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A B S T R A C T   

An efficient and stable photocatalyst for overall water splitting is desirable for solar-energy conversion. Herein, 
Ni4P2-CQDs@CdS catalyst was obtained in situ photoreaction CQDs@CdS semiconductor composite and 
[Ni4(H2O)2(PW9O34)2]10− (Ni4P2) polyoxometallate. Photocatalytic hydrogen evolution from pure water is 
realized using CdS as the light harvester, CQDs as the electron acceptor and donor and Ni4P2 as catalyst without 
addition sacrificial reagents under visible light irradiation (λ = 420 nm), which exhibits water splitting activity 
with H2 evolution rate up to 145 μmol gcat

-1 h-1. Experiments confirm the electrons transfer from CdS to CQDs, 
then to Ni4P2, resulting in accumulation of the electrons in Ni4P2 for H2 evolution. The generated holes at the VB 
of CdS transfer to CQDs and oxidize H2O to H2O2. The rotating ring-disk electrode test confirms the two-electron 
process (2H2O → H2 + H2O2). This work proposes an elegant strategy for how to design multicomponent 
photocatalyst to realize efficient water splitting.   

1. Introduction 

The solar energy is regarded as the most promising energy source of 
producing renewable fuels for sustainable environment and energy 
development. Photocatalytic overall water splitting by converting solar 
energy into chemical fuels without using sacrificial reagents is a desired 
goal. Recently, semiconductor-based photocatalysts have been recog
nized as the most promising approach to generate carbon-free and 
renewable hydrogen energy [1–9]. Although tremendous efforts have 
been made during the past decades, an efficient photocatalyst for water 
splitting still encounters several challenges. Firstly, the photocatalyst 
should have a narrow band gap, which must exceed the high Gibbs free 
energy (ΔG) of water splitting (237 kJ/mol equal to 1.23 eV) but be 
lower than 3.0 eV in order to capture visible light efficiently [10–12] 
Secondly, to drive the uphill water splitting reaction, the photocatalyst 

should have appropriate band positions that cover the thermodynamical 
potentials of water redox reactions (namely conduction band (CB) ≤ 0 V 
and valence band (VB) ≥ 1.23 V vs. NHE at pH = 0, respectively) [13, 
14]. The band levels usually shift with different pH (-0.059 V/pH) and 
the thermodynamical redox potential of water is -0.41 V vs. NHE at pH 7. 
Thirdly, the photogenerated charge carriers should be transferred and 
separated efficiently to inhibit their recombination [15–17]. Moreover, 
the photocatalyst should be durable enough against corrosion under 
light irradiation [18]. Therefore, developing novel catalysts and 
designing new photocatalytic systems for overall water splitting still 
have a long way in the future for this field. 

Currently, photocatalytic water splitting can be achieved by 
employing hybrid systems with semiconductor material as solid-state 
light absorber assisted by noble metal or molecular catalysts [19–25]. 
The challenge for developing semiconductor hybrid systems depends 
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mainly on constructing H2- and O2-evolving cocatalysts. Simultaneous 
H2- and O2- evolution in pure water was reported using CdS nanorods 
decorated with Pt nanoparticulate reduction and molecular Ru-complex 
oxidation cocatalysts [18], which realized efficient charge separation 
and ultrafast electron and hole transfer to the reaction sites. Using CdSe 
capped with dihydrolipoic acid as light harvester in combination with a 
soluble molecular nickel catalyst for solar hydrogen generation in water, 
the H2 evolution achieved 36 % quantum yield and exhibited impressive 
durability for at least 360 h [19]. This system provided good spatial 
charge separation via fast charge transfer from semiconductor to mo
lecular catalyst, which was crucial to achieve high photocatalytic water 
splitting performance. Nevertheless, most of the publications reported 
the half-reactions of H2- and O2-evolution are at the cost of the con
sumption of sacrificial reagents [26–28]. Therefore, the design of new 
hybrid system combining semiconductor and molecular catalyst without 
using sacrificial reagents remains an ongoing challenge that is of sig
nificant scientific interest in artificial photosynthetic system. 

Recently, carbon quantum dots (CQDs) have emerged as a relatively 
new class of photocatalytic materials with notable advantages, including 
good solar spectrum utilization, fast migration of charge carriers, 
excellent electron accepting and donating performances, efficient sur
face redox reactions and high chemical stability [29,30]. Poly
oxometalates (POMs), as a large family of nanosized molecular metal 
oxides, undergo fast and reversible multi-electron-transfer reactions 
without altering their structure, thus representing excellent candidates 
as H2 evolution and water oxidation catalysts [31–39]. CdS has been a 
hotspot for photocatalytic hydrogen production because of its narrow 
band-gap (≈2.4 eV) and appropriate band structure position (-1.0 ~ 
2.0 V vs. NHE at pH = 7). Moreover, CdS meets the thermodynamic 
requirements for photocatalytic water splitting. However, the photo
catalytic performance of CdS is seriously limited by its rapid recombi
nation of photogenerated carriers and severe photocorrosion [40,41]. In 
addition, it is neccessary to replace toxid and non-sustainable Cd-based 
semiconductors by environmentally friendly ones. 

