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We present an o-Fe;03/Zng 4Cdg S heterostructure that shows visible light photocatalytic H, production
as high as 536.8 umol h~! with apparent quantum efficiency of 11.2% at 420 nm. The UV-vis diffuse
reflectance spectra of as-synthesized o-Fe;03/Zng4Cdg S heterostructure reveal efficient absorption in
the visible region, which is a key factor in the enhanced catalytic activity. Moreover, the increase in
charge separation efficiency of o-Fe;03/Zng4CdosS suggested by electrochemical impedance spec-
troscopy and photocurrent response also results in enhanced photocatalytic H, production. The interface
contact between a-Fe;03 and Zng 4Cdo ¢S ascertained from HRTEM images promotes the recombination of
photogenerated electrons from the conduction band of a-Fe,03 and holes from the valence band of
Znp4CdoeS, thus enhancing the utilization of solar light and increasing the efficiency. Our coupling
approach to synthesizing an efficient Z-scheme photocatalyst provides insight into the design of further
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solar energy utilization photocatalysts.
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1. Introduction

Over the past century, growing global energy demands have
forced researchers to find renewable energy resources to substitute
for limited fossil fuel [1]. Among various methods reported so far,
artificial photosynthetic systems for hydrogen production from
photocatalytic water splitting are promising candidates for clean
energy generation [2]. Numerous attempts to design and synthe-
size efficient photocatalysts with suitable band gaps and high effi-
ciency for hydrogen production have been reported [3]. However,
most photocatalysts, due to their wide band gaps, can only utilize
ultraviolet irradiation for hydrogen production, which constitutes
a small fraction of the incoming solar light [4,5]. To maximize
the benefit of incoming solar light, photocatalysts that can absorb
visible light must be developed.

The key features of efficient visible-light-driven photocatalysts
are wide absorption range in the visible region, high charge sepa-
ration efficiency, strong redox ability, and long-term stability,
which is difficult for a single-component photocatalyst to possess
[6]. To synthesize such a photocatalyst, a multicomponent Z-
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scheme photocatalytic system was introduced by Bard et al. in
1979 [7]. This system was inspired by natural photosynthesis in
green plants by introducing two different photocatalysts in one
system that features the spatial isolation of photogenerated elec-
trons and holes and reduces electron-hole recombination. Z-
scheme photocatalytic system with better hydrogen production
efficiency using various combinations of photocatalysts have been
reported recently [8]. However, some still needed expensive noble
metals as mediators while others had poor recyclability, which
makes the systems useless in practical applications [9,10].
Solid-solution-based photocatalysts such as zinc sulfide (ZnS),
cadmium sulfide (CdS), and ZnS-CdS, have attracted much atten-
tion of researchers due to their excellent properties for visible light
absorption [11,12]. CdS showed good performance in photocat-
alytic hydrogen generation, as its band gap corresponds well to
the solar spectrum. However, the undesired photocorrosion prop-
erties of CdS limit its practical use, and therefore it is essential to
build a hybrid photocatalyst by combining CdS with some other
materials [13]. On the other hand, ZnS, with a band gap of 3.6 eV,
provides an excellent opportunity to make a hybrid photocatalyst,
as its band level is high enough to reduce water into H, [14]. The
high negative potential of excited electrons in ZnS also allows
hydrogen production without the assistance of noble metals as
co-catalysts. Some groups have successfully synthesized Zn;_,Cd,S
photocatalysts with good photocatalytic properties for water
splitting [15]. However, there are few reports regarding the
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room-temperature synthesis of Zn,_,Cd,S with excellent photocat-
alytic efficiencies. Moreover, to synthesize an excellent photocata-
lyst with optimum band gap, a heterostructure has to be
considered, as the heterostructure is expected to promote charge
transfer through interface contact with better charge separation
efficiency [16,17].

