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The development of noble-metal-free catalysts with high efficiency photocatalytic properties is critical to
the heterogeneous catalysis. Herein, zero-dimensional (0D) metal sulfide quantum dots/two-dimensional
(2D) g-C3N4 nanosheets (Co3S4/CNNS) nanocomposites are synthesized by a two-step method, including
the ways of in-situ deposition and water bath. The highly dispersed Co3S4 quantum dots (particle size is
2–4 nm) are evenly and tightly fixed on CNNS, which can be used as co-catalyst to effectively replace
noble metals to improve the photocatalytic properties of CNNS. Co3S4/CNNS-900 has the apparent quan-
tum efficiency, which is up to 7.85% at 400 nm. At the same time, the H2 evolution rate of Co3S4/CNNS-
900 is 20,536.4 lmol g�1 h�1, which is 555 times than CNNS. The excellent photocatalytic performance is
due to the highly dispersed Co3S4 quantum dots on 2D CNNS, which facilitate the formation of more
active sites, Co3S4/CNNS promotes the separation and migration of photogenerated carriers, shortens
the migration distance of photogenerated carriers, and eventually leads to an increase of the photocat-
alytic performance.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

In recent years, the photocatalytic H2 evolution has caused the
researchers’ focus. To get efficient solar energy conversion and
excellent photocatalytic H2 evolution, ideal photocatalytic materi-
als are one of the key factors, which should have a proper band gap
capable of absorbing visible light, can effectively promote separa-
tion and migration of photogenerated carriers, and have high sta-
bility [1,2]. In addition, the photocatalytic materials should be
cheap, nontoxic and easy to process. Among them, g-C3N4 has
induced the research focus for the sufficient redox ability to
achieve the decomposition of water and has relatively high H2

evolution performance [3,4]. To enhance the H2 evolution of
g-C3N4-based photocatalytic materials, introducing cocatalyst can
promote the separation and migration of photogenerated carriers
[5,6]. Noble metals including Pt and Ru are efficient cocatalysts,
but are restricted by the high cost [7,8]. Therefore, the develop-
ment of high-efficiency cocatalysts, which are inexpensive and
easy to synthesize, is of great significance for achieving efficient,
large-scale photocatalytic H2 evolution [8–10]. Among them, metal
sulfides (Co3S4) as promising cocatalysts have attracted more and
more attention, however, they tend to form large particles during
the synthesis and have poor dispersibility [11–13]. These proper-
ties inevitably lead to the decrease of surface active sites. There-
fore, it is still a huge challenge to control the morphology of
metal sulfide (Co3S4) to increase the active sites of photocatalysts
for the improvement of the photocatalytic performance [14].

Recently, the research of zero-/two-dimensional (0D/2D)
photo/electrocatalysts has been significantly developed, and the
stripped 2D g-C3N4 nanosheets are considered to be one of the
most effective methods to provide more reaction sites [14,15]. Fur-
thermore, the unique 2D nanosheets provide a large surface that
facilitates the dispersion of nanoparticles [16,17]. For example, Li
and co-workers [14] realized Co3O4 quantum dots modified
g-C3N4 had excellent photocatalytic degradation ability for tetracy-
cline. Xu and co-workers [16] successfully implemented the
modifications of g-C3N4 nanosheets via MPx nanoparticles, which
can greatly enhance the performance of photocatalysts. In addition,
Shi et al. [8] synthesized the monodisperse Pt/g-C3N4 nanocompos-
ites, which exhibit excellent photocatalytic performance. Based on
the above design concept, an effective method for increasing pho-
tocatalytic H2 evolution performance is to adjust the structural
morphologies of catalysts and reduce the size of the nanoparticles,
which is advantageous for the formation of more active sites and
for the migration of carriers [14,18–20]. At present, Yu and
co-workers [12] prepared hollow CoSx/g-C3N4 nanocomposites
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via hydrothermal method for photocatalytic H2 evolution. Li et al.
[13] achieved CoS2/g-C3N4 nanocomposites by simple hydrother-
mal method and used them to produce hydrogen from photolysis
water. Although some exciting results have been achieved, how-
ever, the agglomerated or large-sized cobalt sulfide nanoparticles
significantly increase the migration distance of photogenerated
carriers and reduce the reactive sites [20–24]. Furthermore, the
irregular morphologies and random dispersion characteristics of
cobalt sulfide result in the inability to fully utilize the 2D
nanosheets of g-C3N4 [25,26]. However, uniform 0D quantum dots
have extremely small dimensions (<5 nm) and efficient photo-
carrier transport efficiency, besides, the tight interaction between
0D and 2D can improve the dispersion and stability of quantum
dots [14,16,27,28]. Therefore, the construction of cobalt sulfide
quantum dots and g-C3N4 nanosheets is beneficial to achieve effi-
cient photocatalytic H2 evolution [14,18].