In order to resolve the above defect of CdS, a new photocatalytic 
system (Ni4P2-CQDs@CdS) was constructed using CdS as light harvester, 
CQDs as the electron acceptor and donor, in combination with a mo
lecular Ni-containing POM catalyst of [Ni4(H2O)2(PW9O34)2]10−

(Ni4P2), which can be used for pure-water splitting to simultaneous 
generation H2 and H2O2 without the assistance of additional sacrificial 
reagents under visible light irradiation (λ = 420 nm). The result shows 
that the electrons transfer from CdS to CQDs and then to Ni4P2, making 
electrons accumulate in Ni4P2 for H2 evolution. The generated holes at 
the VB of CdS transfer to CQDs, and oxidize H2O to produce H2O2. This 
work provides a new insight in design the novel efficient multicompo
nent photocatalysts for overall water splitting. 

2. Experimental section 

2.1. Materials 

All salts and other chemicals were of the highest purity available 
from commercial sources without further purification. Purified water 
(18.25 MΩ cm applied in all the experiments was attained from a Mo
lecular Lab Water Purifier. 

2.2. Synthesis of Na6K4[Ni4(H2O)2(PW9O34)2]⋅32H2O (Ni4P2) 

Ni4P2 POM was synthesized according to modified literature method 
as follows [42]: Na2WO4⋅2H2O (16.5 g, 50 mmol) and Na2HPO4 (0.78 g, 
5.5 mmol) were dissolved in 50 mL pure water with the pH adjusted to 
7.0 using concentrated acetic acid. A solution of Ni(OOCCH3)2⋅4H2O 
(2.75 g, 11 mmol) in 25 mL pure water was added slowly to mixture with 
vigorous stirring. The resulting mixture was refluxed for 2.5 h and 
filtered hot to remove any precipitate, then 2 g of K(OOCCH3) was added 
and the hot yellow solution left for crystallization. A mixture of small 

yellow high quality crystals and crystalline powder of the desired 
products was collected by filtration with high yield (11 g, 73 %). The 
sample Ni4P2 was analyzed by elemental analysis. Elemental analysis for 
Ni4P2: calculated for Na, 2.46; K, 2.79; Ni, 4.19; P, 1.11; W, 59.08 %; 
found for Na, 2.39; K, 2.81; Ni, 4.23; P, 1.18; W, 57.81 %. 

2.3. Preparation of CQDs@CdS composite 

CQDs@CdS was prepared by simply mixing an aqueous solution of 
CdS (10 mg) with CQDs solutions of various mass (1, 2, 3, 5 mg) in 1 mL 
pure water. The obtained samples were denoted as 9.1 %-CQDs@CdS, 
16.7 %-CQDs@CdS, 23.1 %-CQDs@CdS, and 33.3 %-CQDs@CdS, 
respectively, where the prefixes indicate the theoretical weight per
centage of CQDs in the CQDs@CdS hybrids. Typically, the material used 
for characterizations and photocatalytic tests were the 16.7 
%-CQDs@CdS sample (CQDs@CdS for clarity) unless otherwise stated. 

2.4. Preparation of Ni4P2-CQDs@CdS composite 

A suspension of 10 mg of CQD@CdS and 1–5 mg of Ni4P2 was added 
into 15 mL pure water, then the resulted mixture was irradiated by LED 
light source (100 mW cm− 2, λ = 420 nm) under continuous stirring. 
After illumination, the resulting products were separated by centrifu
gation, washed with ultrapure water and dried at 60 ◦C for 8 h. 

2.5. Photocatalytic water splitting test 

The photocatalytic water splitting tests were carried out in a glass 
reactor sealed with a rubber septum with constant stirring at room 
temperature. Typically, photocatalytic reaction was performed in 15 mL 
pure water containing CQD@CdS (10 mg) and the Ni4P2 (1–5 mg) (the 
total volume of the flask was 21 mL). The above solution was capped and 
deoxygenated by purging with Ar gas for 15 min to remove the air. The 
reaction was then started by irradiating the solution with a LED light 
source (Beijing Perfectlight, PLS-LED100B, 100 mW cm–2, λ = 420 nm) 
at room temperature. After each sampling time, 100 μL of Ar was 
injected into the flask and then the same volume of gas sample in the 
headspace of the flask was withdrawn by a SGE gas-tight syringe and 
analysed by gas chromatography (GC). The H2 in the sampled gases were 
separated by passing through a 2 m × 3 mm packed molecular sieve 5 Å 
column with an Ar carrier gas and quantified by a thermal conductivity 
detector (TCD) (Shimadzu GC-9A). The total amounts of evolved H2 
were calculated based on the concentrations of H2 in the headspace gas. 

2.6. Detection of hydrogen peroxide (H2O2) 

An iodometric method was used to calculate the production of H2O2. 
Typically, the irradiated suspension was filtered by a filter head to 
remove the catalyst after the hydrogen detection, which could be able to 
suppress the UV absorption background of the catalyst. Besides, to 
prepare the standard solution for H2O2 detection, 809.7 mg of potassium 
iodide and 15.1 mg ammonium molybdate tetrahydrate were added into 
50 mL pure water under continuous stirring. Afterward, 50 μL of stan
dard solution was added into 5 mL of the filter liquor, which turned the 
dispersion to yellow. Then the mixed liquor made to stand for a long 
time, and the absorbancy of iodine in 352 nm was applied to obtain its 
concentration by using a UV–vis spectrophotometer. Finally, the amount 
of H2O2 generated was evaluated by peak area of UV–vis absorption 
using calculated standard curve. 

