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Abstract

The design and construction of hierarchical CoP/ZnCdS/Co0304 quantum dots (QDs) (800>40>4.5 nm) bi-heterostructure cages
as an ultrahigh-performance photocatalyst for hydrogen evolution with visible light is investigated. Three excellent photoactive
materials that ZnCdS solid solution, high-conductivity CoP and high-efficiency Co304 QDs were integrated into a all-in-one
bi-heterostructure cage architecture. Presence of the two high-efficiency electron-transfer pathways in CoP/ZnCdS/Co304 QDs
can seriously facilitate the separation and migration of light-induced electrons while the unique structure also can offer large
reaction surface and expose abundant active sites for photocatalytic hydrogen evolution reaction. Because of the distinctively
compositional and structural merits, the hierarchical CoP/ZnCdS/Co304 QDs bi-heterostructure cages without introducing
any cocatalysts exhibit ultrahigh activity and favorable stability for generation of high-purity hydrogen under visible light

irradiation.
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Abstract: The design and construction of hierarchical CoP/ZnCdS/CozO4quantum dots (QDs)
(800>40>4.5 nm) bi-heterostructure cages as an ultrahigh-performance photocatalyst for hydrogen evo-
lution with visible light is investigated. Three excellent photoactive materials that ZnCdS solid solution,
high-conductivity CoP and high-efficiency Co3O4 QDs were integrated into a all-in-one bi-heterostructure
cage architecture. Presence of the two high-efficiency electron-transfer pathways in CoP/ZnCdS/Co304 QDs
can seriously facilitate the separation and migration of light-induced electrons while the unique structure also
can offer large reaction surface and expose abundant active sites for photocatalytic hydrogen evolution reac-
tion. Because of the distinctively compositional and structural merits, the hierarchical CoP/ZnCdS/Co304
QDs bi-heterostructure cages without introducing any cocatalysts exhibit ultrahigh activity and favorable
stability for generation of high-purity hydrogen under visible light irradiation.
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Introduction

Overexploitation and hence the ever growing depletion of fossil fuels, in addition to the anthropogenic
climate change caused by the release of greenhouse gases by combustion of these nature resources is a matter
of profound concern because more than 80% of the world energy requirement still is derived from fossil
fuels at present [1-3]. Thus, it is urgent to develop renewable energy resources. Of the green alternative
energy resources available, hydrogen energy from solar energy and water is arguably the most promising one
because of its merits of green, high energy density, renewable [4-7]. However, the low separation and migration
efficiency of charge carriers greatly restrict the water-splitting properties of semiconductor photocatalysts.
Therefore, in order to meet the dawn of the practical application of hydrogen energy from solar energy and
water earlier, improving seriously hydrogen generation rate via designing and constructing more efficient
functional semiconductor materials still is a key subject up to now.

Metal chalcogenide semiconductor photocatalysts, such as CdS, ZnlnsSy, Mn;_CdyS, Zn;_«CdyS, have at-
tracted considerable attention due to the favorable visible-light response ability [8-12]. Of all sulfide semi-
conductors, CdS is a well-established photocatalyst for hydrogen evolution due to its appropriate band gap
(2.4 eV) and good visible light response performance. However, rapid electron recombination and serious
photocorrosion hinder the photocatalytic efficiency and stability of CdS [13]. In order to overcome these
shortcomings, CdS-based solid solution semiconductor photocatalysts were constructed, such as Mn;_,CdyS,
and Zn;_»CdyS, and they have been widely investigated in photocatalytic hydrogen production because of
them merits in tunable band gap (2.2873.94 eV) for light absorption and optimizeable band edge positions
for photo redox reactions [14,15]. But, while the Cd/Zn molar ratio is 1, that is, where x is 0.5, the pre-
pared Zng 5Cdg.5S nanoparticles possess the best photocatalytic performance among Zn;_,CdyS solid solution
semiconductors and far exceed alone CdS and ZnS catalysts as well [16]. Nevertheless, the fact that fast
electron-hole recombination still exists in the Zng 5Cdg.5S semiconductor, which would impede the further
enhancement of photocatalytic properties of Zn;_,CdyS solid solution materials. Consequently, it is to ab-
solutely accelerate the separation and migration of charge carriers that is the vital factor to be overcome for
extremely high-efficiency photocatlytic hydrogen evolution.