In this work, high-dispersion transition metal sulfide (Co3S4)
quantum dots instead of noble-metal cocatalysts are designed
and synthesized to anchor on ultra-thin g-C3N4 nanosheets by in-
situ deposition and water bath methods. The obtained Co3S4/g-
C3N4 nanosheets (CNNS) nanocomposites exhibit higher photocat-
alytic H2 evolution than pure CNNS. The rate of H2 evolution is up
to 20,536.4 lmol g�1 h�1 (Co3S4/CNNS-900). This rate is about 555
times of pure CNNS and 1,579 times of pure Co3S4, respectively.
Our research can provide new ideas for the rational development
of efficient, economical and sustainable environmentally friendly
nanocomposites.
2. Experimental

2.1. Synthesis of g-C3N4 nanosheets (CNNS)

CNNS were prepared by calcining urea. Firstly, urea was placed
in the covered crucible and heated under static air at 550 �C for 4 h
with a ramp rate of 2.5 �C min�1. Then the bulk g-C3N4 placed
in open crucible, and heated at 500 �C for 2 h with a ramp rate of
5 �C min�1. After that, CNNS were synthesized [16].
2.2. Prepare of Co(CO3)0.5(OH)�0.1H2O/CNNS

The Co(CO3)0.5(OH)�0.1H2O/CNNS were synthesized through the
in-situ precipitation method [16]. Typically, 1 mmol CoCl2�6H2O
was dissolved in 150 mL ethanol. Then CNNS (700, 800, 900,
1,000, 1,100 mg) were dispersed into the solution with sonicating
for 1 h. After that, 3 mmol NH4HCO3 was dissolved in the solution
and stirred for 6 h. The precipitates were collected and washed
with ethanol. After that, Co(CO3)0.5(OH)�0.1H2O/CNNS with
different amount of CNNS were obtained, recorded as Co(CO3)0.5
(OH)�0.1H2O, Co(CO3)0.5(OH)�0.1H2O/CNNS-700, Co(CO3)0.5(OH)�
0.1H2O/CNNS-900, Co(CO3)0.5(OH)�0.1H2O/CNNS-1100 and CNNS,
respectively.
2.3. Synthesis of Co3S4/CNNS

Typically, a certain amount of Co(CO3)0.5(OH)�0.1H2O/CNNS
nanocomposites was dissolved in 400 mL water. Then, thioac-
etamide (10� the mass of Co(CO3)0.5(OH)�0.1H2O/CNNS nanocom-
posites) was dispersed into the solution with sonicating for
0.5 h. After that, the solution was heated at 90 �C for 1 h. The pre-
cipitates were washed with water. Then, Co3S4/CNNS nanocompos-
ites with different contents of CNNS were obtained and labeled
as Co3S4, Co3S4/CNNS-700, Co3S4/CNNS-900, Co3S4/CNNS-1100
and CNNS.
2.4. Characterizations

A D/MAX2500 V diffractometer was used to measure the
powder X-ray diffraction (XRD). The test of UV–vis was investi-
gated by Shimadzu UV-2500 spectrophotometer, which used
BaSO4 as reference. Structural information was obtained by Fourier
transform spectrophotometer (FT-IR, Avatar 370, Thermo Nicolet).
The data of X-ray photoelectron spectroscopy (XPS) were obtained
by the instrument of ESCALAB250. Scanning electron microscope
(SEM) and transmission electron microscope (TEM) images were
achieved via the JEOL JSM-6330F SEM and JEOL-2100 field emis-
sion TEM. The photoluminescence spectra (PL) were measured by
Shimadzu RF-6000. The type of time-resolved technique is Bruker
S8 Tiger. The H2-solar system (Beijing Aulight Co.) with a gas chro-
matogram (GC) was used to collect and detect H2 online. Transient
photocurrent responses and electrochemical impedance spec-
troscopy were conducted in three-electrode cell system by using
a CHI660E electrochemical station, 50 mW LED as light source
and 1 mol L�1 Na2SO4 solution as electrolyte.