2.7. Detection of electron transfer number 

The electron transfer number was determined via a rotating disk-ring 
electrodes (RRDE) testing system (RRDE-3A, ALS Co. Ltd). RRDE ex
periments were performed in Ar saturated 0.1 M KPi buffer (pH 7) 
(rotating speed: 1600 rpm; scan rate: 10 mV⋅s− 1). A CHI 760D 
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workstation (CH Instruments Co.) was implemented to record the data. 
The RRDE consists of a glassy carbon disk (r1 = 4 mm), an insulator ring 
(r2 = 5 mm), and a glassy carbon ring (r3 = 7 mm). 

For preparing RRDE measurements, 1 mg of Ni4P2-CQDs@CdS 
sample and 20 μL of 0.5 % Nafion (DuPont) were uniformly dispersed in 
1 mL of water/ethanol (volume ratio: 1/1) mixture solution. Subse
quently, the mixture was treated under ultrasonication for 1 h to get the 
homogeneous suspension. Whereafter, 10 μL of suspension was drop- 
cast onto the disk electrode. Pt plate and Ag/AgCl electrode (3.5 M 
KCl) were used as counter and reference electrodes, respectively. 0.1 M 
KPi buffer (pH 7) was employed as an electrolyte after saturation with Ar 
gas for 30 min. 

2.8. EPR measurement 

·O2
− radicals were measured using electron paramagnetic resonance 

(EPR) spectroscopy in the photocatalytic reaction system under LED 
light source (100 mW cm–2, λ = 420 nm), in which the ·O2

− radicals can 
be captured by 5,5-dimethyl-1-pyrroline N-oxide (DMPO). Before 
determining the superoxide radicals (DMPO-·O2

− , an EtOH/water (v/ 
v = 9/1) mixture (5 mL) was photoirradiated with CQDs@CdS (15 mg) 
and Ni4P2 (3 mg) and DMPO (0.1 mmol). 

3. Results and discussion 

3.1. The designment of three components reaction system of Ni4P2- 
CQDs@CdS 

The three component reaction system of Ni4P2-CQDs@CdS was ob
tained by physical mixture of CQDs@CdS semiconductor composite and 
Ni4P2 for direct reaction in pure water (Scheme 1). In photocatalytic 
process, once the photocatalytic reaction starts, the CQDs@CdS semi
conductor composite will combine with Ni4P2 POM catalyst due to the 
enrichment effect of CQDs to Ni4P2. This is the first report of CQDs 
enriching Ni4P2 POM over semiconductor for water splitting. The pho
tocatalytic hydrogen evolution from pure water is successfully realized 
using CdS as the light harvester, CQDs as the electron acceptor and 
donor, and Ni4P2 as catalyst under visible light irradiation. Ni4P2 as 
catalyst was obtained from salts of earth-abundant elements (nickel 
acetate, sodium tungstate, and Na2HPO4) following modified literature 
[42] and systematically characterized by elemental analysis for the 
synthesis of Ni4P2 and FT-IR (Fig. S1). After aging 3 h, no apparent 

changes of the UV–vis spectra are observed in water, which indicates 
that Ni4P2 possesses good hydrolytic stability (Fig. S2). 

3.2. Characterization of CQDs@CdS semiconductor composite 

The CQDs@CdS hybrid was synthesized through an impregnation 
strategy, namely, the surface of CdS was uniformly loaded with CQDs by 
electrostatic interaction in deionized water. The FT-IR spectra of the 
CQDs@CdS composite as well as those of the free components CdS and 
CQDs are shown in Fig. 1a. The strong characteristic peaks located at 
1383 and 1566 cm− 1 are assigned to the typical symmetric and asym
metrical stretching modes of the carboxylate group derived from the 
surface of CQDs, respectively [43]. Significantly, the peaks are shifted 
from that of pure CQDs (the carboxylate group stretches; ν = 1390 and 
1570 cm− 1), which results from the incorporation of the CQDs on the 
surface of CdS. Additionally, the vibration band from CdS for 
CQDs@CdS composite can hardly be observed due to the weak infrared 
stretching vibration. The positive zeta potential values (ζ, 0 ~ 12 mV) 
are associated with CdS nanorods (NRs), while negative zeta potential 
values (ζ, 0 ~ − 55 mV) are obverved over CQDs (Fig. 1b and Fig. S3− 4), 
which suggests the presence of electrostatic interaction between CQDs 
and CdS NRs. The CQDs@CdS composite exhibits similar XRD patterns 
of CdS, suggesting that the crystalline structure of CdS [44] is retained 
after incorporating CQDs (Fig. S5). No characteristic diffraction peaks of 
CQDs [45,46] are observed in the CQDs@CdS, which may be ascribed to 
the relatively low loading weight, the high dispersion as well as the 
overlapping of peaks for (002) plane of CdS in the same position. 

