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Narrow band gap semiconductors heterojunction with superior coupling and composition matching can enhance
light absorption, reduce carrier recombination and increase redox activity. Here, we report Co9S8/Cd/CdS Zscheme type heterojunctions with hierarchical tubular heterostructure and inexpensive transition metallic
electronic bridge between two distinct semiconductors by a simultaneous immobilization and in-situ reduction
strategy. The designed heterostructure greatly promotes the redox activity owing to high-density catalytic sites,
excellent visible light capture by small band gap Co9S8/CdS and hollow framework in conjunction with fast
charge separation and smooth transfer through intermediary conductive Cd. The optimized photocatalyst ex
hibits a hydrogen generation rate up to 10.42 μmol h− 1 without obvious drop in performance over multiple
cycles. The structural design, matching tandem constituent and continuous phase mediator are the pivotal factors
to engender an efficient solid-state Z-scheme photocatalysis. The facile synthetic approach and noble metal free
tandem structure of this work provide alternative avenues for the development of heterojunction photocatalysts
for efficient solar-to-chemical conversion.

1. Introduction
Solar-fuel conversion ranks the highest potential to revolutionize
energy supply to achieve the goal of low carbon economy and sustain
able development [1–5]. Particularly, photocatalytic water splitting
powered by renewable solar is one of the most attractive measures to
produce green hydrogen energy, widely recognized as an ideal clean,
storable and versatile alternative fuel [6–8]. Among numerous photo
catalyst candidates [9–12], metal chalcogenides possess many advan
tages, such as earth abundance, controllable morphology, desirable
narrow bandgap, accelerated charge transfer and excellent active sites
[13–15]. Rational coupling of hybrid metal chalcogenides can satisfy the
high requirements of wide solar spectrum absorption and appropriate
redox potential for efficient photocatalytic activity [16,17].
CdS is a prominent classical metal chalcogenide widely used in
photocatalytic reactions of many kinds, particularly in hydrogen evo
lution and water splitting [18–22]. Be that as it may, CdS has

shortcomings including high electron-hole pair annihilation,
photo-corrosion and instability which calls for judicious catalyst design
[23–25]. Constructing Z-scheme type heterojunctions by coupling
complementary semiconductors has been commonly adopted [26–28].
By virtue of narrow bandgap and high flat-band potential of more
negative than the water reduction potential qualifies Co9S8 as a favor
able counterpart of CdS. Meanwhile, the desirable shared sulfur atom
between the two semiconductors further boosts the intermolecular in
teractions for efficient charge transfer process [29–31]. In addition, the
insertion of a metallic shuttle redox mediator at the heterojunctions can
assist the separation and migration of charges [32,33]. For instance, in
typical three components Z-scheme photocatalysts, noble metal nano
particles, carbon-based graphene, carbon nanotubes and quantum dots
are employed as solid state mediator [34–36]. However, developing
Z-scheme nanostructures with enhanced intrinsic conductivity, interfa
cial contact and high stability is a nontrivial task, due to the seemingly
complex multiple steps needed for synthesis and/or modifications
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processes which often not result in improved performance instead result
in the destruction of active components and structure [37–40]. On this
note, maintaining continuity and compatibility of component constitu
ents between the heterojunctions using facile synthetic route is worthy
of consideration.
Herein, we report a rationally designed hybrid transition metal
dichalcogenides Z-scheme photocatalyst for hydrogen generation by
effective coupling of visible-light responsive Co9S8 and complex Cd/CdS
nanoparticles. Few crucial factors namely structural design, materials
choice and interface are considered in the design of the solid state Zscheme that is free from unstable ionic redox or expensive noble metal
conductor shuttle. Specifically, as shown in Scheme 1 one-dimensional
(1D) Co9S8 hollow-tube is exploited for its merits of increased surface
active sites and short charge diffusion length through the radial tube
thickness. Facile in-situ reduction of Cd with CdS and direct growth on
Co9S8 ensure intimate contact and interfacial compatibility between
mixed composites thus ensuring a smooth charge migration bridge be
tween the two semiconductors. The direct incorporation of Cd between
CdS and Co9S8 offers a good electronic mediator interface, on account of
its metallic conductivity and localized formation during CdS preparation
that resulted in heterojunctions of close contact and high stability. This
pivotal design configuration would undoubtedly promote the separation
and migration of photo-generated electrons-holes, and enhanced pho
tocatalytic activity. Based on a series of structure and composition
exploration, the optimized composite could achieve a remarkably
improved hydrogen evolution rate (by 570 %) and cycling stability
under visible-light illumination. This work provides a rational design
and construction of solid state Z-scheme heterojunction for effective
spatial separation of the reductive and oxidative active sites that greatly
improved the photocatalytic performance.