2.5. Photocatalytic tests

The photocatalytic H2 evolution was tested in 500 mL Pyrex
glass cell. A 300W Xe lamp was used as the light source. In general,
the reaction solution contains 100 mL water, 20 mg Co3S4/CNNS
photocatalyst and 20 mL triethanolamine (TEOA) which served as
sacrificial agents. A controlled experiment was carried out by using
P25 as a standard photocatalyst, and the reaction solution contains
100 mL water, 50 mg P25, 300 mL H2PtCl6 (10 g L�1) and 20 mL
methanol which served as sacrificial agents. Before irradiation,
the reaction system was pumped to vacuum and ensured the reac-
tion system in an anaerobic condition. The level of the vacuum is
�0.1 MPa. All glasswares were carefully rinsed with distilled water
prior to use. The H2 evolution rates on Co3S4/CNNS were measured
with different irradiation wavelengths with band-pass filters of
365 ± 5, 380 ± 5, 400 ± 5, 420 ± 5, 450 ± 5, 475 ± 5, 500 ± 5,
550 ± 5 and 600 ± 5 nm. The apparent quantum efficiency (AQE)
of the catalyst for H2 evolution was measured by applying a Xe
lamp (300W) with a 400 ± 5 nm band-pass filter.

AQE %ð Þ ¼ number of reacted electrons
number of incident photons

� 100

¼ number of evolved H2 molecules� 2
number of incident photons

� 100: ð1Þ
3. Results and discussion

In order to determine the metal species of the material obtained
in the first step, XRD was measured (Fig. S1 online). It can be
observed that the metal products of Co belong to basic carbonates
(Co(CO3)0.5(OH)�0.1H2O). After comparison with the PDF cards of
XRD, the metal species of Co correspond to PDF No. 48-0038, which
represents Co(CO3)0.5(OH)�0.1H2O. Therefore, Co(CO3)0.5(OH)�
0.1H2O/CNNS nanocomposites were obtained in the first step.
The XRD of CNNS, Co3S4 and Co3S4/CNNS-900 are displayed in
Fig. 1a. Two characteristic diffraction peaks of CNNS at 12.9� and
27.5� are clearly identified as (1 0 0) and (0 0 2) diffraction plane
(JCPDS No. 87-1526) [26,29]. The peaks at 31.1�, 36.2�, 47.1� and
55.3� are attributed to the Co3S4 (JCPDS No. 42-1448), which are
(3 1 1), (4 0 0), (4 2 2) and (4 4 0), respectively [11,18,25,30]. No
diffraction peaks of Co3S4 among Co3S4/CNNS nanocomposites
can be observed, which is due to the low load of Co3S4 quantum
dots and the relative low crystallinity [14,16]. These results mean
that the loaded Co3S4 quantum dots do not change the morpholo-
gies and structures of CNNS, and the content of Co3S4 quantum



Fig. 1. (Color online) XRD patterns (a) and FT-IR spectra (b) of CNNS, Co3S4 and Co3S4/CNNS nanocomposites.
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dots is low in the composite photocatalysts [16,31]. Fig. 1b shows
FT-IR of pure CNNS, pure Co3S4 and Co3S4/CNNS. For CNNS and
Co3S4/CNNS, in the range of 780–1,800 cm�1, the broad adsorption
bands represent s-triazine ring units and heptazine heterocyclic
ring units [29,32]. The adsorption bands at 2,950–3,710 cm�1 are
the OAH bands and residual NAH components, which correspond
to uncondensed amino groups and surface-adsorbed H2O [9,17]. It
can be observed that all nanocomposites have a small peak
between 2,300 and 3,400 cm�1. The small peaks between 2,300
and 2,600 cm�1 are attributed to the appearance of C„N and
N@C@N, which might be from the small fragment of diazo groups
adhered to the surface. In fact, these might have no impact on the
formation of the organic network structure. Moreover, no obvious
bands can be found from the FT-IR spectrum of Co3S4. The results
illustrate that Co3S4/CNNS nanocomposites do not change the
structure of CNNS, which is as same as the XRD analysis [14,16].