Transition metal phosphides (TMPs) have arisen as a high-performance class of candidates in photocatalytic
water splitting, supercapacitors, and electrochemical energy storage owing to their inherent semi-metallic
nature and high electrical conductivity [17-19]. And metal phosphides not only are good conductors of
electricity and heat, but also have high chemical stability, so they are kinetically favorable for the rapid
charge transfer required for high power density [20,21]. Not only that, they possess these advantages of
environmentally benign nature, and high abundance [22]. The negatively charged P on the surface of a metal
phosphide could not only trap protons as the base, but also provide high activity for the dissociation of Ha,
thus preventing the system from deactivation caused by high coverage of strongly bonding hydrogen atoms
[23,24]. Cobalt phosphide (CoP) as one of TMPs has been proven to be high-performance photocatalyst and
cocatalyst owing to the coexistence synergism conductive to fast charge transport [25,26].

Three-dimensionally confined quantum dots (QDs) have emerged as new-generation semiconducting mate-
rials owing to tunable bandgaps, narrow emission bandwidth, and high efficiency [27]. And their typical
dimensions range from nanometres to a few microns, and their size can be precisely controlled. And QDs
have these advantages of higher specific surface areas and shorter paths for charge transport [28]. QDs are
more widely used in the fields of display, photovoltaic, transistor [29]. Co304QDs with a size of about 4.5 nm
was synthesized by Shi et al. for the first time and applied in efficient oxygen evolution [30]. However, it has
few reports in the field of solar-driven water splitting, It was prepared for improved hydrogen evolution that
a series of novel quasi 0D/2D CoP/g-C3sNy derived from 4.5 nm Co304 QDs with g-C3Ny4 nanosheets [31].
The construction of Co304QDs (4.5 nm)/3D hexagonal CdS single crystals p-n heterojunction enhanced
photocatalytic hydrogen production [32].

In view of these merits and the application blank in field of photocatalytic hydrogen evolution, 4.5 nm



Co304 QDs involved hierarchical CoP/ZnCdS/Co304QDs (800>40>4.5 nm) bi-heterostructure cages was
reasonably designed and successfully constructed via taking their large differences in size. The architecture
aims to build bi-heterojunction structure to greatly accelerate the separation and migration of electron-hole
pairs from visible-light-induced ZnCdS solid solution for more high-activity hydrogen evolution reaction,
that is, to rapidly migrate charges on the conduction band of ZnCdS from two paths make more excited
electrons put into photocatalytic hydrogen reaction.

Experimental section
2.1 Catalyst preparation

2.1.1 Preparation of ZIF-67: ZIF-67 was prepared according to the reference with some modifications
[33]. In a typical preparation, two solutions were prepared by dissolving Co(NOj3)2-6H20 (0.873 g) in 30
mL of methanol and 2-methylimidazole (0.984 mg) in 10 mL of methanol, respectively. And they were
completely dissolved with stirring. Subsequently, the two solutions were mixed rapidly and aged for 24 h at
room temperature. The synthesized blue precipitate was washed with ethanol 3 times and then dried at 60

°C.

2.2 Preparation of ZIF-67 derived CoP polyhedron: CoP polyhedrons were prepared by annealing
the ZIF-67 (0.05 g) with NaPOyH*H50 (0.5 g) in a Ny flow at 300°C for 2 h with a heating rate of 5 °C
min!. NaPOsH5*H50 was placed upstream of N, and ZIF-67 was placed downstream.

2.1.2 Preparation of CozO4Quantum Dots: Co304 quantum dots were prepared by reference to pub-
lished literature [30,31]. Typically, 0.249 g (1 mmol) of cobalt (II) acetate tetrahydrate [Co(Ac)2*4H50)]
was put into round bottom flask containing 7 mL benzyl alcohol. And then the mixture was kept stirring
at ambient temperature till Co(Ac)2*4H>0 was completely dissolved. Afterward, 7 mL ammonium hydrox-
ide (25%) solution was dropwise added into the above open reactor under vigorous stirring. The vessel
with reddish-brown solution was kept heating in an oil bath set at 165 °C. Then, the solution was getting
immediately boiling with a large number of bubbles, and it was kept at 165 °C for 2 h under continuous
stirring. Later, a black suspension was formed. Finally, 7 mL diethyl ether was put into the finished reaction
suspension under continuous stirring. Subsequently, the black precipitate was washed with ethanol several
times via centrifugation until the washing solution becomes clear, and then it was dried at 60 °C.