Hematite (o-Fe,03) is also considered an excellent photocata-
lyst because of its narrow band gap (2.1 eV) for hydrogen produc-
tion through solar water splitting. Hematite absorbs a large
fraction (ca. 13.5%) of solar light and is of low cost, nontoxic, envi-
ronmentally friendly, and highly stable in alkaline solutions [18].
However, the practical use of a-Fe,05 for photocatalytic hydrogen
production is limited due to its low electron mobility (102 to
10" cm? vV~ s71), short hole diffusion length (2-4 nm), and short
lifetime of charge carriers (about 10 ps) [19]. Different methods
have been reported for improving its photocatalytic properties,
such as introduction of a co-catalyst and doping with noble metals;
however, none of them proved to be useful in practical applications
[20-22]. An effective way to address these problems may be pro-
vided by coupling a-Fe;03 and Zng 4Cdg 6S to construct an interface
connection for direct Z-scheme electron transportation, as pre-
sented by Mirtchev et al. [23].

In this study, we present an advance in photocatalytic hydrogen
generation from our synthesized o-Fe;03/Zng4CdgeS heterostruc-
ture. We followed a simple approach for the synthesis. Two photo-
catalysts (o-Fe;03, Zng4CdgeS) are coupled to synthesize a
multicomponent Z-scheme photocatalytic system with an inter-
face connection.

2. Experimental
2.1. Chemicals

Polyvinylpyrrolidone (M.W. 8000) and FeCl;-6H,0 were pur-
chased from Alfa Aesar. Sodium acetate (CH3COONa), zinc acetate
(Zn(CH3C00),-2H,0), cadmium acetate (Cd(CH3COO),-2H,0),
sodium sulfide nonahydrate (Na,S-9H,0), and sodium sulfite (Na,-
SO3) were purchased from Sinopharm Chemical Reagent. All other
chemical reagents were of analytical grade and used as received
without further purification.

2.2. Characterization

The morphology of the particles was observed by scanning elec-
tron microscopy (SEM, JSM 6700F, JEOL). Transmission electron
microscopic (TEM) images and high-resolution transmission elec-
tron microscopic (HRTEM) images were obtained on a JEM-2100F
field emission electron microscope at an accelerating voltage of
200 kV. The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image and energy-dispersive
X-ray (EDX) mapping images were obtained on a JEOL JEM-
ARF200F atomic resolution analytical microscope. The X-ray pow-
der diffraction (XRD) patterns of the products were determined on
a Philips X'Pert Pro Super diffractometer with CuKo radiation
(r=1.54178 A). The operating voltage was maintained at 40 kV
and the current at 200 mA, respectively. X-ray photoelectron spec-
troscopy (XPS) was carried out on a Perkin Elmer RBD upgraded
PHI-5000C ESCA system. A Shimadzu spectrophotometer (Model
2501 PC) was used to record the UV—vis diffuse reflectance spectra
of the samples in the region 200-800 nm. Nitrogen adsorption
measurements were obtained at 77 K with a Micromeritics ASAP
2020 system using Barrett-Emmett-Teller (BET) calculations for
the surface area. The elemental analysis was also carried out on
an inductively coupled plasma mass spectrometer (ICP-MS, Perki-
nElmer, ELAN 6000). The Fourier transform infrared (FT-IR) spectra

(KBr disk, 4000-400 cm™!) were recorded on a Bruker EQUINOX55
FT-IR spectrophotometer. Thermogravimetric analyses were per-
formed under N, at a heating rate of 10 °C min~! with a Shimadzu
TGA-50H thermogravimetric analyzer.

2.3. Synthesis of a-Fe,03 nanoparticles

A hydrothermal route was followed to synthesize o-Fe,03
nanoparticles. In a typical synthesis, 1.0 g of polyvinylpyrrolidone
(MW 8000) was dissolved in 30 mL of distilled water; then 2 mmol
of FeCl;-6H,0 and 50 mmol of sodium acetate were added and the
mixture was stirred for 2 h at room temperature. After that, the
mixture was transferred to a stainless steel Teflon-lined autoclave
and heated at 210 °C for 20 h. After the autoclave was cooled to
room temperature, a red product was obtained, which was washed
with distilled water and ethanol and dried in a vacuum oven at
60 °C overnight.