Thermogravimetric analysis was carried out to determine the
content of Co3S4 in Co3S4/CNNS-900. As shown in Fig. S2 (online),
the weight of Co3S4/CNNS-900 reduces rapidly, which occurs from
about 200 to 650 �C due to the burning of Co3S4 and CNNS. When
the temperature reached 800 �C, CNNS are completely burned out,
and the residue is Co3O4. So the contents of Co3S4 can be calculated
by the content of Co3O4 using the Eqs. (2), (3).

Mmetaloxide ¼ m � weight loss rate
Mr�metaloxide

; ð2Þ
Fig. 2. (Color online) Light absorption characteristics and band gaps of photocatalysts. (a)
(b) Plot of (ahm)2 vs. hm for the band gap energies of CNNS, Co3S4 and Co3S4/CNNS nano
where, M: molar mass, Mr: the relative molecular mass, m: total
mass of the composite. In addition, the molar mass of Co3O4 is con-
sistent with the molar mass of Co3S4. So the content of Co3S4 could
be obtained by

Content of Co3S4 ¼ M � Mr

m
� 100%: ð3Þ

The content of Co3O4 can be obtained from the weight loss of
the composites, which is 12.87% (Co3O4). The total mass of Co3S4/
CNNS-900 is 7.155 g, herein, the content of Co3S4 in Co3S4/CNNS-
900 is calculated to be 16.3%.

As shown in Fig. 2a, UV–vis diffuse reflection spectra indicate
that the absorption band edge of CNNS is about 435 nm (bang
gap is �2.85 eV). The band gap energy (Eg) of CNNS and Co3S4
can be calculated by ahm = A(hm � Eg)n/2 (n = 1 for direct transition
and n = 4 for indirect transition) [22]. So the bang gap of CNNS is
�2.85 eV, and the bang gap of Co3S4 quantum dot is 1.6 eV (as
shown in Fig. 2b) [22]. In addition, from the Mott-Schottky plots
of Co3S4 and CNNS (Fig. S3 online), it can be known that the con-
duction bands (CB) of Co3S4 and CNNS are �0.90 and –1.41 eV,
respectively. So the valence bands (VB) of Co3S4 and CNNS are
0.70 and 1.44 eV respectively. Observed from Fig. 2a, the absorp-
tion edges of Co3S4/CNNS slightly shift to the longer wavelength
in comparison with CNNS. This is ascribed to the optical absorption
of Co3S4 quantum dots [21,23]. The red shift means that
Co3S4/CNNS nanocomposites can absorb more visible light and will
UV–vis diffuse reflectance spectra of CNNS, Co3S4 and Co3S4/CNNS nanocomposites.
composites.
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generate more electron-hole pairs [33,34]. In addition, the Co3S4/
CNNS nanocomposite in the visible region has higher light absorp-
tion intensity than pure CNNS. All of these are beneficial to
improve the photocatalytic performance.