2.1.3 Preparation of ZnCdS: According to the references [34,35], Cdg.5Zng 5S solid solution was prepared
by a precipitation-hydrothermal means. Typically, both 1.0975 g (5 mmol) zinc acetate dihydrate and 1.3326
g (5 mmol) cadmium acetate dihydrate were dissolved into 40 mL of distilled water in a PTFE vessel (100
mL), and 0.9391 g (12.5 mmol) thioacetamide (TAA) also was added into the vessel under vigorous stirring.
After they were completely dissolved, 10 mIL NaOH aqueous solution (4 M) was put into the above container
and then stirred for 1 h. Subsequently, the sealed autoclave was heated and kept at 180 °C for 24 h. After
that, the resulting yellow samples was washed with distilled water and ethanol three times, and then dried
at 60 °C.

2.1.4 Fabrication ofCoP/ZnCdS/Co304Quantum Dots: First, two solutions were prepared by dis-
persing Co304 quantum dots (0.01 g) and CoP polyhedrons (0.01 g) in 100 mL ethanol, respectively. And
the two solutions were dispersed thoroughly and evenly through ultrasonic and then stirring treatments.
Later, 0.1 g ZnCdS was dispersed completely in 60 mL ethanol via ultrasonic treatment, then 15x1000 pL of
CoP suspension (1.5 wt.% CoP) was continuously added into the above ZnCdS suspension under vigorous
stirring. After it was stirred for half an hour, 15x1000 pL of Co3Osquantum dots suspension (1.5 wt.%
Co304quantum dots) also was continuously put into the vessel, and then it was placed in water bath set as
80 °C with vigorous stirring until precipitate was completely separate out. This assembled Co304 quantum
dots (1.5 wt.%) /ZnCdS/CoP (1.5 wt.%) was labeled O/ZCS/P-3. And according to the added content of
Co304 quantum dots, the named O/ZCS/P-1, O/ZCS/P-2, and O/ZCS/P-4 correspond to 5x1000 uL (0.5
wt.%), 10x1000 pL (1.0 wt.%), and 20x1000 pL (2.0 wt.%) of Co3O4quantum dots suspension, respectively.
And the content of CoP in O/ZCS/P samples were arranged as 1.5 wt.% (15x1000 pL of CoP suspension).



2.1.5 Fabrication of ZnCdS/CoP: The synthesis of ZnCdS/CoP was same as those of O/ZCS/P in the
absence of CozO4 quantum dots. 5x1000 pL (0.5 wt.%), 10x1000 uL (1.0 wt.%), 15x1000 uL (1.5 wt.%)
and 20x1000 pL (2.0 wt.%) of CoP suspension was added into 60 mL ZnCdS (0.1 g) suspension, respec-
tively. After the same experiment as above, the obtained ZnCdS/CoP samples were named ZnCdS/CoP-1,
ZnCdS/CoP-2, ZnCdS/CoP-3, and ZnCdS/CoP-4 in turn.

2.2 Characterization of catalysts: The crystalline and phase information were obtained by taking a
Rigaku RINT-2000 diffractometer. The geometric features of the obtained catalysts were investigated by
JSM-6701F JEOL FESEM (Field-Emission Scanning Electron Microscope) and JEM1200EX JEOL TEM
(Transmission Electron Microscopy). The Brunauer-Emmett-Teller (BET) specific surface area (Spgr) of
powers were analyzed on an ASAP 2460 analyzer equipped with Vac Prep 061 sample degas system. X-
ray photoelectron spectroscopy (XPS) of elements were performed on an ESCALAB 250Xi. Uv-visible
diffuse reflectance spectra (UV-vis DRS) were studied on UV-2550 spectrophotometer. The fluorescence
curves for the resulting photocatalysts were tested on FLUOROMAX-4 fuorescence spectrometer. The
photoelectrochemical tests (I-T, EIS, LSV) for were measured on VersaStat4-400 electrochemical workstation
equipped with a standard three electrode cell, and Pt sheet with 2*2 cm? is for counter electrode, saturated
calomel electrode (SCE) is for reference electrode, 0.2 mol/L NaySO4 aqueous solution is to be electrolyte,
ITO (1*2 ecm?) drop-coating photocatalyst (1*1 cm?) was acted as working electrode, respectively. A light
source for I-T measures is to be 300W xenon lamp.