2.4. Synthesis of a-Fe;03/Zng4CdosS heterostructures

In a typical synthesis, 4 mmol of zinc acetate, 6 mmol of cad-
mium acetate, and a certain amount of a-Fe,03 (5, 10, or 15 wt.
%) were added to 150 ml of distilled water. The pH of the solution
was adjusted to 7.4 using a 0.1 M sodium hydroxide solution. After
15 min, 12 mmol of sodium sulfide nonahydrate dissolved in
90 mL of distilled water was added dropwise into the above solu-
tion with continuous stirring. The resultant mixture was stirred
at room temperature for 24 h. The obtained powders were washed
with water and ethanol at least three times and dried in a vacuum
oven at 60 °C overnight. Finally, the obtained powders were cal-
cined for 2 h at different temperatures (573, 673, or 773 K) under
a nitrogen flow with a heating rate of 5 °C/min. Bare Zng4CdgeS
nanoparticles were prepared following the same procedure except
for the use of a-Fe;03. The characterizations of o-Fe,03/Zng 4Cdo6S
heterostructures were performed after heat treatment at 673 K for
2 h under nitrogen flow.

2.5. Photocatalytic reaction

The photocatalytic hydrogen (H,) production reactions from
water were carried out in a high-vacuum, gas-closed circulation
system using a 300 W Xe lamp equipped with a cutoff filter
(A > 420 nm) to remove UV light. The average light intensity was
2.84 mW/cm?. In a typical experiment, 100 mg of catalyst was dis-
persed in an aqueous solution (100 ml) containing 0.1 M Na,S and
0.1 M Na,SOs;. Online gas chromatography (Agilent 6820, TCD
detector, N, carrier) was used to determine the amount of hydro-
gen evolved and compared with results from other samples.

2.6. Quantum efficiency measurement

Apparent quantum yields (AQYs) were determined using a
420 nm bandpass filter. The number of incident photons from the
Xenon lamp was measured with a power meter (1831-R, Newport).
AQYs were calculated by the following equation:

2 x The number of evolved H, molecules
The number of incident photons

AQY (%) = % 100.

2.7. Electrochemical and photoelectrochemical measurements

Electrochemical and photoelectrochemical measurements were
conducted in a 0.1 M Na,SO, electrolyte solution in a three-
electrode quartz cell. Ag/AgCl was used as a reference electrode,
while a platinum wire was used as counter electrode and catalyst
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film electrodes on Ti foil served as working electrodes. The catalyst
films were prepared by dropping catalyst suspensions
(10mgmL~! in ethanol) onto Ti foil following the doctor-blade
coating method with a glass rod and Scotch tape, and the resultant
electrodes were annealed for 12 h at 90 °C. For the measurements,
the electrodes were pressed against a square shaped electrochem-
ical cell with a working area of 4.0 cm®. Photoelectrochemical test
systems were composed of a CHI 660B electrochemistry poten-
tiostat (Shanghai Chenhua Limited, China).

3. Results and discussion

The size and morphology of as-synthesized o-Fe,03, Zng 4Cdg ¢S,
and a-Fe;03/Zng4CdpsS heterostructure were observed by SEM
and TEM (Fig. 1, Fig. S1). Fig. S1 shows SEM images of o-Fe,03
and Znp4CdoeS; the a-Fe,O3 nanoparticles are nanospheres with
a size of about 20 nm, while Zng4CdygS are irregular-shaped
nanoparticles having average size 10 nm. Fig. 1a shows a SEM
image of a 10 wt.% o-Fe,03/Zng4CdosS heterostructure; the o-
Fe,03 is well surrounded by Zng 4CdosS nanoparticles. The hybrid
heterostructure comprises an interconnected well-defined net-
work of a-Fe;03 and Zng 4Cdg ¢S nanoparticles with uniform distri-
bution of o-Fe,03 throughout the Zng4CdgeS nanostructure. A
tapping-mode atomic force microscopy (AFM) image of the as-
synthesized 10 wt.% o-Fe;03/Zng4CdggS heterostructure along,
with its size distribution and grain size, are shown in Figs. S2
and S3. The particles are of varying size and uniformly distributed.
Intimate interfacial contact between o-Fe,03 and Zng4CdggS is
observed in the form of defined grain boundaries. A low-
magnification TEM image of the 10wt.% o-Fe;03/Zng4CdoeS
heterostructure is shown in Fig. 1b. The «-Fe,03 nanoparticles
are randomly surrounded by Zng4CdgS nanoparticles, forming a
compact structure. The intimate contact of the o-Fe,03; nanoparti-
cles with Zng 4Cdg ¢S nanoparticles was assessed by HRTEM, which
indicates the homogeneous distribution of a-Fe,03 nanoparticles