The morphologies and structures of CNNS, Co3S4 and Co3S4/
CNNS nanocomposites are shown in Fig. 3. As shown in Fig. 3a, d,
CNNS are composed of ultra-thin nanosheets with pleats. Fig. 3b,
e indicates that pure Co3S4 is composed of some irregular particles,
and the lattice spacing is 0.28 nm, demonstrating the synthesis of
Co3S4 [25]. Fig. 3c, f presents the TEM images of Co3S4/CNNS-900.
It can be observed that the sizes of Co3S4 quantum dots are 2–
4 nm, and the morphology of the nanocomposites does not change
significantly compared with pure CNNS. The elemental mapping of
Co3S4/CNNS-900 in Fig. 3g demonstrates the existence of highly
dispersed Co, S, C, and N elements in the nanocomposites. The
characterizations indicate that Co3S4 exists in the quantum dots
and is uniformly dispersed on CNNS. The surface components
and chemical states of pure CNNS, Co3S4 and Co3S4/CNNS-900 are
further studied by XPS. The results are shown in Fig. 4. C and N
in CNNS, Co and S in Co3S4, C, N, Co and S in Co3S4/CNNS-900 are
observed. For C 1s in Fig. 4a, three peaks at 284.8, 286.0 and
288.1 eV are presented. The peak at 284.8 eV belongs to the
graphite-like carbon (CAC/C@C), and the peaks at 286.0 and
288.4 eV represent sp3 carbon bond (CAN) and sp2 carbon bond
(NAC@N), respectively [5,8,35]. Fig. 4b displays the N 1s spectra
of CNNS and Co3S4/CNNS-900, which can be fitted with four peaks
with binding energies of 398.4, 399.6, 400.9, and 404.3 eV
Fig. 3. (Color online) Morphological and structural characterizations of photocatalysts.
mapping of Co3S4/CNNS-900 (g).
[16,32,36]. The peak at 398.4 eV is the N sp2 bond in the triazine
CAN@C ring, and the peaks at 399.6 and 400.9 eV correspond to
the tertiary nitrogen group (NA(C)3) and the quaternary N three
carbon atom amino functional group (NAH) in the aromatic ring,
respectively [27,29,31]. In addition, the peak at 404.2 eV is p exci-
tation [37,38]. For Co3S4 and Co3S4/CNNS-900, Co 2p can fit six
peaks as shown in Fig. 4c. Two peaks at 778.9 and 793.9 eV corre-
spond to Co 2p3/2 and Co 2p1/2 in Co3S4 [28,30,31,39]. The other
peaks at 780.8 and 797.0 eV belong to 2p3/2 and 2p1/2 of Co in
cobalt sulfide formed on the surface of CNNS, respectively
[25,30]. The peaks at 785.1 and 802.3 eV are two vibrating satellite
peaks [39,40]. The S 2p spectra of Co3S4 and Co3S4/CNNS-900 are
fitted to four peaks with binding energies of 161.8, 163.1, 165.1
and 168.7 eV (Fig. 4d) [18,40]. The fitted peaks at 161.8 and
163.1 eV belong to S 2p3/2 and S 2p1/2 in Co3S4, and the peaks at
165.1 and 168.7 eV belong to S in SO3

2- and SO4
2-, respectively

[11,12,41]. These results demonstrate the formation of Co3S4 quan-
tum dots, which is successfully loaded on CNNS.

The H2 productions of pure CNNS, Co3S4 and Co3S4/CNNS in
Fig. 5a present a linear relationship with time, meaning the stabil-
ity of the photocatalyst under visible light. In addition, in Fig. 5b,
pure CNNS have a relatively low photocatalytic activity
(37.22 lmol g�1 h�1). This is due to the low absorption of visible
light and the rapid recombination of carriers. Pure Co3S4 nanopar-
ticles also have a very small and negligible photocatalytic effect
(12.75 lmol g�1 h�1, Fig. 5b). After loading Co3S4 quantum dots
onto CNNS, the photocatalytic activities of Co3S4/CNNS
TEM images of CNNS (a, d), Co3S4 (b, e), Co3S4/CNNS-900 (c, f) and the elemental



Fig. 4. (Color online) High resolution spectra of C 1s (a) and N 1s (b) for CNNS and Co3S4/CNNS-900. High resolution spectra of Co 2p (c) and S 2p (d) for Co3S4 and Co3S4/
CNNS-900.
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nanocomposites are significantly improved. By regulating the con-
tents of CNNS in the Co3S4/CNNS nanocomposites, the optimum H2

