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a b s t r a c t 

CuInS 2 quantum-dot (CIS QD)-modified g-C 3 N 4 (CN) catalysts (CIS/CN) were prepared with the aid of 

an in-situ growth process. The as-obtained photocatalysts were explored by measuring their crystallinity, 

surface morphology, binding energy and light absorption activity. The photocatalytic efficiency of the pho- 

tocatalysts was evaluated through photocatalytic water splitting for hydrogen production and tetracycline 

(TC) antibiotic degradation under the simulated solar light and visible light respectively. The optimized 

sample (10CIS/CN) showed the best photocatalytic activity: producing 102.4 μmol g −1 h −1 of hydrogen 

in 1 h, or degrading 52.16% of TC in 120 min, which were respectively 48 or 3.4 times higher than the 

photocatalytic activity of CN itself. The enhancement in the efficiency of the composite system was prin- 

cipally accredited to the enlargement of light absorption, the more effective in charge transfer and the 

dropping of the charge carrier pair recombination through a formed S-scheme heterojunctional interface. 

This work is an effort to adjust CN-based polysulfide QD for speedy photocatalysis. The enriched photo- 

catalytic activity grants a new sense for adjusting the optical properties of CN. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

With the swift expansion of the world economy and societal 

rogress, energy shortage and environmental problems have been 

eveloped as severe challenges in the present time [1] . For a long 

ime, mining and refining nonrenewable fossil fuels are the main 

ays for human beings to obtain energy. However, during the use 

f hydrocarbon fuels, many pollutant gasses have been released, 

ncluding CO 2 , SO x and NO x , which have posed a serious threat to

nimals, plants, people and the natural environment [ 2 , 3 ]. To im-

rove the current energy consuming structure and meet the needs 

f social development, it is urgent to develop a green, competent 

nd sustainable energy provider [4] . As one of the most superla- 

ive clean energy sources in the 21st century, hydrogen energy has 

n energy density that is 3 times that of gasoline, which has also 

ther advantages including zero pollution, easy storage and recy- 

lability, etc. Among many technologies, solar photocatalytic hy- 

rogen production technology is considered as a sustainable, green 

nd resourceful method [5] . Nature has provided high-quality con- 
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enital conditions in the form of abundant sunlight and plenty wa- 

er resource to run hydrogen production technologies. However, as 

 core element, an appropriate catalyst determines the efficiency 

f photocatalytic reactions to the greatest extent, so as to trans- 

er solar energy to hydrogen energy [ 6 , 7 ], CO 2 reduction [ 8 , 9 ] and

ollutant degradation [10] . Therefore, synthesizing materials with 

 good visible light response and extraordinary photocatalytic ac- 

ivity is the key to realize such technologies. 