2.3 Photocatalytic hydrogen evolution experiments: The assessment of photocatalytic hydrogen
evolution performance of the obtained catalysts were proceeded in anaerobic system. Typically, 10 mg of
sample was ultrasonically suspended into 30 mL of aqueous solution containing lactic acid solution (10 vol.%)
as the sacrificial reagent. Prior to exerting light, the reactor was degassed with ready Nsto thoroughly exclude
the air and the dissolved oxygen in reaction system. Then, the enclosed reactor was paced in a nine-channel
photocatalytic reaction system equipped with 5 W LED as a light to generate Hy, and the produced Hs was
detected on a Tianmei GC7900 gas chromatograph (TCD, 13Xcolumn).

3. Results and Discussion
3.1 Synthesis of CoP/ZnCdS/Co304,QDs

Herein, we demonstrate the rational design and construction of hierarchical CoP/ZnCdS/Co304QDs bi-
heterostructure cages by assembling about 800 nm CoP polyhedrons, 40 nm ZnCdS, and 4.5 nm Co304 QDs
as a prominent photocatalyst for Ho evolution. The overall synthetic route for constructing the delicate
architectures is schematically illustrated in Fig. 1. Starting with ZIF-67 dodecahedrons as the precursor,
CoP polyhedrons with large surface was gained via phosphatizing reaction. In addition, ZnCdS nanoparticles
and Coz04 QDs are synthesized via solvothermal methods. Finally, the two cages, CoP/ZnCdS heterostruc-
ture cage with 40 nm ZnCdS nanoparticles coated on the surface of about 800 nm CoP polyhedron and
ZnCdS/Co304 QDs cages with 4.5 nm Co304 QDs decorated on the surface of 40 nm ZnCdS nanoparticle,
are integrated into all-in-one hierarchical CoP/ZnCdS/Co304QDs bi-heterostructure cages via utilizing their
pyramid-shaped size distribution. The complex CoP/ZnCdS/Co304 QDs bi-heterostructure cage architec-
tures with excellent metal phosphide, solid solution, and quantum dot subunits can seriously accelerate the
separation and transfer of electron-hole pairs, offer large surface area, and expose a lot of active sites for
photocatalytic Hy production. Accordingly, the optimum CoP/ZnCdS/Co304QDs bi-heterostructure cages
reveal ultrahigh activity and high stability for visible light driven water splitting.
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Fig. 1 Schematic presentation of the synthetic route of hierarchical CoP/ZCS/Co304 QDs bi-heterostructure
cages.

3.2 Morphology and structure of as-prepared photocatalysts

FESEM image in Fig. 2a shows the delicate ZIF-67 dodecahedron particles. And Fig. 2b manifests that CoP
particles with the size of about 800 nm well inherit the polyhedral morphology of their ZIF-67 precursors,
but its surface is concave inward and many cracks are formed on the surface of CoP polyhedron due to the
porous characteristics of metal organic frameworks (MOFs). ZnCdS nanaoparticles exhibit an average size
of approximately 40 nm (Fig. 2c). The FESEM image of ZnCdS/Co30,QDs heterostructure cages also was
investigated as shown in Fig. 2d. However, Co304,QDs can’t be observed in the FESEM image (Fig. 2e)
because its size is only about 4.5 nm as shown in the TEM image (Fig. 2f), but the existence of Co304 QDs
is proved via EDS and element mapping tests. In Fig. 2g, in addition to Zn (23.52 wt.%), Cd (39.24 wt.%)
and S (26.03 wt.%) elements were detected in the micro-scale testing area, Co species (0.94 wt.%) also were
identified, which is consistent with the performed results of element mapping as displayed Fig. 2h. And the
density of Co element obviously is lower in comparison with that of Zn, Cd, and S elements. These results
signify the ZnCdS/Co304QDs heterostructure cages can be rationally designed and successfully constructed
via fabricating Co304 QDs having only the average size of 4.5 nm on the surface of ZnCdS nanoparticles
with the average size of 40 nm. Furthermore, it can be seen from Fig. 2i that the architecture of hierarchical
CoP/ZnCdS/Co304 QDs bi-heterostructure cages was successfully constructed, just as we have wanted.
Namely, ZnCdS nanoparticles were decorated on the surface of CoP polyhedron while Co3O4 QDs were
integrated into the surface of ZnCdS nanoparticles to form hierarchical CoP/ZnCdS/Co304 QDs double
cage heterostructures. In Fig. 21, a set of distinct lattice fringes with spacing of 0.32 nm can be identified
as the (002) planes of ZnCdS solid solution, and the lattice fringes of CoP and Co304 QDs are not observed
because of their low crystallinity and content, consistent with the XRD analysis (Fig. 3a,b). And these
elements of Zn, Cd, S, Co and P can be clearly observed in EDS (Fig. 2j) and element mapping images (Fig.
2m), and they are distributed uniformly.
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Fig. 2 FESEM images of (a) ZIF-67, (b) CoP polyhedron, (¢) ZnCdS, and (d) ZnCdS/Co304 QDs; (f) TEM
image of Co304 QDs; (g, h) EDS and element mapping images of ZnCdS/Co304QDs; (i) FESEM images of
CoP/ZnCdS/Co304QDs; (j-m) EDS, HRTEM, and element mapping images of CoP/ZnCdS/Co304 QDs.