evolution rate is 20,536 lmol g�1 h�1, which belongs to
Co3S4/CNNS-900. The H2 evolution rates of Co3S4/CNNS-700 and
Co3S4/CNNS-1100 (Fig. 5b) are 13,196.6 and 10,700.3 lmol g�1 h�1,
respectively. These are higher than that of pure CNNS and Co3S4
nanoparticles. The photocatalytic H2 evolution performance of
Co3S4/CNNS-700 is lower than that of Co3S4/CNNS-900, which is
due to the shielding effect of the excessively loaded Co3S4 quantum
dots on the Co3S4/CNNS-700. In addition, Fig. S4 (online) shows the
typical H2-evolution kinetics of S/CNNS under visible light irradia-
tion. Within 4 h of visible-light irradiation, the amount of photo-
catalytic H2 production of S/CNNS is 281.06 lmol g�1. Compared
with CNNS, there is no significant change in the photocatalytic per-
formance of CNNS after vulcanization by water bath (90 �C). This
means that the effect of vulcanization on CNNS is ruled out during
vulcanization. Fig. S5 (online) shows the typical H2-evolution
kinetics of Pt/CNNS under visible light irradiation. Under the same
conditions of the loading of Pt and Co3S4, the amount of photocat-
alytic H2 production of Pt/CNNS is 138,499.6 lmol g�1. The average
rates of photocatalytic H2 production over Pt/CNNS is
34,624.9 lmol g�1 h�1. The excellent photocatalytic H2 evolution
performance of Co3S4/CNNS-900 indicates that Co3S4 quantum
dots as cocatalysts are a good substitute for noble metals, which
is beneficial to the large-scale application of photocatalysts. In
addition, the H2 productions of P25 in Fig. S6 (online) present a lin-
ear relationship with time, and the H2 evolution rate of P25 is
26,602.5 lmol g�1 h�1, which is higher than that of Co3S4/CNNS-
900. After six cycles, the H2 production of Co3S4/CNNS-900 reduces
only �6% from 82,145.7 to 77,145.6 lmol g�1 as shown in Fig. 5c.
The results indicate that Co3S4 quantum dots can be used as
cocatalysts to effectively enhance photocatalytic performance of
CNNS. Fig. 5d shows the dependence of the quantum efficiency
of photocatalytic H2 evolution on Co3S4/CNNS-900. It can be found
that the light with different wavelengths has significant effect on
the H2 evolution efficiency of the photocatalysts, and the quantum
efficiency of Co3S4/CNNS-900 at 400 nm is as high as 7.85%.
These results demonstrate that the introduction of Co3S4
quantum dots significantly improves the light absorption
properties of CNNS and broadens its photoresponse intensity in
the visible region.

To explain the separation, migration and recombination of pho-
togenerated carriers in nanomaterials, photoluminescence spectra
(PL), time-resolved spectrum, transient photocurrent response and
electrochemical impedance spectroscopy analysis (EIS) are studied
[42,43]. PL of pure CNNS, Co3S4 and Co3S4/CNNS in Fig. 6a present
that the emission peak is �430 nm, and the excitation light is
325 nm [16]. It can be observed that the peak intensity of Co3S4/
CNNS is much lower than CNNS, with the order of Co3S4 < Co3S4/
CNNS-900 < Co3S4/CNNS-700 < CNNS, which is related to the pho-
tocatalytic H2 production. The quenching of the CNNS PL suggests
that charge transferred to Co3S4 before recombination takes place,
and more photogenerated electrons migrate to the surface of pho-
tocatalysts, ultimately improving the performance of photocat-
alytic H2 production. To get the lifetime of photogenerated
electrons, the time-resolved photoluminescence measurements
were performed on CNNS, Co3S4/CNNS-900 and Co3S4, as displayed
in Fig. 6b. The data of time-resolved fluorescence was shown in
Table S1 (online). The average radiative lifetime (t) was calculated
according to the following



Fig. 5. (Color online) Photocatalytic tests of CNNS, Co3S4, and Co3S4/CNNS nanocomposites. Time courses (a) and the average rate of H2 evolution (b) over CNNS, Co3S4, and
Co3S4/CNNS nanocomposites. (c) Cycling test of photocatalytic H2 generation of Co3S4/CNNS-900. (d) Wavelength dependence of AQE of Co3S4/CNNS-900 for the H2 evolution
(right axis) and UV–vis absorption spectrum of Co3S4/CNNS-900 (left axis).
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t ¼ A1 � t1 � t1 þ A2 � t2 � t2
A1 � t1 þ A2 � t2