It is known that, compared with TiO 2 , ZnO and other traditional 

V-light-responsive photocatalysts, non-metallic g-C 3 N 4 (CN) has 

 good visible light response, together with a great ability to de- 

rade pollutants and decompose water to generate hydrogen [11–

6] . As a compound of the abundantly-available elements C and 

, CN also has characteristics including a low cost, easy prepara- 

ion, a high stability as well as a strong acid and alkali resistance 

17] . However, it possesses some shortcomings and limitations. For 

xample, the photogenerated charge carriers are easy to recombine 

ecause of its π- π-conjugated electronic structure limiting its own 

onductivity. Besides, a narrow visible light response ( < 460 nm), 

n insignificant specific surface and less active catalytic sites are 

esponsible for the low photocatalytic activity of CN. To minimize 

he magnitude of these shortcomings, building a heterojunction is 

ne of the effective ways to advance the photocatalytic talent of 

N. 
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By combining two or more semiconductor materials through 

ydrothermal methods, in-situ growth methods, etc., the hetero- 

unction material constructed has close interface contact, and its 

nternal spatial potential difference may improve the separation 

ate of photogenerated charge carrier pairs, prolong the lifespan 

f photogenerated charge carrier pairs, and promote photocatalytic 

eactions [18] . In 2019, Yu et al. innovatively proposed the concept 

f S-scheme heterojunction [19] . S-scheme heterostructures are 

sually composed by n-type semiconductors, of which the work 

unction of oxide is higher, the Fermi level is lower, and the work 

unction of reductive is smaller, and the Fermi level is higher. In 

-scheme heterojunctions, electrons migrate from reducing to ox- 

dizing semiconductors, resulting in band bending of the energy 

and, internal electric field formation between interfaces, and ac- 

elerated charge transfer. At the same time, when the Fermi en- 

rgy levels of the two photocatalysts are balanced, the energy band 

ending structure of the semiconductor surface makes the elec- 

rons and holes in the system recombine. Indeed, this process will 

liminate the useless electrons and holes, and retain the strong re- 

ucing electrons on the CB of reductive and the strong oxidizing 

oles on the VB of oxide in the S-scheme heterojunction system to 

articipate in the subsequent photocatalytic reaction. At present, 

here have been many literatures on g-C 3 N 4 based S-scheme het- 

rojunctions, such as 0D/3D Bi 3 TaO 7 /g-C 3 N 4 , 1D/2D Bi 2 S 3 /g-C 3 N 4 ,

D/2D N-ZnO/g-C 3 N 4 and 3D/2D ZnO/g-C 3 N 4 [20–23] . 

As a zero-dimensional semiconductor nanomaterial, quan- 

um dots (QDs) have many advantages, not possessing in one- 

imensional and two-dimensional materials, such as huge surface 

rea, prevalent visible light harvesting, a strong photoelectric con- 

ersion capability, multi exciton effect and quantum size effect 

24] . Composites of QDs and CN can improve their shortcomings, 

or example, through the loading of QDs, the visible light absorp- 

ion range of CN can be stretched to speed up the separation and 

igration rate of photogenerated charge carrier pairs [4] . In ad- 

ition, through the loading of QDs, the number of reactive sites 

n the CN surface can be increased, the internal charge transfer 

aths can be shortened, and the photocatalytic performance can 

e effectively strengthened [25] . Relevant research has been con- 

ucted by many researchers including the deposition on CN by 

etal phosphide QD S [26] , metal oxide QDs, metal sulfide QDs 

nd carbon QDs [27] . In particular, the close interface contact pro- 

ided by an inorganic polymeric heterostructure is conducive to 

he charge separation on the CN surface, which greatly promotes 

hotocatalytic water decomposition to generate hydrogen [28] . 

In the field of photocatalysis, a direct narrow-band-gap CuInS 2 
CIS) material has captivated extra consideration due to its excel- 

ent solar energy conversion efficiency [29] . CIS has a direct band 

ap (1.50 eV) structure, with its light harvesting range extending 

o the near-infrared region. At the same time, it also has advan- 

ages including a high light absorption coefficient ( ∼105 cm 

−1 at 

00 nm), a good stability and a low toxicity [30] . By composite 

ith CN that has the conduction band ( −1.30 eV) and the valence 

and (1.40 eV), CIS QDs are organically combined with CN in this 

ork, so as to improve the photocatalytic activity by constructing 

 composite material system and applying it to the photocatalytic 

eneration of hydrogen from water and to the degradation of TC 

ntibiotic. 

Here, CIS/CN photocatalysts have been synthesized through 

ne-pot solvothermal method. The catalytic activity of the compos- 

tes was inspected in combination with experiments of the photo- 

atalytic hydrogen evolution through water splitting and the an- 

ibiotic oxidation. The photocatalytic efficiency of the CIS/CN com- 

osites was significantly better than that of CN. The expansion of 

he visible light harvesting activity and the discount in the photo- 

enerated charge carrier pairs recombination rate were main rea- 

ons for the excellent photocatalysis of CIS/CN composites. This 
 18
ork is an attempt to modify CN with polysulfide QDs to en- 

ance the activity of CN, which presents new solutions for design- 

ng high-performance heterojunctional photocatalysts. 