3.3 Phase structure and surface chemical state

The Co304 QDs, CoP, ZCS and O/ZCS/P-x samples were further performed by X-ray diffraction (XRD)
to determine the phase composition. As displayed in Fig. 3a, the XRD pattern of Co3O4 QDs matches well
with cubic phase CozO4 (PDF#42-1467) [30], and the characteristic peaks at 36.6°, 44.8°, 59.4° and 65.1° can
be severally indexed to the (311), (400), (511) and (440) crystal planes of cubic phase Co304. Meanwhile, the
diffraction peaks at 31.6°, 36.2°, 48.1° and 56.7° in the XRD pattern of the bare CoP were in accordance with
the (011), (111), (211) and (212) crystal planes of orthorhombic CoP (PDF#29-497) [36,37]. Fig. 3b displays
the XRD patterns of ZCS and ZCS-based hybrids. The representative diffraction peaks of at 26.1°, 27.8°,
29.5°, 38.4°, 45.9°, 50.2° and 54.5° can be severally indexed to the (100), (002), (101), (102), (110), (103) and
(112) crystal planes of hexagonal Zng 5Cdg 5S (PDF #89-2943) [38]. However, no visible diffraction peaks of
Co3z04and CoP were presented in all ZCS-based samples, which is because of the extremely low content and
crystallinity of CozO4 and CoP. Nevertheless, the presence of Co304 and CoP in the O/ZCS/P-x composites
has been proved by EDS and element mapping techniques as displayed in Fig. 2.

The X-ray photoelectron spectroscopy (XPS) was applied to investigate the surface composition and chemical



states of the as-obtained samples. The Co 2p and O 1s high-resolution XPS profiles of original Co3O4 QDs
are illustrated in Fig. 3c and d, respectively. The two peaks at 780.2 and 795.5 eV are attributed to Co 2p3 /2
and Co 2py/ of Co?*t, and other two peaks at 782.1 and 797.9 eV are assigned to Co 2p3/2 and Co 2p; /o
of Co®* [39], respectively. The peaks centered at 530.0 and 531.6 eV in the O 1 s XPS profiles of Co304
QDs belong to Co-OH and Co-O groups, respectively. And the signals at 787.8 and 804.1 eV correspond to
the satellite peaks of Co 2p3z/, and Co 2py 2, respectively. The Co 2p and P 2p high-resolution spectrum of
pristine CoP are displayed in Fig. 3e. The XPS spectrum of Co 2p in CoP is similar to that in Co3O4 QDs,
but it is very clearly that the binding energies of both Co?* and Co®*t in Co 2p are bigger than those in
Co304 QDs, which is due to the stronger electronegativity P elements in CoP. The weak signals at 129.5
and 130.3 eV in the high-resolution spectrum of P 2p (Fig. 3f) belong to the index of Co-P bonds in CoP
[40]. While the peak at 134.1 eV is attributed to the oxidized P owing to the inevitable surface oxidation.
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Fig. 3 XRD patterns of (a) CoP, Co304 QDs, and (b) ZCS, ZCS/CoP-x and O/ZCS/P-x samples; XPS
spectra of (¢) Co 2p and O 1s for Coz04 QDs, and (d) Co 2p and P 2p for CoP.