From thermogravimetric analysis (TGA) of CQDs@CdS (Fig. S6), the 
first weight loss (0.6 %) in the range from 25 to 198 ◦C is assigned to the 
liberation of surfaces water molecules. The second loss (1.8 %) in 
198− 600 ◦C region is concerned with the decomposition of CQDs. 
Furthermore, in the C 1s X-ray photoelectron spectroscopy (XPS) of 
CQDs@CdS composite (Fig. 1c). The peak centered at 284.8 eV is 
ascribed to sp2 C-C, and those peaks centered at 286.3 and 288.4 eV 
represent C-O and C = O, respectively [47]. The morphology of the 
CQDs@CdS composite was analyzed by the scanning electron micro
scopy (SEM) and transmission electron microscopy (TEM). The 
CQDs@CdS exhibits rod-like 1-D morphology (Fig. 1d-e). The magnified 
TEM images of the circles highlighted in Fig. 1f and Fig. S7 reveal the 
CQDs with the same size (about 7 ± 2 nm). As indicated by the white 
circles, the CQDs are distributed on the whole CdS NRs. EDX elemental 
mapping (Fig. 1g) results of CQDs@CdS show Cd, S, C, and O elements’ 

Scheme 1. Photocatalytic water splitting over the hybrid Ni4P2-CQDs@CdS system.  
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signals, demonstrating uniform dispersion of CQDs at the surface of CdS 
NRs. 

CQDs are obviously attached to the surface of CdS NRs (Fig. 2a-b) 
and CQDs have a great influence on the charge distribution (Fig. S8). 
After the modification of CQDs, the surface charge difference is signif
icantly increased. And a large energy band bend on the upper surface is 
formed, which effectively promotes charge carriers separation (Fig. 2c). 
The steady-state photoluminescence (PL) spectra and time-resolved PL 
spectroscopy were conducted to probe the recombination efficiency of 
photoinduced electrons and holes. The intensity steady-state PL spec
trum at 520 nm of CQDs@CdS is much weaker than that of pure CdS 
catalyst (Fig. 2d), demonstrating that the recombination of light-excited 
electrons and holes is more effectively prohibited in CQDs@CdS. 
CQDs@CdS exhibits a longer average lifetime of 1.66 ns than that of 
bare CdS (1.47 ns) (Fig. 2e and Fig. S9). The lifetime increase of 
CQDs@CdS indicates that the incorporation of CQDs over CdS can 
effectively suppress the charge carriers recombination between CQDs 
and CdS and increase the lifetime of charge carriers [48,49]. The above 
results demonstrate the existence of a strong interaction between CdS 
and CQDs in CQDs@CdS, which is highly favorable for efficient 
charge-separation/transfer in the hybrid, further improving the photo
catalytic performances of CQDs@CdS [50,51]. 

3.3. Photocatalytic water splitting activity of Ni4P2-CQDs@CdS 

As the optical property of catalyst plays a key role in determining the 
photocatalytic activity, UV–vis diffuse reflectance spectra (DRS) mea
surement was performed to study the photoabsorption property of the 
as-prepared samples (Fig. 3a). Compared with pure CdS with an ab
sorption edge at about 516 nm [52] CQDs@CdS has no apparent shift in 
the absorption edge, suggesting that CQDs are not incorporated into the 
CdS lattice but loaded on the CdS surface, which is consistent with that 
of XRD result. 

In order to confirm the relative optical band gap of CdS semi
conductor, the band gap energy (Eg) is estimated from the 
Kubelka − Munk equation: α(hν)=A(hν− Eg)0.5 (where α, ν, h, A, and Eg 
are absorption coefficient, light frequency, Planck’s constant, constant 
value, and band gap energy, respectively) [52]. As shown in Fig. S10, the 
optical band gap of bare CdS is calculated to be about 2.41 eV from the 
plot of (αhν)1/2 versus (hν), which is consistent with the reported value 
[44]. Besides, Mott − Schottky plot of the CdS is collected to define its 
CB positions (Fig. S11). The derived flat-band potential of CdS is about 
-0.53 (vs. Ag/AgCl). It is generally known that the bottom of the con
duction band of n-type semiconductor is more negative by ≈0.20 eV 
than the flat band potential. Therefore, the conduction band (CB) 

Fig. 1. a) FT-IR spectra and b) Zeta potential distribution of CdS and CQDs. c) High-resolution XPS spectra of C 1s for pure CdS and CQDs@CdS. d) SEM and e) TEM 
images of CQDs@CdS. f) Magnified TEM image corresponding to the area highlighted in (f) CQDs are marked with white circles. g) TEM image of CQDs@CdS and 
corresponding EDX elemental mappings of Cd, S, C and O. 
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potentials of CdS is estimated to be ~− 0.73 eV, that is -0.53 eV vs. 
normal hydrogen electrode (NHE) (ENHE = EAg/AgCl+Eθ

Ag/AgCl; 
Eθ

Ag/AgCl = 0.1976 V) [53]. Considering the Eg value of 2.41 eV has been 
estimated from the UV–vis DRS (Fig. S10), the VB should be located at 
1.88 eV (vs. NHE). Therefore, the band structures of CdS endow the 
proper ability for water splitting. 

