mW cm™? intensity.

Charge-Transfer Mechanism. As the final analysis of our
study, we propose the corresponding band structure of our
ZSM heterostructures, which we argue as one of the
contributing factors in our enhanced PEC water splitting
activity, in particular, through the improved separation of the
photogenerated carriers. The band structure comprising the
conduction band (CB) and valence band (VB) positions of
Zn0O, ZnS, and MoS, is defined by"’

Eg
CB =X +E - — ®

CB=VB—Eg (7)

where E, and E, are the scale factor of the redox level versus
NHE against the vacuum level (E, = —4.5 €V) and the band
gap, respectively. X is the electronegativity (ZnO = 5.79 eV,
ZnS = 5.26 €V, and MoS, = 5.32 eV *°), while W is the work
function (ZnO = 4.70 eV, ZnS = 4.11 eV, and MoS, = 5.39
eV, Referring to V versus NHE, when an equilibrium state
(ie., under dark conditions) is achieved, we found CB,,
VB0, CByasy VBzns, CByges, and VBys, to be —0.32, 2.89,

—0.57, 3.27, —0.76, and 1.02 V, respectively. With these data,
we construct the band diagram of our system as illustrated in
Figure 7. The established band position and alignment
expedite charge separation. During quasi-static equilibrium
under illumination, the device requires ZnO, ZnS, and MoS, to
reach the same Fermi level (Eg), including platinum as the
counter electrode. In such a case, electrons moving from the
photoanode typically occupy the E; of the metal counter
electrode. Since the overall Eg equilibrated below the HER
potential, an additional applied bias is required to drive the
whole reaction. We also noticed that the ZnS/MoS, interface
displays type-II band alignment, where electrons from CBys,

flow into CBy,o. In contrast, the interface of ZnO/ZnS shows
type-I band alignment, where electrons from CB,,s migrate

Figure 7. Proposed charge-transfer mechanism of the ZSM
heterostructure indicating type-II band alignment at the ZnS/MoS,
interface and type-I band alignment at the ZnO/ZnS interface. E and
black arrow lines denote the Fermi level and the movement of
photoexcited electrons, respectively. The spatially confined electrons
and holes restrain the charge recombination and magnify the PEC
activity.

into CBy,o, to FTO, and finally end at the surface of the
platinum electrode to conduct HER. Meanwhile, holes in the
VB of each material perform OER. Since electrons and holes
are spatially confined, the charge recombination is significantly
reduced.

We note a disparity in our band structure compared to
previous studies based on photocatalytic water splitting,
specifically the ones from the studies of Fu et al. (ZnS/
ZnO/MoS, with type-II/type-II alignment)” and Lee et al.
(ZnO/ZnS/MoS, with type-II/type-1 alignment).”> At this
point, it is worth mentioning that Fu et al.’s band alignment
will turn into type-II/type-I alignment when ZnO and ZnS
switch places. In such a case, the photoexcited electrons move
from the CB of ZnS into ZnO and MoS,, while holes
accumulate in the VB of MoS,. This condition is not a problem
for suspended particle-based photocatalytic water splitting (as
in the studies of Fu et al.*° and Lee et al.%®) since electrons
perform water reduction immediately at the catalyst surfaces.
In our case, however, the photoexcited electrons must move
into the conductive substrate (i.e, FTO) and settle at the
platinum electrode to carry out HER. If we employ the band
structure proposed by Fu et al. and Lee et al,, electrons from
the CB of MoS, cannot move into the FTO since the CB of
ZnS impedes the electron path. This blocking potentially leads
to charge recombination and thus a lower J,;,. However, this is
not the case in our study where we observed an increase in
overall PEC activity in the ZSM sample compared to bare
ZnO. To this end, differences in band structure, even in
systems with identical constituting materials synthesized using
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similar methods, are a common occurrence. This is particularly
true for materials with CB and/or VB positions located at a
very close level. This is further substantiated by the fact that
the band structure is highly sensitive to, among others, the
density of defect and/or doping (e.g, oxygen vacancies and
nonmetal doping), and the electrolyte used, typically in the
impedance-based measurement. Therefore, a slight modifica-
tion in synthesis and measurement parameters (intentionally
or not) is likely to affect the band structure and alignment of
the materials. Further example includes ZnO/MoS, hetero-
structures where band alignments of type-I,64 type-II,25 and p—
n junction® have been reported.

B CONCLUSIONS

Photoanodes based on ZnO/ZnS/MoS, heterostructures for
PEC water splitting were successfully synthesized via a
hydrothermal route. The emergence of in situ ZnS NPs and
few-layer MoS, NSs established the ZnO/ZnS and ZnS/MoS,
interfaces, which facilitates higher light absorption in the
visible range, enhances the surface active sites, and improves
charge separation, altogether resulting in increased PEC
activity and stability. In particular, the ZnO/ZnS/MoS,
heterostructure registers a Jp, of 0.72 mA cm™ at 123 V
versus RHE, which is among the highest value reported for
systems with similar materials, and a maximum ABPE of
0.28%, that is, over sixfold higher than that of bare ZnO NRs.
Our study demonstrates a strategy to improve the PEC water
splitting activity of a photoanode using simple and direct
synthesis. On that account, the presented method of
constructing a double heterojunction can be extended to
other materials with a similar architecture, for example, ZnO/
g-C;N,/CdS and TiO,/CdS/PbS ternary heterostructures.
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