2.2. Preparation of photocatalysts
2.2.1. Preparation of Co9S8 nanotubes
Co9S8 nanotubes were prepared using sacrificial template method
upon Kirkendall effect. Co(CO3)0.35Cl0.20(OH)1.10 nanowires were firstly
synthesized as hard templates. In a typical experimental procedure, urea
(5 mmol) and cobalt chloride hexahydrate (5 mmol) were dissolved in
deionized (DI) water (30 ml) with intense stirring for 10 min. Then, the
mixed pink solution was transferred into a 50 ml autoclave and kept at
120 ◦ C for 10 h. After cooling down to room temperature naturally, the
precipitates were collected and washed with DI water, ethanol several
times and dried at 60 ◦ C for 12 h. The obtained Co
(CO3)0.35Cl0.20(OH)1.10 nanowires (110 mg) were dispersed into 40 ml
of Na2S aqueous solution (5 mg/ml) with strong stirring and ultrasonic
treatment and were then transferred into a 50 ml autoclave and kept at
160 ◦ C for 8 h. Similar washing and drying process was adopted for the
produced black precipitates.
2.2.2. Preparation of hierarchical Co9S8/Cd/CdS tubular heterostructures
Cd/CdS nanoparticles were grown directly on Co9S8 nanotubes via
hydrothermal methods. In a typical procedure, a certain amount of
Co9S8 nanotubes (e.g. 2 mg, 5 mg, 10 mg and 15 mg) was dispersed into
30 ml DI water with ultrasonic for 30 min to form a homogeneous sus
pension. Afterwards, CdCl2 (0.5 mmol) and a certain amount of citric
acid trisodium salt dihydrate were added and stirred for 2 h. 0.5 mmol
thiourea was then put into the above solution, which was quickly
transferred into 50 ml autoclave and kept at 160 ◦ C for 5 h. When the
temperature cooled down to room temperature, the precipitates were
collected and dried at 60 ◦ C in vacuum overnight. The obtained samples
were labeled as CC-2, CC-5, CC-10 and CC-15, respectively.
For comparison, pure Cd/CdS samples were prepared without Co9S8
under same experimental parameters except for reaction time and the
amount of citric acid trisodium salt dihydrate. For Cd/CdS-1, 5 h of
reaction time and 0.1 g of citric acid trisodium salt dihydrate were used.
For Cd/CdS-2, reaction time was only kept for 2 h with the same amount
of citric acid trisodium salt dihydrates as Cd/CdS-1. For Cd/CdS-3, re
action time was still 5 h, but citric acid trisodium salt dihydrate was
increased to 0.3 g. For control samples, bare CdS without Cd nano
particles were prepared following Yang’s methods with some modifi
cation [41].

2. Experimental section
2.1. Chemicals
Urea (CH4N2O), cobalt chloride hexahydrate (CoCl2⋅6H2O), cad
mium chloride anhydrous (CdCl2) and thiourea (CH4N2S) were all
purchased from Sigma Aldrich. Citric acid trisodium salt dihydrate
(C6H5Na3O7 2H2O) was purchased from VWR international Ltd. Sodium
sulfide hydrate (Na2S, 60–63 %) was bought from Acros Organics. All
chemicals were used without any purification.

Scheme 1. Schematic diagram illustrating synthesis process of the Co9S8@Cd/CdS heterostructure.
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2.3. Characterization of photocatalysts

660E electrochemical workstation with three-electrode configuration.
The prepared catalysts were coated onto ITO substrates and used as
working electrode, a platinum plate and saturated calomel electrode
(SCE) electrode were used as counter and reference electrode, respec
tively. 0.5 M Na2SO4 aqueous solution was used as electrolyte. The
photocurrent responses were recorded at open-circuit potential under
chopped visible-light irradiation. Electrochemical impedance spectros
copy (EIS) was also performed at open-circuit potential with a frequency
loop from 100 kHz to 0.1 Hz by applying a sine wave with an amplitude
of 5 mV.