over Zng4CdggS, composing a hybrid material (Fig. 1c). A STEM
image of the o-Fe;03/Zng4CdgeS heterostructure shows that o-
Fe,03; nanoparticles are surrounded by Zng 4CdogS (Fig. 1d). These
results clearly demonstrate that o-Fe,03/Zng4CdgeS heterostruc-
tures with strong interface coupling were successfully fabricated,
which is favorable for improving the charge carrier separation
between the photocatalysts and thus the photocatalytic activity.
In addition, HAADF-STEM element mappings were further per-
formed and it can be seen clearly from Fig. 2 that Zn, Cd, S, Fe,
and O are evenly distributed, indicating the formation of hybrid
nanostructure. The EDX spectrum was also used to confirm the
existence of Zn, Cd, S, Fe, and O; the atomic ratio of Zn:Cd was
observed to be 0.4:0.6, which is in agreement with the experimen-
tal data and XPS results (Fig. S4).

The XRD patterns of as-synthesized samples are presented in
Fig. 3. The results show that the diffraction peaks of o-Fe,03 can
be readily indexed to rhombohedral hematite (o-Fe,O3; JCPDS
33-0664) with space group of R-3c having lattice parameters
a=5.0357 A and c=13.7488 A [24]. Three prominent diffraction
peaks appeared in the XRD pattern of Zng4CdgysS and 10 wt.% o-
Fe,03/Zng 4CdpsS measured in the scan range 10-70. The peaks
at 28.1°, 45.7°, and 53.9° matched well the (111), (220), and
(311) planes of the zinc blend phase, respectively [25]. The
diffraction peaks of a-Fe,03 in the a-Fe,03/Zng 4Cdg ¢S heterostruc-
ture were not more prominent, likely due to the low a-Fe,O3 con-
tent in the nanostructure.

XPS analysis of Zng 4Cdg S and 10 wt.% o-Fe,03/Zng 4Cdo 6S was
performed to reveal the presence of elements. Results are shown in
Figs. S5 and 4, respectively. Survey XPS spectra of Zng4CdoeS
shown in Fig. S5a indicate the presence of Zn, Cd, and S in the Zng 4-
Cdo6S sample. High-resolution spectra of Zn2p, Cd3d, and S2p are
also displayed in Figs. S5b, S5¢, and S5d, respectively. The Zn2p
spectrum depicts peaks at binding energies of 1023.6 and
1046.8 eV for Zn2ps); and Zn2py ,, respectively. The binding ener-
gies corresponding to Cd3d5/2 and 3d3/2 are found to be 405.1 and

Fig. 1. SEM image (a), TEM image (b), HRTEM image (c), and STEM image of the 10 wt.% o-Fe;03/Zng 4Cdo ¢S heterostructure.
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Fig. 2. HAADF-STEM element mapping images of the 10 wt.% o-Fe;03/Zng 4Cdg ¢S heterostructure with Fe(1a), O(ka), ZN(ka), Cd(1a), and S(kay shown in different colors.
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Fig. 3. XRD patterns of as-synthesized a-Fe,03, Zng4CdgsS, and 10 wt.% o-Fe,03/
Zn 4Cdo S heterostructure.