. Experimental section 

.1. Material 

Copper nitrate, sodium hydroxide, sodium sulfate and barium 

ulfate were acquired from Sinopharm Chemical Reagent Co., Ltd. 

rea was purchased from Tianjin Fengchuan Chemical Reagent Co., 

td. Reduced glutathione, indium nitrate hydrate and tetracycline 

ere purchased from McLean Reagent Co., Ltd. Sodium sulfide hy- 

rate (Na 2 S ·9H 2 O) was purchased from Nanjing Chemical Reagent 

o., Ltd., and isopropanol was purchased from Xilong Scientific 

eagent Co., Ltd. 

.2. Preparation 

10 g of urea was grinded into fine powder and then heated in 

n aluminum oxide crucible at 520 °C for 240 min with the heating 

ate at 10 °C /min. Then, the samples were cooled in a muffle. The 

ollected pale-yellow materials were grinded into fine powder to 

et CN particles. 

About 0.1 mmol of Cu(NO 3 ) 2 ·3H 2 O, 0.8 mmol of InN 3 O 9 ·x H 2 O

nd 2 mmol of L -Glutathione (GSH) were dissolved in 40 mL of 

eionized water. After ultrasonication for 10 min, NaOH solution 

0.05 mol/L) was introduced dropwise while stirring for adjusting 

he pH of the solution to 8.5. The well-mixed homogenous mix- 

ure was shifted to a three-necked flask placed in a condensing 

evice with the temperature elevated to 90 °C in a N 2 atmosphere. 

bout 1.3 mmol of Na 2 S ·9H 2 O in solution was quickly added for 

he chemical reaction at a constant temperature 90 °C for 60 min. 

he cooled precipitate was refined with isopropanol and deionized 

ater, centrifuged and desiccated in vacuum at 25 °C. The brown 

roduct obtained was CuInS 2 QDs, which was labeled as CIS QDs. 

To construct CIS/CN nanocomposites, different amounts of 

uInS 2 (5, 8, 10, 12 and 15 wt.%) were mixed with a required 

mount of CN in an ethanol/water mixture to form a homogeneous 

aste, which was warmed to 80 °C while stirring to remove the 

iquid portion completely. The materials obtained were denoted as 

 CIS/CN, where ‘ x ’ refers to the percentage amount of CuInS 2 in the

repared nanocomposites. 

.3. Characterization 

The crystal phase and purity of the samples were inspected 

sing a Bruker X-ray powder diffractometer (XRD). The chemi- 

al bonds and functional groups of the photocatalysts were deter- 

ined through Fourier infrared spectroscopy (FT-IR). The spectra 

ere taken in a scanning range of 40 0 −40 0 0 cm 

−1 . X-ray pho-

oelectron spectroscopy (XPS) was handled to analyze the sur- 

ace elemental composition and existing state of the photocata- 

ysts. Transmission electron microscopy (TEM) and EDS tests were 

onducted to investigate the microstructure of the samples. TU- 

901 ultraviolet visible absorption spectroscopy (UV vis DRS) was 

sed to illustrate the optical absorption performance of the ma- 

erials. BaSO 4 powder was used as a reference, with a scanning 

ange of 20 0 −80 0 nm. The photoluminescence spectrum was de- 

ermined using a RF-5301 PC fluorescence spectrometer at an ex- 

itation wavelength of 325 nm. 

.4. Photocatalytic activity 

A hydrogen production test was carried out in a photocatalytic 

ystem allied with a Shimadzu GC-14C gas chromatograph. The 
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ight source was a 350 W Xe lamp allied with a 365 nm filter. 

he reaction mixture was composed of 80 mL of deionized wa- 

er, 10 mL of triethanolamine (TEOA) and 20 mg of catalysts in a 

00 mL three-necked glass flask to check the hydrogen production 

ate. Before reactions, the mixture was bubbled with N 2 for 30 min 

or deoxygenation. The amount of H 2 produced was checked after 

ppropriate time. 

The photocatalytic oxidation of tetracycline (TC) was compre- 

ended with a 1 kW halogen lamp as the light source ( λ> 

20 nm). 50 mg of sample was mixed with 100 mL (40 mg/L) of TC

olution and stirred in dark for 30 min to adsorb TC units on the 

hotocatalyst. The photocatalytic degradation test was extended to 

20 min, and 5 mL of solution was separated every 20 min for 

he measurement of the degraded pollutants. After centrifugation, 

he sample was filtered to remove the photocatalyst, with an ab- 

orbance dignified to assess the decomposition of TC, which ab- 

orbs light in the range of 250 −270 nm and 343 −366 nm. For cal-

ulating the oxidation extent of TC, the reduction in peak intensity 

t 350 −366 nm was monitored and selected as a reference. 