Additionally, Ni4P2 shows strong absorption in all region (Fig. 3a), 
from which the band gap (Eg) can be determined to be 2.51 eV 
(Fig. S12), indicating that it displays semiconductor-like properties. The 
CV curve of Ni4P2 (Fig. 3b) presents two reversible redox couples, both 
of which corresponds to a one electron redox process. Upon scanning to 
a more negative potential, the CV has large and irreversible reductive 
wave peak with an onset potential of -1.38 V. These electrochemical 
behaviors indicate that the Ni4P2 can act as the catalyst for proton 
reduction after the acceptance of three electrons [54]. 

The pure water splitting performance of the as-obtained samples 
without any sacrificial reagents or noble metals, or other additives under 
visible light irradiation (λ = 420 nm) were investigated. We conducted 
separate light-driven water splitting experiments in the absence of one 
or two of the three components (Ni4P2, CQDs, and CdS). No H2 or O2 was 
detected after 17 h irradiation, revealing that all of the three compo
nents are essential for the water splitting reaction (Fig. 3c). The bare CdS 
sample is almost inactive because of the high recombination rate of 
photoexcited charges. Under appropriate conditions, a high H2 forma
tion rate of 145.0 μmol gcat

− 1 h− 1, turnover frequency of 15.5 h− 1 and 
apparent quantum efficiency ~0.57 % at 420 nm are obtained when the 
mass of CdS@CQDs, Ni4P2 are 10 and 2 mg, respectively, which in
dicates that the mass ratio of the three components in the hybrid greatly 
affect the catalytic performance (Fig. 3d and Fig. S13). Such a noble- 
metal-free H2 generation rate is comparable to that of other works re
ported (Table S1). Durability testing for the photocatalytic water split
ting of Ni4P2-CQDs@CdS is shown in Fig. 3e. The solid photocatalyst is 
removed from the solution after 48 h reaction and the liquid phase is 
allowed to react under the same photocatalytic reaction conditions. We 
do not detect H2 evolution for the filtrate sample after 48 h reaction. The 

trends of the hydrogen generation activity on the tested Ni4P2- 
CQDs@CdS photocatalyst are generally consistent with their incident 
light intensity (Fig. S14). 

Polyoxometalates (POMs) usually show reversible multi-electron 
redox feature, which has great potentialities for diverse photocatalytic 
applications. We compare the photocatalytic performance of Ni4P2 with 
other POMs and Ni2(Ac)2 catalysts under the same reaction conditions 
and find that Ni2(Ac)2 and NiSi POM have poor activity, while Co-, Cu-, 
Fe-based POM catalysts have no activity (Fig. 3f). When CdS is replaced 
with other semiconductors (such as g-C3N4 and TiO2, Fig. S15− 16), no 
hydrogen is detected. Whereas, when CQDs with different sizes were 
investigated, activities of three reactions are comparable (Table 1). 

3.4. Detection of H2O2 and electron transfer number over Ni4P2- 
CQDs@CdS 

To further explore the whereabouts of photogenerated holes, we 
tested what kind of oxidative product (O2 or H2O2) was formed in the 
Ni4P2-CQDs@CdS system. No O2 was detected in the photocatalytic 
reaction progressing, which is maybe due to the weak oxidation capacity 
of the holes [41]. However, a small amount of H2O2 (0.45 μmol H2O2 for 
3 h) was detected by an iodometric method (Fig. 4a and Fig. S17a-b). 
The molar ratio of H2 and H2O2 is close to 1:1, indicating the elec
tron/hole utilization ratio is equal, which is an important symbol of 
overall water splitting. As shown in Fig. S17c, nearly no H2O2 is pro
duced over CdS due to the rapid recombination of photogenerated car
riers. Similarly, no H2O2 is produced over Ni4P2-CdS, indicating h+ can 
not transfer from CdS to Ni4P2. However, CQDs@CdS produces trace 
amount of H2O2, suggesting CQDs can accelerate h+ transport. CQDs, 
CQDs@CdS and Ni4P2-CQDs are capable of producing H2O2, indicating 
that CQDs participate in the photocatalytic reaction as H2O-to-H2O2 
reaction sites. 

H2O2 is one of the most important fundamental chemicals in the 
modern chemical engineering industry as well as energy and environ
mental applications. The two-electron water oxidation is a promising 

Fig. 2. a) AFM topographic image of CdS. b) AFM topographic image of CQDs@CdS. c) Cross-sections of the surface potential images of CdS and CQDs@CdS. d) 
Steady-state PL spectra of CdS, CQDs, and CQDs@CdS under 400 nm excitation. e) Time-resolved PL spectra of the samples at corresponding steady-state emission 
peaks of CdS and CQDs@CdS. 
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route for H2O2 generation [57]. Here, the rotating ring-disk electrode 
(RRDE) system was used to detect electron transfer number over 
Ni4P2-CQDs@CdS during water splitting process. The disk current rep
resents the oxidation of H2O, in which water can be oxidized to O2 with 
4e− transfer product or H2O2 with 2e− transfer product. The value of 
ring current represents the amount of H2O2 generated on the disk 
electrode [58]. I–t curve was measured via rotating disk electrodes 
(RDE) test at a rotation rate of 1600 rpm (Fig. 4b), which exhibits a 

time-course downward sloping because of the successive consumption of 
H2O2. In addition, the current shows a sharp increase when the rotation 
of RDE was turned on. This phenomenon indicates the rotation of RDE 
promotes the diffusion of H2O2 [59]. 