Scanning electron microscopy (SEM) images were taken using a
JEOL FEG JSM 7001 F. Transmission electron microscopic (TEM), high
resolution transmission electron microscope (HRTEM) images, high
angle annular dark field-scanning transmission electron microscopy
(HAADF-STEM), and elemental mapping images were collected by a
JEOL JEM-2100 F. X-ray diffraction patterns were obtained from a
D5005 Bruker X-ray diffractometer equipped with graphitemonochromated Cu Kα radiation at λ = 1.541 Å). X-ray photoelectron
spectroscopy (XPS) was performed on Kratos AXIS Ultra DLD with a
monochromatic Al Kα X-ray source (1486.6 eV) for surface analysis.
UV–vis absorption spectra were collected on a Shimadzu UV-3600
UV–vis spectrophotometer. The photoluminescence (PL) was detected
with 440 nm excitation wavelength by Shimadzu RF-5301 PC series of
fluorescence spectrometers.

3. Results and discussion
3.1. Morphological characterization of Co9S8/Cd/CdS tubular
heterostructure
The morphological structure evolution and constituent trans
formation from Co(CO3)0.35Cl0.20(OH)1.10 nanowires to Co9S8 nanotubes
were firstly investigated by SEM, TEM and EDX elemental mapping
(Fig. 1). Fig. 1a shows that Co(CO3)0.35Cl0.20(OH)1.10 nanowires exhibit
a diameter from 100 to 300 nm and lengths up to micrometers, with
bunch-like structure. With the assistance of S2− etching and Kirkendall
effect, structural evolution takes place from the original solid nanowire
into a hollow structure. The SEM image reveals tubular hollow frame
work with thin shell (Fig. 1b). The Co9S8 tube is formed via structure
induced anisotropic chemical etching by exchange reaction with S2−
ions initially on the surfaces of the solid nanowires sacrificial template.
The unbalanced counter-diffusion of Co and S atoms then lead to Kir
kendall void formation. With prolonged reaction, the core is continu
ously consumed whilst the void enlarged leading to nanotube structure.
As shown by the TEM images shown in Fig. S1a-c, similar diameters and
lengths were preserved except open ends, and the wall thickness is about

2.4. Photocatalytic activity test
The H2 evolution measurements were carried out in a sealed quartz
glass vial. A commercial 300 W Xenon lamp with a UV cutoff filter
(λ ≥ 400 nm) was used to simulate the visible-light source with a light
intensity of 100 mW/cm2. Specifically, 2 mg photocatalyst was first
dispersed into 10 ml aqueous solution containing 0.35 M Na2S and
0.25 M Na2SO3 as sacrificial reagents, and the quartz vial and solution
was then purged using Ar flow for 15 min. The produced gas mixtures
were analyzed by injecting 100 μL gas samples into gas chromatograph
(Shimadzu, GC-2014AT) every hour to calculate the H2 evolution rate.
2.5. Photoelectrochemical measurements
All photoelectrochemical measurements were performed on a CHI

Fig. 1. SEM images of (a) Co(CO3)0.35Cl0.20(OH)1.10 nanowires, (b) Co9S8 nanotubes, and (c) Co9S8/Cd/CdS heterostructure. (d, e) Low and high magnified TEM
images of Co9S8/Cd/CdS (CC-10). HRTEM images of (f) the nanotube part and (g) nanoparticle part of Co9S8/Cd/CdS (CC-10). (h) HAADF-TEM and EDX elemental
mapping images of S, Cd, and Co.
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10 nm. HAADF-STEM and EDX elemental mapping images (Fig. S1c)
further confirm the successful tubular conversion, and uniform Co and S
elements distribution covering the whole tube. Notably, this tubular
conversion can enrich active sites density (Fig. S2 a–c), induce favorable
mass flux and shorten electronic transport. In addition, the XRD patterns
(Figs. S3 and S4) exhibit peaks matching to Co(CO3)0.35Cl0.20(OH)1.10
nanowires (JCPDS No.38− 0547) are modified to the peaks referring to
Co9S8 nanotubes (JCPDS Card No. 86-2273), further corroborate the
chemical transformation.
The Cd/CdS nanoparticles were subsequently anchored onto the
nanotubes to realize hierarchical Co9S8/Cd/CdS heterostructure via
hydrothermal growth. As displayed in Fig. 1c, the optimized Co9S8/Cd/
CdS sample denoted as CC-10 has a 1D hierarchical tubular hetero
structure, in which Cd/CdS nanoparticles were uniformly and densely
coated on the surface of individual Co9S8 nanotube. The representative
TEM image of CC-10 in Fig. 1d further proves the coupling and even
distribution of Cd/CdS nanoparticles along the Co9S8 nanotubes. The
diameter of each Cd/CdS nanoparticle is about 100 ~ 150 nm (Fig. 1e).
In sharp contrast, other Co9S8/Cd/CdS composites either present over
loaded, aggregated and unattached Cd/CdS nanoparticles (Fig. S5 for
CC-2 and Fig. S6 for CC-5), or sparse nanoparticles or bare Co9S8
nanotubes (Fig. S7 for CC-15). The optimal coverage of uniform Cd/CdS
nanoparticles of CC-10 (Fig. S8) has a desirable nanotube-nanoparticle
core-shell architecture that endows close integration and stable con
tact between the two photochemically active oxidation and reduction
catalysts. High resolution TEM images of CC-10 (Figs. 1f, g and S9) show
clear lattice fringes, and the lattice spacing of 0.35 nm corresponds to
(220) plane of Co9S8, while 0.23 nm and 0.33 nm interplanar distances
correspond to (101) crystal facet of Cd and (002) plane of CdS, respec
tively. Furthermore, HAADF-TEM and EDX elemental mapping images
of a single CC-10 nanotube present a homogeneous distribution of S, Cd
and Co elements (Fig. 1h).