411.8 eV, respectively which is in agreement with the literature
[26]. The high-resolution XPS spectrum of S2p is shown in
Fig. S2d, which exhibits a broad peak at 161.3 eV corresponding
to S?~ [27]. The Zn:Cd ratio obtained from XPS analysis is well
matched with the experimental calculations and EDX results. A
typical survey XPS spectrum of 10 wt.% a-Fe,03/Zng 4Cdg ¢S is also
shown in Fig. 4a, which indicates the presence of Zn, Cd, S, Fe, and
0. As shown in Fig. 4b, the binding energies of the Zn2p3/2 and
2p1/2 peaks at 1023.8 and 1046.9 eV, respectively, matched
reported data well [26]. Fig. 4c shows the Cd3d spectral binding
energy region, in which peaks at 405.2 and 411.9 eV are in agree-
ment with Cd3d5/2 and 3d3/2, respectively. The S?>~ peak at bind-
ing energy 161.4 eV also indicates the presence of S in the 10 wt.%
o-Fe;03/Znp 4Cdo S sample (Fig. 4d). The typical high-resolution

O1s spectra shown in Fig. 4e can be further deconvo-
luted into three Gaussian curves centered at 530.1, 531.5, and
532.8 eV. The low-binding-energy component is ascribed to the
02~ ions in a-Fe,03, while the component in the higher-binding-
energy region is related to the O—C and physisorbed water mole-
cules. High-resolution Fe spectra of the 10 wt.% o-Fe,03/Zng 4Cdg 6-
S sample are also shown in Fig. 4f, which indicates peaks at 712.0
and 724.4 eV, confirming the presence of Fe2ps, and 2py,, respec-
tively [28]. The shakeup satellite at 719.9 eV was the typical Fe>* in
o-Fe;03/Zng 4Cdg 6S. The very-low-intensity peaks of Fe2p and oxy-
gen bound to Fe are a clear indication of the low loading amount of
a-Fe,03 and of most of a-Fe,03 being surrounded by Zng 4CdgeS
nanoparticles. A typical survey XPS spectrum of a-Fe,03 nanopar-
ticles is also shown in Fig. S6a, which shows the presence of Fe and
O orbitals. High-resolution Fe spectra of o-Fe,Os; nanoparticles
indicate the existence of Fe2ps;, and 2p;;, peaks centered at
711.8 and 724.6 eV, respectively; the binding energies are in agree-
ment with the 10 wt.% o-Fe;03/Zng4CdgeS sample (Fig. S6b). The
high-resolution O1s spectra shown in Fig. S6¢c can be further
deconvoluted into three Gaussian curves centered at 529.8, 531.2,
and 532.3 eV. The low-binding-energy component is ascribed to
the 0% ions in a-Fe,0s;, while the component in the higher-
binding-energy region is related to the physisorbed water mole-
cules and carbon components.

The UV-vis diffuse reflectance spectra of a-Fe;03, Zng4Cdg S,
and 10 wt.% a-Fe,03/Zng 4Cdg ¢S were also recorded to find the vis-
ible absorption capacity and are given in Fig. 5. The pure a-Fe,03
nanoparticles show strong absorption in the visible light region,
having a band gap of 2.1 eV, while the as-obtained Zng4CdgeS
nanoparticles can absorb visible light with wavelengths of about
475 nm, which corresponds to a band gap of 2.61 eV. The 10 wt.%
o-Fe;03/Znp 4CdosS heterostructure shows a deep orange color
and wide intense absorption in the visible region, which is benefi-
cial for the photocatalytic performance of the heterostructure. The
calculated band gap for the 10wt% o-Fe;03/Zng4CdgeS
heterostructure is 1.8 eV, which is above the minimum band gap
limit suitable for water splitting. The photocurrent response curves



M. Imran et al./Journal of Catalysis 353 (2017) 81-88

85

Survey

(b)

—_—
Q
~

Cd3d
Zn2p

Zn2p

12

S2p

il

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

Zn2p
Zn2p,,

_—
(2]
~

Cd3d,,

Cd3d

Ccd3d,,

Intensity (a.u.)

T T T T T
1000 800 600 400 200 0
Binding energy (eV)

T T
1050 1040

Binding energy (eV)

T T T T T T T T
418 416 414 412 410 408 406 404 402
Binding energy (eV)

T T
1030 1020

—_—
Q.
~—
—
D
~

S2p

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

(]
=
"
—_
—
=

O-Fe

Intensity (a.u.)