The number of transferred electron (n) involved in the reaction is 
quantified by the RRDE i–t collection experiment (Fig. 4c) operated at a 
rotation rate of 1600 rpm. The current obviously increases when the 
reaction is illuminated. Further, electron transfer number (n) and H2O2 

Fig. 3. a) UV–vis DRS spectra of CdS, CQDs, Ni4P2 and CQDs@CdS. b) Cyclic voltammetry (CV) of 1 mM Ni4P2 in pure water with a scan rate of 100 mV s− 1. c) Time 
course of water splitting in pure water by different photocatalysts. d) Photocatalytic water splitting performance of Ni4P2-CQDs@CdS with different Ni4P2 mass (0, 1, 
2, 3, 5 mg). The prefixes indicate the actual weight (mg) of Ni4P2 in the Ni4P2-CQDs@CdS hybrids. e) Durability testing for the photocatalytic water splitting of three 
component system of Ni4P2-CQDs@CdS. f) Photocatalytic water splitting performance using different POM catalysts with CQDs@CdS composite. Reaction conditions: 
15 mL of pure water, illumination with 420 nm LED lamp (100 mW cm-2), vigorous agitation using a magnetic stirrer. 
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yield are calculated according to the following Eqs. (1) and (2) [60]:  

n = 4Idisk/(Idisk+Iring/N)                                                                    (1)  

H2O2 yeild (%) = 2Iring/(N*Idisk+Iring)                                                 (2) 

Where, Idisk and Iring represent the disk and ring currents, respec
tively. N is the RRDE collection efficiency determined to be 0.353. 

The electrons transfer number of 1.93 and the H2O2 yield of 94 % are 

obtained, indicating that the photocatalytic water splitting with Ni4P2- 
CQDs@CdS is a two-electron process (2H2O → H2 + H2O2). Further
more, the investigation of ·O2

− active specie was executed by electron 
paramagnetic resonance (EPR) spectroscopy with 5,5-dimethyl-1-pyrro
line N-oxide (DMPO) as a spin-trapping reagent (Fig. 4d). It is finding 
that no EPR signal is detected in the dark, but the characteristic signals 
of the DMPO-·O2

− is observed under light, further confirming the pro
duction of H2O2 during the photocatalytic process over Ni4P2- 
CQDs@CdS. 

3.5. Enrichment effect of CQDs to Ni4P2 POM 

After the light reaction, the SEM and TEM images of Ni4P2- 
CQDs@CdS exhibit a relatively rough surface compared with these of 
CQDs@CdS and Ni4P2-CdS (Fig. 5a and Fig. S18− 22). To further explore 
the surface structure variations of CQDs@CdS after the introduction of 
Ni4P2, high resolution TEM measurements were performed (Fig. 5b-c). 
For Ni4P2-CQDs@CdS sample, a uniform amorphous thin-layer with a 
thickness of ~5 nm is evidently observed (Fig. 5c), indicating the for
mation of ultrathin Ni4P2 nanolayers on the surfaces of CQDs@CdS. 
Meanwhile, the energy dispersive spectroscopy (EDS) elemental line 
scanning (Fig. 5d and Fig. S23), elemental mapping results (Fig. S24) 
and EDX spectrum (Fig. S25) confirm that the uniform dispersion of 
Ni4P2 layers on the surface of CQDs@CdS. Accordingly, the TEM-EDS 
(Fig. S26) and elemental mapping (Fig. S27) of Ni4P2-CdS show the 
signal of Ni and P is relative weak. These findings show the CQDs@CdS 
semiconductor composite will combine with Ni4P2 molecular catalyst 

Table 1 
Comparison of the H2 evolution reaction activity by different catalystsa.  

Entry Semiconductor composite Catalyst H2 (μmol gcat
− 1 h− 1) 

1 CQDs@CdS H3PW12O40 0 
2b CQDs@g-C3N4 Ni4P2 0 
3c CQDs@Meso-TiO2 Ni4P2 0 
4d CQDs@CdS Ni4P2 140 
5e CQDs@CdS Ni4P2 72 
6 CQDs@CdS Ni4P2 145  

a Conditions: LED lamp (λ = 420 nm, 100 mW cm− 2), semiconductor com
posite (10 mg), catalyst (2 mg), 15 mL H2O, reaction for 3 h. Total reaction 
volume 15 mL, vigorous agitation using a magnetic stirrer. 

b g-C3N4 was prepared by calcination according to a literature [55]. 
c Meso-TiO2 was synthesized according to the method described in the liter

ature [26]. 
d CQDs was prepared using a modified literature procedure [28], where the 

diameter of CQD is.2–6 nm. 
e CQDs was synthesized according to our previously reported method [56], 

where the average diameter of CQD is 10 nm. 