in consistent with the Co valence state of Co9S8 [45,46]. A shift in the
binding energy of Co, S and Cd of CC-10 compared to bare Cd/CdS and
Co9S8 was observed (Fig. S11 a–c), indicating a strong interaction be
tween Co9S8 and Cd/CdS in the tubular heterostructure, thus, naturally
establish the mediator bridge for efficient charge transfer.
3.3. Photocatalytic performance of the Co9S8/Cd/CdS tubular
heterostructure
In view of the unique design and configuration of morphology and
heterostructure in Co9S8/Cd/CdS, photocatalytic hydrogen evolution
performance was then evaluated under visible light irradiation. For
comparison purposes, Co9S8/Cd/CdS samples with different composi
tion ratios, bare Cd/CdS, Co9S8, and CdS are tested as well. As shown in
Fig. 4a, bare Co9S8 presents negligible H2 yields even after 3 h of irra
diation, which should be ascribed to the narrow band gap and fast
recombination of photoinduced electrons and holes. Pristine Cd/CdS
displays a H2 production rate of 1.84 μmol h− 1, about 2.2 times more
than pure CdS nanoparticles without metallic Cd (Fig. S12, 13), con
firming the significant role of Cd as cocatalysts for charge transfer and
electron-hole separation. Notably, control samples of Cd/CdS nano
particles with the similar particle sizes as that in the Co9S8/Cd/CdS
composite samples (Fig. S14) still exhibited a relatively low photo
activity (Fig. S15). However, greatly improved photocatalytic activity
can be observed for all Co9S8/Cd/CdS composites, which exhibits
steadily increasing H2 generation over time. It can be seen that H2
evolution is gradually enhanced with increased ratio of Co9S8 from
5.8 μmol h− 1 for CC-2, 8.4 μmol h− 1 for CC-5, and reached a maximum
rate of 10.4 μmol h-1 on CC-10, which was approximately 5.7 times
higher than that of bare Cd/CdS. An obvious decrease in H2 yield
(4.2 μmol h− 1) happens on CC-15 (Fig. 4b). That is to say, CC-10 shows
an optimal light absorption and charge separation characteristics. More
specifically, insufficient loading of Cd/CdS (CC-15) on Co9S8 could
affect the light absorption and shorten active photoelectron lifetime for
proton reduction, while overloading (CC-2 and CC-5) would lead to
individual Cd/CdS nanoparticles with insufficient charge transfer and
separation and H2 evolution active sites. Importantly, the CC-10 showed
an apparent quantum efficiency of 8.4 % at 380 nm and also exhibits
excellent recyclability and photo-stability, and the H2 generation rate of
10.4 μmol h-1 can keep steady at about without obvious drop even after
five times cycles (Figs. 4c and S16).