<

T T T T T T
166 1656 164 163 162 161 160 159
Binding energy (eV)

T T
538 536 534

Binding energy (eV)

T T T I T T T T
532 530 528 730 725 720 715 710
Binding energy (eV)

Fig. 4. XPS spectra of 10 wt.% o-Fe,03/Zng 4Cdg S heterostructure: survey spectrum (a), Zn2p orbitals (b), Cd3d orbitals (c), S2p orbitals (d), O1s orbitals (e), and Fe2p orbitals

(f).
1.6
1

1.2 (b) (c)
3
8
c
2 0.8
e
[]
[72])
2 a-Fe,0,

0.4 -

ZnD,ACdD.GS
——o-Fe,0,/Zn_Cd, S
0.0 T T L hd L}
300 400 500 600 700 800

Wavelength (nm)
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of a-Fe;03, Zng 4Cdg6S, and 10 wt.%) a-Fe;03/Zng 4Cdo ¢S were also
analyzed using A photoelectrochemical test device by dropping the
sample dispersions onto Ti foil (see the Section 2). The current
value increases to a maximum when the light is turned on, which
is due to the separation of electron-hole pairs at the semiconduc
tor—electrolyte interface, while the current value decreases to zero
when the light turned is off, which may be ascribed to the recom-
bination of electron-hole pairs. It can be clearly seen from Fig. 6a
that the o-Fe,03/Zng4CdgeS heterostructure exhibits a high pho-
tocurrent response as compared with o-Fe,O3 and Zng4CdggeS.
The high photocurrent response in 10 wt.% o-Fe,03/Zng4CdgeS

photocatalyst is attributed to low electron—hole pair recombina-
tion as electrons shift from the conduction band of «-Fe,0s3 to
the valence band of Zng 4CdgeS, resulting in higher photocatalytic
performance [29]. To further gain insight into the interface charge
separation efficiency of the as-synthesized o-Fe,03/Zng4CdoeS
heterostructure, we performed electrochemical impedance spec-
troscopy (EIS). The Nyquist plots for o-Fe,Os, Zng4CdosS, and
10 wt.% a-Fe;03/Zng 4Cdg6S are shown in Fig. 6b. The Nyquist plots
of a-Fe,03/Zng 4Cdo S showed a much smaller semicircle with the
lowest Rct compared with the a-Fe,03, Zng 4Cdg S, which suggests
an increase in charge separation efficiency, resulting in enhanced
photocatalytic H, production [30,31]. The EIS results are in consis-
tent with the photocurrent response data, which suggest that the
high photocatalytic activity of a-Fe,03/Zng4Cdg S originates from
efficient charge separation and mobility of photoinduced charge
carriers [32]. To be useful in practical applications, a photocatalyst
should have high charge-separation efficiency, strong absorption in
the visible range, and long-term stability for multiple cycles to
work effectively; a single-component photocatalyst may not have
all these features. Herein, our strategy to develop a multi-
component Z-scheme photocatalyst proves to be working, as the
key features of an efficient photocatalyst are exhibited by our pho-
tocatalyst. The a-Fe,03/Zng4CdgsS heterostructure shows strong
absorption in the visible region and high charge efficiency, as indi-
cated from photocurrent response and EIS results. The interface
contact between o-Fe,03 and Zng 4Cdg ¢S promotes the recombina-
tion of photogenerated electrons from the conduction band of Pho-
tosystem II (o-Fe,O3) and holes from the valence band of
Photosystem [ (Zng4CdoeS) and balances the distribution of inci-
dent photons between the two photosystems, thus enhancing the
utilization of solar light and increasing the efficiency.