.5. Photoelectrochemical examination 

Photoelectric characteristics including the flat band potential, 

ransient photocurrent ( I - t ) and impedance spectroscopy (EIS) of 

N, CIS QDs as well as 10CIS/CN were assessed. Experiments were 

arried out under an open-circuit-voltage mode through a three- 

lectrode device in an electrochemical workstation (CHI660D). 

herein, Pt wires and saturated calomel electrodes were employed 

s the counters and reference electrodes respectively, with indium 

in oxide glass (10 mm × 20 mm) coated with sample solution 

s a working electrode in 0.1 M Na 2 SO 4 electrolytic solution. Be- 

ore investigation, nitrogen gas was effervesced through the solu- 

ion for deoxygenation. When the open circuit potential was stable, 

he impedance potential method was employed to assess the flat 

and potential of the sample and the results were converted into a 

ott Schottky curve. The photocurrent was also dignified in 0.1 M 

a 2 SO 4 electrolyte solution. AC impedance spectroscopic measure- 

ent of the sample was conducted in the mixed solution of KCl 

nd K 3 [F e (CN) 6 ]/K 4 [Fe(CN) 6 ] at a scanning rate of 10 mV/s. 

The preparation procedure of working electrodes is as follows: 

6 mg of sample was disseminated in 3.6 mL of ethanol and 0.4 mL 

f 5% nafion solution. First of all, the photocatalysts were treated 

ltrasonically for 30 min followed by stirring for 4 h to form a ho- 

ogeneous mixture. About 30 μL of paste (4 mg/mL) was evenly 

mployed on the conductive surface of ITO glass (10 mm × 10 mm) 

hrough doctor blade method. The samples prepared were kept 

ilent for 1 h to avoid any disturbance, which were then desiccated 

ith an infrared lamp to secure the working electrodes. 

. Results and discussion 

.1. Crystal structure analysis 

The phase crystallinity of the photocatalysts was realized by 

aking their XRD spectra. Fig. 1 (a) indicates the XRD pattern of 

N, CIS QDs and CIS/CN. CN has two distinctive peaks at 13.1 °
nd 27.5 °, of which, the one at 13.1 ° belongs to the crystal plane

100) of CN formed by the repetition of the 3-s triazine structure 

n the plane, while the one at 27.5 ° is linked to the crystal plane

002) of CN, providing information about the interlayer stacking of 

he conjugated aromatic rings, which is a characteristic diffraction 

eak of graphite-like structures [31] . The diffraction peaks of CIS 

Ds at 28.0 °, 46.5 ° and 55.2 ° corresponded to the crystal facets 

112), (204) and (312) of the tetragonal CuInS 2 (JCPDS No.75–0106) 

ystem, indicating that the synthesized CIS nanocrystals possessed 

halcopyrite structures [32] . The XRD pattern of CIS/CN and CN 
 19
as highly similar. It should be pointed out that the characteristic 

iffraction peak at 27.5 ° is the overlapping peak of crystal planes 

IS (112) and CN (0 02). So, the crystal plane (0 02) of CN and (112)

f CIS QDs were the main crystal planes exposed here. The more 

he amount of CIS QDs is loaded on CN, the broader and feebler 

he peak at 27.5 ° develops, reflecting that the loading of CIS QDs 

eakens the interlayer stacking effect of CN, and the peak at 13.1 °
lso progressively faded away with the increase of CIS QDs. The 

eak at 46.5 ° is not obvious in the composite system, which is due 

o the small mass and poor crystallinity of CIS QDs in the samples. 