3.2. Phase and composition analysis of the Co9S8/Cd/CdS tubular
heterostructure
The crystal structure and phase composition of Co9S8, Cd/CdS, and
CC-10 are evidenced by the X-ray diffraction (XRD) analysis. As shown
in Fig. 2, multiple diffraction peaks located at 29.8◦ , 31.2◦ , 47.6◦ , 52.1◦
can be assigned to (311), (222), (511) and (440) planes of Co9S8 (JCPDS
86–2273), respectively. Characteristic peaks of Cd/CdS are 26.4◦ , 43.8◦ ,
52.5◦ and 71.2◦ correspond to (111), (220), (311), and (331) planes of
face-centered cubic CdS (JCPDS 75–1546), respectively. The obvious
sharp diffraction peak at 38.4◦ is indexed to the (101) plane of Cd, which
matches well with the HRTEM analysis, further indicating the coexistence of metallic Cd and semiconductor CdS in the heterogeneous
Cd/CdS nanoparticles. As expected, all characteristic diffraction peaks
of Co9S8, CdS and Cd can be observed in the CC-10 sample, validating
the preservation of desired catalytic active components, demonstrating
the strategy towards in-situ generation of conductive Cd metal electron
bridge forming seamless hetero-metal chalcogenides tandem structure.
The elemental composition and surface chemical states of Co9S8, Cd/
CdS, and CC-10 are analyzed by X-ray photoelectron spectroscopy (XPS)
measurements. All Co, S and Cd elements can be clearly observed in the
survey spectra of CC-10 (Fig. 3a). Fig. 3b–d further illustrate the highresolution XPS spectra of Cd 3d, S 2p and Co 2p of CC-10. As dis
played in Figs. 3b and S10, two peaks of Cd 3d5/2 (405.4 eV) and Cd 3d3/
2+
for metal Cd, and the other peaks
2 (414.9 eV) are assigned to Cd
0
correspond to Cd for CdS, which are consistent with the above XRD
analysis [38,42]. The binding energy at 161.2 and 162.3 eV correspond
to S 2p3/2 and S 2p1/2 orbitals of S2− ions (Fig. 3c), in good agreement
with the previous report [43,44]. The high-resolution Co 2p XPS spec
trum in Fig. 3d revealed two spin-orbit doublets and two satellite peaks.
The first doublet with binding energy of 778.6 and 781.2 eV and the
second doublet with peaks at 793.6 and 797 eV are ascribed to Co2p3/2
and Co2p1/2, respectively, confirming the co-existence of Co2+ and Co3+

Fig. 2. X-ray diffraction patterns of Co9S8, Cd/CdS, and CC-10.
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Fig. 3. (a) Survey X-ray photoelectron spectra of CC-10. High resolution XPS spectra of (b) Cd 3d, (c) S 2p, and (d) Co 2p.

Fig. 4. (a) Amounts of H2 generated from the prepared Co9S8, Cd/CdS, and Co9S8 /Cd/CdS composites over time under visible-light irradiation, (b) Photocatalytic H2
evolution rates over the prepared samples, (c) Cycling test of photocatalytic H2 evolution over CC-10. (Test conditions: light intensity of 100 mW/cm2, 2 mg
photocatalyst, 10 ml aqueous solution containing 0.35 M Na2S and 0.25 M Na2SO3 as sacrificial reagents).

3.4. Photocatalytic mechanism of the Co9S8/Cd/CdS tubular
heterostructure

plots were also performed to determine the type and flat-band position
of Co9S8 and CdS. As shown in Fig. 5c, when the linear part of M–S plots
extended downward to the potential axis, we can read the flat position of
Co9S8 and CdS as -0.95 eV and -0.66 eV, respectively. As the flat position
of n-type semiconductor is almost equal to the conduction band (CB)
potential, CB of Co9S8 and CdS are roughly -0.95 eV and -0.66 eV,
respectively. Combined with their bandgap of Co9S8 and CdS, the band
structure of valence band (VB) are calculated via the equation EVB =ECB
+ Eg. Detailed band structure and calculation results of composite were
described in Fig. 5d.
Photo/electrochemical characterizations are then carried out to es
timate the charge separation and transfer efficiency to gain insights into
the photocatalytic mechanism. Photocurrent responses were firstly
employed to probe the charge transport kinetics. Evidently, all samples
presented high sensitivity to on-off light cycle (Fig. 6a). It can be
observed that when the visible light was on, the photocurrent would
increase and then drop immediately once the light was off. It was