Fig. 4. a) UV–vis absorption spectra for Ni4P2-CQDs@CdS system after 3 h light irradiation and centrifugation by adding potassium iodide solution and ammonium 
molybdate tetrahydrate solution. b) I–t curve of Ni4P2-CQDs@CdS with or without rotating at a rotation rate of 1600 rpm. c) I–t curves of Ni4P2-CQDs@CdS using 
RRDE under dark or light at a rotation rate of 1600 rpm d) DMPO spin trapping EPR technique to measure ·O2

− generated photoreaction over Ni4P2-CQDs@CdS under 
dark or light. 
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once the photocatalytic reaction starts due to the enrichment effect of 
CQDs to Ni4P2. The FT-IR spectrum of the Ni4P2-CQDs@CdS composite 
clearly gives the characteristic peaks of CdS, CQDs and Ni4P2 free 
components, which is further justified CQDs enriching Ni4P2 (Fig. 5e and 
Fig. S28). The possible photocatalyst leaching in terms of carbon 
quantum dots or metal counterparts from the solid to the liquid phase 
after prolonged irradiations for 48 h is analysed by ICP-AES, TEM and 
UV–vis (Fig. S29− 30). 

To further clarify the enhanced H2 activity of CQDs@CdS owing to 
the enrichment effect of CQDs to Ni4P2 POM, the inductively coupled 
plasma atomic emission spectrometry (ICP-AES) was employed to 
measure the Ni content (Table 2). It can be seen that the ICP-AES test 
value of Ni4P2-CQDs@CdS after irradiation for 17 h is close to that of 
theoretical Ni content of Ni4P2-CQDs@CdS, indicating that CQDs@CdS 
can continuously enrich Ni4P2 POM with increasing irradiation time. 

Furthermore, the surface topography and the surface potential im
ages of as-obtained samples are shown in Fig. 6. To clearly compare the 
surface potential change of Ni4P2-CQDs@CdS samples, surface photo
voltage (SPV) test was executed (Fig. 6c and 6f). The SPV image is ob
tained by subtracting the illuminated potential image with that in the 
dark. The SPV image of the obtained Ni4P2-CQDs@CdS sample without 

illumination shows a 90 mV change under 450 nm excitation. Inversely, 
the SPV image of the obtained Ni4P2-CQDs@CdS sample with illumi
nation exhibits a significant change of 140 mV under 450 nm excitation. 
Combination ICP-AES and SPV tests, the results demonstrate enriching 
more Ni4P2 POM leads to more obviously charge separation effect for 
Ni4P2-CQDs@CdS composite. The more positive SPV is observed, the 
higher concentration of photogenerated holes is reflected. The strong 
charge separation ability of Ni4P2-CQDs@CdS will finally enhance the 
oxidation ability of CdS with high concentration of photogenerated 
holes and further leave the free electrons in the Ni4P2 POM to generate 
H2 [61]. 

3.6. Exploration of electron transfer direction and mechanistic insight 

The electronic states of the elements in Ni4P2-CQDs@CdS were 
studied by XPS. The binding energies of Cd 3d and S 2p (Fig. 7a-b) over 
Ni4P2-CQDs@CdS are positively shift compared to those of in 
CQDs@CdS and CdS, indicating that the Cd and S on the Ni4P2- 
CQDs@CdS surface act as a kind of electron donor state [62]. Compared 
with that of Ni4P2, the binding energies of Ni 2p (Fig. 7c) over 
Ni4P2-CQDs@CdS are negatively shifted by 0.50 eV, which is attributed 
to the increase in electronic density in CQDs@CdS after introducing 
Ni4P2 and the presence of strong interaction between CQDs@CdS and 
Ni4P2 POM [63]. 

Furthermore, to prove the electrons transfer direction, seven sepa
rate experiments were performed for H2 evolution half-reaction using 
triethanolamine as a hole scavenger under LED lamp irradiation 
(Fig. 8a). It is found that the order of hydrogen evolution rates is 
CQDs@CdS < CdS < Ni4P2-CdS < Ni4P2-CQDs@CdS, and separate 
Ni4P2, CQDs and Ni4P2-CQDs have no hydrogen evolution activity, 
confirming that electron transfer from CdS to CQDs, and then to Ni4P2, 
as well as subsequent proton reduction. The accelerated charge trans
port kinetics over Ni4P2-CQDs@CdS is reflected by the increased current 
response in transient photocurrent spectra (Fig. 8b). The reduced semi- 

Fig. 5. a) SEM image, b, c) TEM images, and d) TEM-EDS line analysis of Ni4P2-CQDs@CdS. e) IR spectra of CdS, CQDs, Ni4P2 and Ni4P2-CQDs@CdS in the range of 
2000-400 cm− 1. 

Table 2 
Comparison of element content by ICP-AES for recovered sample under different 
reaction conditionsa.  