The molecular structure and surface functional groups of 

he samples were analyzed using the FT-IR spectra provided in 

ig. 1 (b). Apparently, the spectra of CIS/CN composites with differ- 

nt proportions are similar to those of CN. The main characteristic 

iffraction peak at 810 cm 

−1 originates from the stretching mode 

f the typical homotriazine heterocyclic conjugate structure in CN 

33] . Peaks in the range of 1670 −1220 cm 

−1 are commanded un- 

er the stretching mode of C = N and C-N on the carbon nitrogen 

ing [34] . The wide peak at 3350–3020 cm 

−1 is recognized to the 

tretching vibration of N-H and O-H bonds [35] . The above results 

how that CN still has a stable structure in the composite system. 

n addition, according to literatures, the FT-IR peaks of both CIS 

Ds and composites at 2340 cm 

−1 are dominated by the stretch- 

ng vibration of CO 2 , which might come in with the inadvertently- 

ntroduced air [36] . Because of its inorganic origin, the character- 

stic FT-IR peak of CIS QDs was weak and difficult to analyze. It 

s seen from the FT-IR spectra of the composites that the loading 

f CIS QDs slightly weakens the tensile vibration diffraction peak 

f the triazine ring structure in the CN conjugated system, but the 

ystem still retains a good CN heterocycle structure which in good 

greement with the XRD data. 

.2. XPS 

The bonding and chemical state of elements in 10CIS/CN were 

valuated through XPS. Fig. 2 (a) presents the XPS full spectrum of 

he 10CIS/CN sample, which contains all the constituent elements 

ike C, N, Cu, In and S. A small amount of O was also detected,

hich might come from the adsorbed water. Fig. 2 (b) presents the 

igh-resolution XPS data of Cu 2p. The peaks at 952.1 and 932.3 eV 

elong to Cu 2p 1/2 and Cu 2p 3/2 . The split of orbit calculated be-

ween the two peaks is 19.8 eV, revealing that Cu is available in the 

omposite as Cu 

+ [37] . Fig. 2 (c) shows the high-resolution spec- 

ra of In 3d. The XPS peak of In 3d 3/2 and In 3d 5/2 is respec-

ively available at 452.1 and 4 4 4.8 eV, indicating that In exists as 

n 

3 + [38] . The XPS peak fitting of S in Fig. 2 (d) illustrates that the

igh-resolution spectra of S 2p involves two peaks at 164.0 and 

62.0 eV due to the spin-orbit coupling interaction, and they are 

ommanded by the In-S and Cu-S bonding structure respectively, 

ndicating that S exists in the form of S 2 − [ 39 , 40 ]. Fig. 2 (e) dis-

lays the XPS spectrum of C 1 s, the peaks available at 288.2, 287.5 

nd 285.0 eV are ascribed to the N-C = N bond in the aromatic ring

ith sp 

2 hybridization, N-CH bond on the edges of heptazine unit 

nd sp 

2 hybridized C–C bond, respectively. Fig. 2 (f) shows the spec- 

rum of N 1 s. After XPS peak fitting, three peaks are visible at 

01.0, 399.9 and 398.7 eV, which respectively correspond to C-NH, 

-(C) 3 and C-N = C groups in the triazine ring structure [22] . The

utcomes of XRD, TEM and XPS show that CIS/CN photocatalysts 

ere successfully synthesized in this work. 

.3. TEM 

The morphology and microstructure of 10CIS/CN photocatalysts 

ere achieved by measuring the TEM image delivered in Fig. 3 (a). 

IS QDs are uniformly developed on the surface of CN, which is 
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Fig. 1. XRD pattern (a) and FT-IR diagram (b) of CN, CIS QDs and CIS/CN. 
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omposed of thin layers with folded and irregularly-folded struc- 

ures, indicating that CIS QDs have a wider attachment area. The 

article size of CIS QDs is about 5 −8 nm, and that of CN is in a

heet structure. The HRTEM image in Fig. 3 (b) shows that CIS QDs 

ave highly-parallel and ordered lattice stripes, indicating that they 

ave a high crystallinity with a lattice stripe spacing of 0.193 nm 

nd 0.240 nm, which is consistent with the lattice spacing of crys- 

al plane (204) and (211) of chalcopyrite type CuInS 2 [41] . HRTEM 

mages clearly show the deposition state of CIS QDs on the CN sur- 

ace. Fig. 3 (c) shows the elemental distribution map. The compos- 

te contains uniformly-dispersed elements like Cu, In, S, C and N, 

hich shows that CIS QDs and CN have a good combination in the 

omposite. 