In order to investigate the factors that contribute to the correlations
between visible light absorption and photocatalytic activity. UV/Vis
absorption spectroscopy is employed to evaluate the optical absorption
range and intensity of Cd/CdS, Co9S8, and Co9S8/Cd/CdS compositions.
As shown in Fig. 5a, b, Cd/CdS displayed an absorption edge at the
position of about 541 nm related to a band gap of about 2.28 eV, while
Co9S8 exhibited a very broad absorption in the whole range of
300–800 nm due to its narrow band gap of 1.23 eV. All Co9S8/Cd/CdS
hybrids exhibited similar absorption edges with continually amplified
absorption intensity with the increasing Co9S8 content. Correspond
ingly, a color transformation from bright yellow (Cd/CdS contribution)
to dark grey (Co9S8 domination) was also observed (Fig. S17). This
phenomenon indicates augmented visible light harvesting capability
with the introduction of Co9S8. Additionally, Mott − Schottky (M–S)
5
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Fig. 5. (a) UV/Vis absorption spectra of all samples, (b) Plots of (αhν)2 versus hν for CdS and Co9S8 samples, (c) Mott − Schottky plots of CdS and Co9S8 (inset
image), (d) Schematic potential energy diagram of CdS and Co9S8.

Fig. 6. (a) Photocurrent responses, and (b) Nyquist plots of as-prepared samples under visible-light irradiation, (c) Photoluminescence spectra of as-prepared CdS,
Cd/CdS and CC-10, (d) Mechanism of charge transfer of Co9S8/Cd/CdS heterostructure.

noticeable that all Co9S8/Cd/CdS composites can generate much higher
photocurrent density compared to the sole counterparts, and CC-10
exhibited the highest photocurrent. The higher photocurrent density
of CC-10 signifies improved separation and transfer of photogenerated
charge carriers as compared to the pristine CdS [47,48]. Noticeably, the

photocurrent intensities of the various samples show consistent trend
with that of H2 production rates, demonstrating the crucial function of
charge separation and migration efficiency towards boosting the pho
tocatalytic activity. Simultaneously, Nyquist plots illustrates that the
Co9S8/Cd/CdS composites had smaller arc radius than Cd/CdS (Fig. 6b),
6
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indicating lower interfacial charge migration resistance, which can be
attributed to better conductivity of Co9S8 (the smallest semicircle).
Photoluminescence (PL) spectra was also taken to study charge carriers’
kinetics. Fig. 6c shows the room temperature PL emission spectra of CdS,
Cd/CdS and CC-10 that exhibit a broad peak due to band gap emission.
Similar to the above photo/electrochemical analysis, the recombination
of photo-induced electrons and holes is effectively suppressed in
Co9S8/Cd/CdS, demonstrated by the much lower PL intensity of CC-10
than that of Cd/CdS and CdS. Consequently, the construction of
Co9S8/Cd/CdS tubular heterostructure is proven to accelerate the sep
aration and transfer of photogenerated charges efficiently, which favors
excellent photocatalytic H2 evolution.
In brief, a Z-scheme heterojunction with electron bridge among
Co9S8/Cd/CdS was proposed and clarified in Fig. 6d. Due to the stag
gered band configuration between CdS and Co9S8, the in-situ reduced Cd
metal would serve as an electron reservoir and transporter coupled with
CdS and Co9S8 to form the all-solid-state Z-scheme system. Electrons on
the CB of CdS and holes on the VB of Co9S8 would transfer through the
in-situ reduced Cd metal, leading to the carrier recombination [49,50].
Consequently, photo-induced electrons on the CB of Co9S8 would be left
to reduce protons to H2, and holes on the VB of CdS would be consumed
by sacrificial agent (Na2S/Na2SO3). In this process, the metallic bridge
of Z-scheme would prolong the lifetime of photo-generated charge car
riers, thus promoting the photocatalytic H2 evolution performance. To
validate the Z-scheme mechanism, Pt deposition experiments were also
performed to confirm the Z-scheme charge transfer pathway (Fig. S18).
As shown in Fig. S19a, b, the Pt particles dispersed along Co9S8 rather
than around CdS nanoparticles, implying that the electron charges
remained at CB of Co9S8 were taken up for the reduction of metal salts
instead of being transferred to CB of CdS. Taking into account the
relative positions of CB potentials of CdS and Co9S8, and the intercalated
metallic Cd, the construction of Z-scheme charge transfer process rather
than type-II system could be confirmed.
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