The visible light photocatalytic H, evolution rate over different
loading amounts of a-Fe,05 in the o-Fe;03/Zng 4Cdg ¢S heterostruc-
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ture were measured in the presence of Na,S and Na,SOs as sacrifi-
cial reagents and are provided in Fig. 7a. Zng4Cdg S alone exhibits
moderate photocatalytic activity with an H, evolution rate of
22.4 pmol h™!, while the introduction of o-Fe,0; leads to an
enhancement in the H, evolution rate. The loading amount of a-
Fe,03 in the heterostructure plays an important role in the photo-
catalytic activity: As the amount of a-Fe;05 increases from 5 to
10 wt.%, the H, evolution rate of o-Fe;03/Zng 4Cdg6S is enhanced
from 265.5 to 536.8 umol h™! with AQY of 11.2% at 420 nm, sug-
gesting efficient charge separation and enhancement in the recom-
bination of photogenerated electrons from the conduction band of
a-Fe,;05 and holes from the valence band of Zng4CdgeS [33]. Fur-
ther increasing the o-Fe,O3 amount in o-Fe;03/Zng4CdggS leads
to a decrease in photocatalytic activity, as Zng4CdgeS is a major
component of the Z-scheme system contributing to H, production.
An increased amount of o-Fe,O; in the o-Fe,03/Zng4CdgeS
heterostructure reduces the electron mobility, hole diffusion
length, and lifetime of charge carriers as the o-Fe,O3 nanoparticles
show negative effects resulting in an overall low H; evolution rate.
So an optimum amount of o-Fe;O3 in o-Fe;03/Zng4CdgeS
heterostructure is needed to gain better results. The annealing
temperature may affect the crystallinity, the surface area, and the

a) s0o
(a) 536.8

500
400
300 4
200

100 4

Rate of H, production (umol h'"

a b c d
Samples

interface contact between a-Fe,03 and Zng 4CdgeS, so the effect of
calcination temperature on the visible light photocatalytic H, pro-
duction was investigated. The visible light photocatalytic hydrogen
(H2) production over 10 wt.% a-Fe,03/Zng 4Cdg S heterostructure
prepared at different temperatures (573, 673, and 773 K) was mea-
sured (Fig. 7b). Photocatalytic H, production over 10 wt.% o-Fe,0s/
Zng4CdoeS without heat treatment is found to be 70 pmol h™',
while after calcination at different temperatures, the rate of H,
evolution drastically increases, which may be ascribed to strong
solid-solid interface formation for efficient charge separation
together with decreasing photogenerated e/h recombination
through improved crystallinity [34,35]. The photocatalytic H; pro-
duction over 10 wt.% o-Fe;03/Zng 4Cdo6S samples annealed at 573
and 673 K was observed at 169.82 and 536.82 pmol h~!, respec-
tively. When the calcination temperature was increased to 773 K,
the rate of H, evolution decreased (320.82 umol h™'), presumably
due to the decrease in surface area and crystallinity of the as-
synthesized sample at high temperature, as supported by BET sur-
face area measurements and XRD results (Table S1, Fig. S7). The
BET surface area and pore volume of 10 wt.% a-Fe;03/Zng 4CdoeS
increases with increasing calcination temperature from 573 to
673 K but significantly decrease when calcination temperature
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Fig. 7. (a) Photocatalytic hydrogen evolution rates of different samples calcined at 673 K: Zng 4Cdo S (a), 5 wt.% o-Fe;03/Zng 4Cdo S (b), 10 wt.% o-Fe;03/Zng 4Cdo6S (c), and
15 wt.% o-Fe,03/Zng 4CdgeS (d). (b) Time courses of photocatalytic H, evolution from water solution on 10 wt.% o-Fe,03/Zng 4Cdo S prepared at different temperatures:

without thermal treatment (a), 573 K (b), 673 K (¢), and 773 K (d).
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increases to 773 K [36]. The crystallinity also decreases when the
calcination temperature increases from 673 to 773 K, which is in
agreement with the decrease in activity and BET surface area mea-
surements. FTIR and TGA analysis of 10 wt.% o-Fe;03/Zng 4CdgeS
heterostructure before and after calcination at 673 K show that
PVP is removed from the surface of the catalyst after heat treat-
ment, which favors the enhancement of photocatalytic perfor-
mance (Figs. S8 and S9). Moreover, HRTEM images of 10 wt.% o-
Fe,03/Zng 4Cdg S heterostructure calcined at 773 K also show sin-
tering of the catalyst at high temperature, which decreases the
activity (Fig. S10).