.4. Energy band structure 

The investigation of light absorption activity of the photocat- 

lysts was achieved by measuring the UV–Vis DRS provided in 

ig. 4 (a). The absorption edge of CN is found near 441 nm, while

IS QDs has excellent optical absorption performance in a range of 

00 −750 nm [42] . Compared with CN, the photon harvesting ac- 

ivity of the composite materials in a range of 30 0 −70 0 nm grad-

ally increases with the increase of CIS QD content, indicating that 

he light absorption performance of CIS/CN is improved with the 

oading of CIS QDs. The enhancement of light absorption and pho- 

ocatalytic activity may also be attributed to the strong electron 

oupling between CIS QDs and CN. The energy band structure of 

hotocatalysts directly influences the redox reactions on their sur- 

ace. Therefore, the Tacu formula ( Eq. (1) ) is used to convert the

V–vis absorption data to obtain the Kubelka Munk function dia- 

ram ( Fig. 4 b) [43] , from which while the band gap value ( E g ) of

he three samples CN, CIS QDs and 10CIS/CN can be determined by 

xtrapolation method: 

αhν
)n = A 

(
hν − E g 

)
(1) 

here α, A and hv represent the absorption coefficient, propor- 

ional coefficient and photon energy, E g refers to the band gap and 

 is a constant ( n = 2 denotes the direct transitions and n = 1/2

ndicates indirect transitions). In this work, CIS QDs is direct tran- 

ition semiconductor, while CN is indirect transition semiconductor 

 44 , 45 ]. Therefore, the band gap energy of CN and CIS QDs is 2.81

nd 1.92 eV, respectively, which agrees with the literature reports 

 46 , 47 ]. 

Fig. 4 (c) represents the Mott-Schottky data of CN and CIS QDs. 

ll the slopes are positive, indicating that the sample can be 
20
udged as an n-type semiconductor [48] . The linear intercept of CN 

nd CIS QDs on the x -axis is −0.53 V and −0.90 V (vs. SCE). The

at band potential ( V fb ) is calculated by Eq. (2) , the corresponding

 fb of CN and CIS QDs is −0.56 V and −0.93 V, respectively. 

 0 = V fb + 

RT 

F 
(2) 

here V 0 is the intercept of tangent line of Mott-Schottky curve 

nd x -axis, R is the standard molar gas constant, T is the thermo- 

ynamic temperature, and F is the Faraday constant. 

The conduction band potential ( E CB ) is calculated by Eq. (3) , the

 CB of CN and CIS QDs is −0.66 V and −1.03 V (vs. SCE), respec-

ively. 

 CB = V fb − kT ln 

N c 

N 

(3) 

here k is the Boltzmann constant, N c is the effective density of 

tates of the conduction band, and N is the doping concentration. 

n the approximate calculation, the value of kT ln( N c / N ) is 0.1 eV. 

The valence band potential ( E VB ) is then calculated by Eq. (4) .

s E g values of CN and CIS QDs is 2.81 eV and 1.92 eV, respec-

ively ( Fig. 4 (b)). The calculated E VB of CN and CIS QDs is 2.15 V

nd 0.89 V, (vs SCE) respectively, as is illustrated in Fig. 4 (d). As 

he loading amount of CIS increases, the color of CN samples grad- 

ally changes from light yellow to dark yellow ( Fig. 4 (e)). 