Entry Semiconductor 
composite 

Ni content (wt 
%) 

Reaction condion 

1 Ni4P2-CQDs@CdS 0.03 % Stirring 3 h without 
illumination 

2 Ni4P2-CQDs@CdS 0.31 % Illumination 3 h 
3 Ni4P2-CQDs@CdS 0.56 % Illumination 17 h  

a Conditions: LED lamp (λ = 420 nm, 100 mW cm− 2), CQDs@CdS (10 mg), 
Ni4P2 (2 mg), 15 mL H2O. Total reaction volume 15 mL, vigorous agitation using 
a magnetic stirrer. After centrifugation, the ICP-AES test was carried out. 

Y. Dong et al.                                                                                                                                                                                                                                    



Applied Catalysis B: Environmental 293 (2021) 120214

9

Fig. 6. (a) AFM images, (b) surface potential image and (c) SPV image under 450 nm excitation of the obtained Ni4P2-CQDs@CdS without illumination. (d) AFM 
images, (e) surface potential image and (f) SPV image under 450 nm excitation of the obtained Ni4P2-CQDs@CdS with illumination. 

Fig. 7. a) High-resolution XPS spectra of Cd 3d and b) High-resolution XPS spectra of S 2p for pure CdS, CQDs@CdS and Ni4P2-CQDs@CdS. c) High-resolution XPS 
spectra of Ni 2p for pure Ni4P2 and Ni4P2-CQDs@CdS. 
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circular radius in the impedance spectrum of Ni4P2-CQDs@CdS (Fig. 8c) 
in comparison with those of CdS and CQDs@CdS once again signifies a 
lowest charge-transfer resistance in the hybrid that ensures the fastest 
electron transfer. These results of photo/electrochemical studies verify 
the improved separation and migration of photogenerated charge car
riers in Ni4P2-CQDs@CdS, thus leading to the good performance of the 
visible-light-driven water splitting. 

A reasonable mechanism of Ni4P2-CQDs@CdS for H2 and H2O2 
evolutions is proposed based on above results (Fig. 9). For the three 
components reaction system of Ni4P2-CQDs@CdS, once the photo
catalytic reaction starts, the CQDs@CdS semiconductor composite will 
combine with Ni4P2 molecular catalyst due to the enrichment effect of 
CQDs to Ni4P2. CQDs are capable of absorbing a longer wavelength 

visible light and then emit the shorter wavelength light [64,65]. CQDs 
serve as an electron acceptor, and the photo-induced electrons excited 
from CdS under visible light shuttle freely to CQDs, thus efficiently 
retarding the recombination and prolonging the lifetime of electron-hole 
pairs. Meanwhile, H2 evolution half-reaction in Fig. 8a confirms that the 
photoinduced electrons in the conduction band of CdS migrate to CQDs, 
and then to Ni4P2, as well as subsequent proton reduction to form H2. 

The fact of detection of H2O2 (Fig. 4a and Fig. S17) proves that the 
generated holes at the VB of CdS transfer to CQDs and oxidize H2O to 
produce H2O2. Therefore, in this water splitting system over Ni4P2- 
CQDs@CdS, Ni4P2 plays an essential role of reduction sites for H2 evo
lution while CQDs contributeoxidation reaction sites for H2O2 evolution 
through a two-electron process (i.e., 2H2O → H2O2 + H2). 

Fig. 8. a) Time course of H2 evolution in aqueous TEOA solution (10 %, v/v) by different photocatalysts under LED lamp irradiation (λ = 420 nm; 100 mW cm− 2). b) 
Transient photocurrent spectra and c) EIS plots for pure CdS, CQDs@CdS and Ni4P2-CQDs@CdS. 

Fig. 9. The proposed mechanism for photocatalytic water splitting of the hybrid Ni4P2-CQDs@CdS system.  
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4. Conclusion 

In summary, we successfully demonstrated a novel three component 
system of Ni4P2-CQDs@CdS for water splitting without addition sacri
ficial agents. This is the first successful strategy for realizing simulta
neous generation H2 and H2O2 under visible light irradiation via 
combining Ni4P2 POM catalyst and CQDs@CdS semiconductor com
posite. The result exhibits the electrons transfer from CdS to CQDs and 
then to Ni4P2, making electrons accumulate in Ni4P2 for H2 evolution. 
The generated holes at the VB of CdS transfer to CQDs and oxidize H2O 
to produce H2O2. Under appropriate conditions, a high H2 formation 
rate of 145.0 μmol gcat

− 1 h− 1, turnover frequency of 15.5 h− 1 and apparent 
quantum efficiency ~0.57 % at 420 nm are obtained. The iodometric 
method detects 0.45 μmol H2O2 after irradiation 3 h and the molar ratio 
of H2 and H2O2 is close to 1:1, indicating the electron/hole utilization 
ratio is equal. CQDs have multiple roles such as light absorber, electron 
acceptor and donor, H2O-to-H2O2 reaction sites and Ni4P2 POM 
enrichment center. Besides, the construction of electron transfer direc
tion not only reduces surface charge recombination but also suppresses 
photocorrosion. Owing to the CQDs over CdS NRs possess the enrich
ment effect for Ni4P2 catalyst, Ni4P2-CQDs@CdS exhibits a high H2 
production rate in pure aqueous solution. This work opens up new 
perspectives for the design and development of efficient multicompo
nent photocatalysts for overall water splitting. 
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