In Fig. 4a, the XPS signals of Co 2p in Co304 QDs/ZCS and ZCS/CoP is quite weak due to the extremely
low content of Co304 QDs and CoP in composite samples. It is worth noting that the binding energies of
Co 2p in Co304QDs/ZCS and ZCS/CoP exhibit a negative shift in comparison with those of Co 2p in alone
Co304 QDs and CoP, which suggests that it is charges that migrate from ZCS to Co304 QDs and CoP. On
the contrary, the binding energies of Zn 2p, Cd 3d and S 2p in all composite samples present remarkable
positive shift in comparison with those of Zn 2p, Cd 3d and S 2p in original ZCS (Fig. 4b-d), which also
indicate that it is ZCS that is the electron donor for highly-efficient photocatalytic hydrogen evolution. In
addition, it also can be observed from the XPS spectrum of Zn 2p, Cd 3d and S 2p that their binding energies
in O/ZCS/P bi-heterostructure cages increase more compared with those in Co3O4 QDs/ZCS and ZCS/CoP,
which strongly reveal that Co30, QDs and CoP simultaneously transfer electrons from ZCS. Consequently,
the construction of hierarchical O/ZCS/P bi-heterostructure cages can rapidly migrate charges from photo-
excited ZCS, so the recombination of electron-hole pairs can be greatly inhibited, thereby the hydrogen
evolution performance is enhanced seriously.
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Fig. 4 XPS spectra of (a) Co 2p for Co304 QDs/ZCS and CoP/ZCS; (b) Zn 2p for ZCS, CoP/ZCS,
Co304 QDs/ZCS and Co304 QDs/ZCS/CoP; (¢) Cd 3d for ZCS, CoP/ZCS, Coz0,4 QDs/ZCS and Coz04
QDs/ZCS/CoP; (e) S 2p for ZCS, CoP/ZCS, Co304 QDs/ZCS and Co304 QDs/ZCS/CoP.

3.4 Brunauer-Emmett-Teller analysis

The Brunauer-Emmett-Teller (BET) specific surface area (S pgr) and the pore diameter distribution of
ZnCdS nanoparticles, CoP polyhedrons, Co30, QDs and bi-heterostructured O/ZCS/P-3 cages were ana-
lyzed by Nsadsorption-desorption measurements as displayed in Fig. 5. The type IV isotherms with type
H3 hysteresis loops in Fig. 5a and the pore diameter distribution curves in Fig. 5b indicate the presence of
mesoporous structure in the four as-synthesized photocatalysts, which will facilitate the mass transfer for het-
erogeneous catalysis [41]. And the average pore size of ZnCdS nanoparticles, CoP polyhedrons, Co304,QDs
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and O/ZCS/P-3 is 20, 18, 4 and 22 nm, respectively. In comparison with CoP polyhedrons and Co304 QDs,
ZnCdS nanoparticles possess a relatively small surface area of 30 m?-g™' owing to its relatively larger density.
However, an enlarged BET surface area of 37 m2-g'! for hierarchical O/ZCS/P-3 bi-heterostructure cages
was gained because of the integration of both CoP (79 m2-g™!) polyhedrons and CozO, QDs (178 m?.g!)
with ZnCdS nanoparticles, which ensures more active sites for photocatalytic hydrogen evolution reaction.
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Fig. 5 (a) Ny adsorption-desorption and (b) pore diameter distribution curves of ZnCdS, CoP, Co304 QDs
and O/ZCS/P-3.

3.5 UV-vis DRS analysis

As observed in Fig. 6, the optical properties of pristine ZnCdS nanoparticles, CoP polyhedrons, Co3O4
QDs are investigated by the UV-vis diffuse reflectance spectra (UV-vis DRS). Obviously, UV-vis DRS depict
the fact that the three samples manifest strong visible light absorption. And original ZnCdS nanoparticles
exhibit a light absorption with an edge of about 560 nm, meaning the significant semiconductor charac-
teristics. However, the CoP polyhedrons and Co304 QDs exhibit an intense light absorption from 300
to 800 nm, implying their semi-metallic nature nature [42,43]. In fact, TMPs have been proved to have
semi-metallic nature and high electrical conductivity. QDs with narrow emission bandwidth are confined
three-dimensionally. Thus, CoP and Co304QDs can serve as electron sink to greatly promote the separation
efficiency of charges from ZnCdS and fundamentally inhibit the recombination of photo-excited carriers, so
as to lead to highly-efficient hydrogen evolution rate.
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Fig.6. (a) UV-vis diffusion reflectance spectra (UV-vis DRS) of ZnCdS, Co304 QDs and CoP.
3.6 Photocatalytic Hy evolution activity measurements