Most photocatalysts show a decline in activity during the recy-
cling process, which is the main cause for rejection of widespread
practical applications. To investigate the stability up to several
cycles, the photocatalytic H, production over 10 wt.% o-Fe,Os/
Zng 4Cdo ¢S was measured four times using the same catalyst under
visible light irradiation (A > 420 nm). As shown in Fig. 8, the 10 wt.
% a-Fe;03/Zng 4Cdo 6S heterostructure does not exhibit any obvious
decrease in photocatalytic activity up to four consecutive cycles,
suggesting the excellent stability of the as-obtained Z-scheme pho-
tocatalyst. To verify the stability of the 10 wt.% a-Fe,03/Zng 4Cdg 6S
heterostructure after four consecutive cycles, the photocorrosion
property was analyzed by inductively coupled plasma mass spec-
trometry (ICP). The catalyst showed good stability even after four
consecutive photocatalytic cycles, which clearly suggests that syn-
thesis and subsequent calcination stabilize the photocatalyst
against photocorrosion (Table S2).

The different loading amounts of o-Fe,03 in the a-Fe,03/Zng 4-
Cdo S heterostructure showed that Zng 4Cdg S is the leading active
component for photocatalytic H, evolution. The strong interfacial
connection between a-Fe,03 and Zng 4Cdg ¢S serves as an efficient
photogenerated electron transport pathway from the conduction
band of a-Fe,03 to the valence band of Zng4Cdg6S to capture the
photogenerated holes, as represented in Fig. 9. The photogenerated
electrons from Zng 4Cdg ¢S were further captured by H* and accom-
plished the reduction process. Fast electron transfer from o-Fe,03
to Zng 4Cdo S through the interface leads to efficient charge sepa-
ration in Zng4CdgeS, thus reducing electron-hole pair recombina-
tion, resulting in enhanced photocatalytic activity. The
photogenerated holes in a-Fe,03 can be trapped by sacrificial
reagents that undergo the oxidation of SO3~ to SO%~ [37,38]. This
possible Z-scheme mechanism is also supported by the transient
photocurrent response and electronic impedance spectroscopy
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Fig. 8. Time-cycle photocatalytic hydrogen production over o-Fe;03/Zng4CdgeS
heterostructure under visible-light illumination (» > 420 nm).
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Fig. 9. A schematic diagram illustrating the charge transfer process for the 10 wt.%
o-Fe,03/Zng 4Cdg ¢S heterostructure.

results, which suggest a high photocurrent response and much
smaller semicircle for the o-Fe,03/Zng4CdoeS heterostructure,
leading to an efficient H, evolution rate. Our multicomponent Z-
scheme photocatalyst may hold great potential for solving future
energy problems by water splitting and provides an advance
toward the development of environmentally friendly, low-cost
photocatalysts.

4. Conclusions

In this work, we have developed an o-Fe;03/Zng4CdoeS
heterostructure for visible-light-driven hydrogen (H,) production
by water splitting. Inspired by the natural photosynthesis process
in plants, we followed a multicomponent approach to couple two
photocatalysts, forming an interface between them for Z-scheme
electron transfer. The photocatalytic activities were observed using
solid solutions of the o-Fe,03/Zng4CdgeS heterostructure with
Na,S and Na,SOs as the sacrificial reagent. Our 10 wt.% o-Fe,05/
Zny.4Cd ¢S heterostructure exhibits as high as 536.8 pmol h~! pho-
tocatalytic H, production with AQY of 11.2% under visible light
(A >420 nm). The enhanced catalytic activity may be attributed
to good crystallinity and optimum charge separation efficiencies
as indicated by BET, EIS, and photocurrent response results. The
UV-vis diffuse reflectance spectra also show that our 10 wt.% o-
Fe,03/Zng 4Cdg S heterostructure absorbs most of the light from
the visible region, which contributes to the enhancement of activ-
ity. Our results provide significant progress toward the design of
further Z-scheme photocatalysts for practical applications.
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