: ð4Þ

So the average radiative lifetimes of Co3S4, Co3S4/CNNS-900 and
CNNS are 0.34, 2.54 and 1.49 ns, respectively. The time-resolved
spectra demonstrate that the average lifetime of photogenerated
electrons in Co3S4/CNNS-900 is longer than those of CNNS and
Co3S4 quantum dots [44]. The results indicate that the transfer of
photogenerated carriers between CNNS and Co3S4 can extend the
lifetime of photogenerated carriers, increase the number of photo-
generated electrons, and improve the performance of photocat-
alytic H2 evolution. The extension of time means that the
possibility of photogenerated electrons or holes participating in
the photocatalytic reaction is increased [45]. Combined with PL
measurement, it can be concluded that the modification of Co3S4
quantum dots can effectively inhibit the recombination of photo-
generated carriers of CNNS, and greatly increase the light conver-
sion efficiency of visible light [46–48]. Transient photocurrent
responses in Fig. 6c exhibit a relatively stable photocurrent
response over several switching cycles for the samples. Compare
with pure CNNS and Co3S4, Co3S4/CNNS-700 and Co3S4/CNNS-900
have higher photocurrent intensity with the order of
Co3S4/CNNS-900 > Co3S4/CNNS-700 > CNNS > Co3S4. Co3S4/CNNS-700
exhibits second-order photocurrent intensity, which is the same
as the H2 production effect of Co3S4/CNNS nanocomposites. These
results indicate the improvement of photo-generated carriers’ sep-
aration and migration efficiency in nanocomposites, and further
promote photocatalytic H2 evolution performance [19]. The migra-
tion rates of photogenerated carriers are further studied by EIS. As
shown in Fig. 6d, pure CNNS have large arc radius, and pure
Co3S4 has the smallest arc radius, which is due to the polymer
properties of CNNS and the good conductivity of Co3S4. And the
arc radius of Co3S4/CNNS-700 and Co3S4/CNNS-900 are signifi-
cantly lower than CNNS, in order of Co3S4 < Co3S4/CNNS-
900 < Co3S4/CNNS-700 < CNNS. This is consistent with the H2 evo-
lution effect of Co3S4/CNNS nanocomposites, which means that the
transfer resistance of the interface electrons in the Co3S4/CNNS
nanocomposites is much smaller than that of the CNNS
[46,48,49]. Furthermore, it also means that Co3S4/CNNS nanocom-
posites have higher photo-generated carriers’ separation and
transfer efficiency. According to the above analysis, the load of
Co3S4 quantum dots can effectively improve the separation and
migration rate of the photogenerated carriers of CNNS, and the
photocatalytic H2 evolution performance.

Based on the discussions, the reaction mechanism of photocat-
alytic reaction of Co3S4/CNNS is proposed (Scheme 1). Under visi-
ble light, electrons in valence band of CNNS migrate to
conduction band and form holes on valence band, while holes on
valence band are consumed by triethanolamine. The electrons
are then further transferred to the Co3S4 quantum dots. In the pro-
cess, Co3S4 quantum dots are storage sites of electrons and inhibit
the recombination of photogenerated electron-hole pairs, and
achieve a large number of active sites for photocatalytic H2

evolution. Thereafter, the electrons that have migrated from the
CNNS to the Co3S4 quantum dots further react with the H2O mole-
cules to form H2, which are captured on the surface of the
photocatalysts.



Fig. 6. (Color online) Photocatalytic mechanism of CNNS, Co3S4 and Co3S4/CNNS nanocomposites. (a) Photoluminescence spectra, (b) time-resolved spectra, (c) transient
photocurrent responses, and (d) electrochemical impedance spectroscopies of CNNS, Co3S4 and Co3S4/CNNS nanocomposites.

Scheme 1. (Color online) Proposed mechanisms of photogenerated charge separa-
tion and transfer in the photocatalytic H2 production for the Co3S4/CNNS
nanocomposites.

1516 H. Yang et al. / Science Bulletin 64 (2019) 1510–1517
4. Conclusions

In this work, the Co3S4/CNNS were prepared via two-step pro-
cess (in-situ deposition and water bathing). The modification of
CNNS by highly dispersed Co3S4 quantum dots realize the high-
efficiency photocatalytic H2 evolution performance, in which
Co3S4 quantum dots provide more active sites for photocatalytic
H2 evolution, greatly broaden visible light range of CNNS, facilitate
the separation and migration of photogenerated carriers and
shorten the migration distance of photogenerated electrons. The
obtained Co3S4/CNNS nanocomposites have better photocatalytic
performance than pure CNNS, and the highest rate of photocat-
alytic H2 evolution is 20,536.4 lmol g�1 h�1 (Co3S4/CNNS-900),
which is about 555 and 1,579 times of pure CNNS and Co3S4,
respectively. This work provides new ideas for the rational devel-
opment of efficient, economical and sustainable environmentally
friendly nanocomposites.
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