Fig. 7a depicts the photocatalytic hydrogen evolution performance of different samples under visible light
irradiation (A [?] 400 nm) with lactic acid (LA) as the hole scavenger. The original ZnCdS nanoparticles
are visibly active to catalyze the splitting of water under 5 W LED light irradiation, giving a Hs-evolving
rate of 8.2 mmol h™! g''. However, after coupling 0.5 wt.% CoP polyhedron or 0.5 wt.% Cos04 QDs with
ZnCdS nanoparticles, the as-obtained ZCS/CoP and ZCS/Co304 QDs hybrids show an improved hydro-
gen evolution activity, which manifests that the introduction of both CoP polyhedron and Co304 QDs can
accelerate the separation and migration of photo-excited charges from ZCS. More importantly, while 0.5
wt.% CoP polyhedron and 0.5 wt.% Co304 QDs were introduced concurrently, the constructed hierarchical
CoP/ZnCdS/Co304QDs (800>40>4.5 nm) bi-heterostructure cages exhibits more high-performance pho-
tocatalytic hydrogen production, which strongly indicates that the parallel pathways of electron migration
was successfully established for more rapider charge transport. Fig. 7b shows the comparison of hydrogen
evolution rate of ZCS/CoP with different wt.% of CoP polyhedron. It can be clearly observed that ZCS/CoP
with 1.5 wt.% CoP exhibits higher hydrogen generation rate (12.4 mmol h™! g'!) which is 1.5 times that of
pristine ZCS, again demonstrating the significant role of CoP for promoting the hydrogen evolution activity
of ZCS. Fig. 7c displays the hydrogen production activities after assembling different content of Co304QDs
on ZCS/CoP-3. As observed, the O/ZCS/P-3 with 1.5 wt.% Co304 QDs exhibits the highest photocatalytic
hydrogen evolution property (24.2 mmol h™! g'!) under 5 W LED light irradiation, which is about 2.9 times
that of original ZCS. Further, O/ZCS/P-3 possesses more prominent hydrogen generation performance under
300 W Xe lamp irradiation close to sunlight (Fig. 7d), and a large number of bubbles can be clearly observed
in a closed reaction vessel as shown in Fig. 7g, which seriously reveal the ultrahigh photocatalytic perfor-
mance of the hierarchical O/ZCS/P-3 bi-heterostructure cages for hydrogen evolution. In order to more
intuitively evaluate the photocatalytic hydrogen evolution rate of the bi-heterostructured O/ZCS/P-3 cages,
the reaction vessel was equipped with Hs-collection-device (HCD). Dynamic bubbles in hydrogen evolution
reaction is provided in a separate document (Hs-evolution video). While the hydrogen evolution reaction
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proceed for 0 h, the HCD of easy expansion is downcast. After 5 h, it was obviously bulging. However, it’s
completely propped up after 10 h. Both lots of bubbles and the rapid bulging of elastic HCD indicate the ul-
trahigh photocatalytic hydrogen evolution performance of the as-constructed O/ZCS/P-3 bi-heterostructure
cages. Additionally, the purity of evolved Hs also was tested via ignition experiment, bright flame means the
high purity of Hafrom O/ZCS/P-3 driven water splitting under visible light irradiation. Undoubtedly, the
hierarchical O/ZCS/P-3 bi-heterostructure cages should be one of the world-level photocatalysts for efficient
Hs, evolution up to now. The hydrogen generation performance of O/ZCS/P-3 under different wavelength
was carried out (1 h), the results are shown in Fig. Te. Obviously, the decrease of photocatalytic hydrogen
evolution rate is drastic at the wavelengths greater than 500 nm, which indicates that the water splitting
reaction for Hy evolution is indeed titillated by the light excitation of the O/ZCS/P-3 photocatalyst. And
the Hy evolution rate of O/ZCS/P-3 is the fastest at the wavelength of 450 nm. Furthermore, it also can be
observed from Fig. 7f that the hierarchical O/ZCS/P-3 bi-heterostructure photocatalyst not only exhibits
ultrahigh Hy production properties but also very good stability, which are mainly contributed to the con-
struction of the two efficient parallel approaches applied to the fast migration of photo-induced charges in
the architecture of hierarchical O/ZCS/P-3 bi-heterostructure cages.
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Fig. 7 (a) Ha evolution activity of ZCS, ZCS/CoP, ZCS/Co304 QDs and O/ZCS/P; (b) Hy evolution
activity of ZCS/CoP-x; (c) Hg evolution activity of O/ZCS/P-x; (d) Hy evolution activity of O/ZCS/P-3
under different light sources; (e) He evolution activity of O/ZCS/P-3 under different wavelength (1 h); (f)
Photocatalytic Haevolution stability testing of O/ZCS/P-3.

3.7 Photophysical and electrochemical properties

In order to further gain some insights into the excellent performance of bi-heterostructured O/ZCS/P-
3 cages, various electro-/photo-chemical characterizations are carried out as displayed in Fig. 8. The
most accelerated charge migration kinetics in O/ZCS/P-3 is clearly reflected by the significantly increased
photocurrent response as shown in Fig. 8a. Moreover, electrochemical impedance spectra (EIS) exhibit
that ITO/O/ZCS/P-3 electrode possesses a smaller high-frequency semicircle compared with other three
electrodes (Fig. 8b), indicating a lower electron-transport resistance in the O/ZCS/P-3 material that ensures
the faster charge migration. On the other hand, steady-state photoluminescence (PL) quenching reveals the
most inhibited recombination of light-excited electron-hole pairs in O/ZCS/P-3 (Fig. 8c). Furthermore,
time-resolved photoluminescence (TRPL) spectroscopy is applied to investigate the charge carrier dynamics
of the as-prepared semiconductors (Fig. 8d). The decay kinetics of O/ZCS/P-3 exhibits shorter average
lifetime (1.62 ns) in comparison with those of ZCS (1.78 ns), ZCS/CoP (1.75 ns) and ZCS/ Co304 QDs
(1.70 ns), which signifies the O/ZCS/P-3 can faster promote the separation of photo-induced charge carriers.
These results verify the faster separation and migration of light-excited charges in O/ZCS/P-3, thus leading
to the high-performance Hy evolution.
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Fig. 8 (a) Time-photocurrent response and (b) EIS curves of ITO/ZCS, ITO/ZCS/CoP, ITO/ZCS/Co304
QDs and ITO/O/ZCS/P-3 electrodes; (c) Steady-state PL spectra and (d) Time-resolved PL emission decay
curves of ZCS, ZCS/CoP, ZCS/Co304 QDs, and O/ZCS/P-3.
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3.8 Photocatalytic H; evolution mechanism

Based on the above experimental results, the Haevolution mechanism of the hierarchical CoP/ZnCdS/Co3z04
QDs bi-heterostructure cages as a photocatalyst exhibiting ultrahigh hydrogen evolution activity is depicted
as shown in Fig. 9. Under visible light irradiation, ZnCdS solid solution being inherently active to splitting
of water is excited to generate electrons and holes, and the produced charges are rapidly captured and
transferred by the excellent-performance CoP and Co304 QDs while the holes on valence band of ZnCdS
react with LA as the sacrificial reagent, which lead to that the recombination of electron-hole pairs is greatly
inhibited, thereby the high-performance photocatalytic hydrogen evolution come. In short, the construction
of the bi-heterostructured cages in CoP/ZnCdS/Co3z04 QDs develops the two parallel pathways applied to
the rapid electron transport, resulting in the serious improvement of the utilization efficiency of photo-induced
charges on conduction band of ZnCdS for hydrogen evolution.

—
,H\‘u‘}é,w

QQ( Y]

Fig. 9 Internal migration mechanism of electrons in CoP/ZnCdS/Co30,4 QDs bi-heterostructures.
4. Conclusion

Summarily, hierarchical CoP/ZnCdS/Co304QDs bi-heterostructure cages was constructed by integrating
about 800 nm CoP polyhedron, 40 nm ZnCdS nanoparticles and 4.5 nm Co3z04 QDs into all-in-one as an
ultrahigh-performance photocatalyst for visible-light-driven water splitting. What’s more, the development
of the two parallel electron-transfer pathways in the bi-heterostructured CoP/ZnCdS/Co30,4 QDs cages
makes photo-excited charges in ZnCdS be used seriously to the hydrogen evolution reaction. Undoubtedly,
both semi-metallic CoP and three-dimensionally confined Co3O4 QDs as electron traps efficiently separated
and transferred charges in photocatalytic water-splitting reaction. Besides, the CoP/ZnCdS/Co304 QDs
photocatalyst not only exhibited high-efficiency Hs-evolution but also favorable recycling stability.
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