 VB = E CB + E g (4) 

.5. Photoelectric performance 

The steady-state PL spectrum is an effective method for ana- 

yzing the recombination of photogenerated charge carrier pairs 

n photocatalysts. As we know, the PL spectrum of materials is 

enerated by the recombination of photo-generated charge carrier 

airs within themselves. The stronger the emission peak intensity 

f the fluorescence spectrum, the higher the electron hole recom- 

ination rate inside the catalyst. Fig. 5 (a) represents the steady- 

tate PL spectrum. It can be seen that the fluorescence intensity of 

IS/CN composites is far lower than that of CN, demonstrating that 

he loading of CIS QDs helps to retard the recombination rate of 

he excited charge pairs in CN and extending their lifetime. Thus, 

t also provides the system with more free electrons and holes to 

articipate in the oxidation and reduction reactions between pho- 

ocatalysts and reactants. In this system, the fluorescence intensity 

f 10CIS/CN is obviously decreased indicating that high amount of 

IS has relatively strong inhibitory effect on the photogenerated 
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Fig. 2. XPS spectra of 10CIS/CN: survey XPS spectra (a) and high-resolution XPS spectra of Cu 2p (b), In 3d (c), S 2p (d), C 1s (e) and N 1s (f). 
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harge carrier recombination. The CIS QDs loading plays a special 

ole in reducing the charge carrier pairs recombination rate of CN 

uring the photocatalytic process, so, it is one reason of the en- 

anced photocatalytic performance. As shown in Fig. 5 (b), the data 

f transient fluorescence spectroscopy once again verify the ex- 

ended photo-generated carrier lifetime of CIS/CN composite. Com- 

ared with CN (4.96 ns), the average PL life of 10CIS/CN (3.49 ns) 

s shorter, indicating that charge carrier pair separation is faster in 

omposite. 
21
Fig. 5 (c) shows the transient photocurrent curves of the pho- 

ocatalysts. The curve of 10CIS/CN (0.7233 μA/cm 

2 ) is significantly 

etter than that of CN (0.2322 μA/cm 

2 ), revealing that the sepa- 

ation rate of e − and h + in the composite system is significantly 

nhanced. Besides, the EIS results are shown in Fig. 5 (d). The half 

rc of the Nyquist curve of 10CIS/CN composite is smaller than 

hat of CN, indicating that with the loading of CIS QDs, the in- 

erface charge transfer impedance of CN is reduced, resulting in 

ccelerating of the charge transfer rate. From the photocurrent and 
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Fig. 3. (a) TEM, (b) HRTEM and (c) STEM-EDS elemental mapping of 10CIS/CN. 
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mpedance spectra, it can be seen that through the loading of CIS 

Ds, the charge separation and transformation performance of CN 

s significantly enhanced. 

In summary, the results from steady-state PL spectrum, tran- 

ient fluorescence spectroscopy, transient photocurrent curves and 

IS data, all indicate that the synergistic effect of intramolecular 

lectric field and S-scheme heterojunction significantly accelerates 

he rapid transfer of photogenerated carriers within the materials 

nd at the interface. 

.6. Photocatalytic activity 

The catalytic behavior of the photocatalysts was firstly checked 

y separating hydrogen from water under the simulated solar light. 

s is provided in Fig. 6 (a), all the CIS/CN composites show a bet-

er hydrogen evolution with a production rate that is superior 
 22
o that of CN. After combining with CIS QDs, the nanocomposite 

IS/CN delivers a high hydrogen generation activity. With an in- 

rease in the loading amount of CIS QDs, the hydrogen evolution 

lso steadily increases. For 10% CIS QDs, the quantity of hydrogen 

roduced attains 102.4 μmol g −1 h 

−1 . However, with a further in- 

rease in the loading amount of CIS QDs, the hydrogen evolution 

educes obviously, for example, 12CIS/CN delivers 85.2 μmol g −1 

 

−1 hydrogen, which may credit to the poor charge carrier pair 

eparation and the competitive light absorption between CIS QDs 

nd CN in 12CIS/CN, both of them reduce the capability of the pho- 

ocatalysts to generate hydrogen. Compared this work with previ- 

us reports, the composite catalyst we prepared also showed high 

ydrogen evolution activity, as shown in Table 1 . 

We further evaluated the catalytic performance of the photo- 

atalysts by degrading TC antibiotic, and the data is presented in 

ig. 6 (b) and (c). Irradiate under visible light for 120 min, the 
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Fig. 4. Solid UV–vis absorption spectra (a), calculated band gap energy (b), Mott Schottky curve (c), the energy band structure (d) of CN and CIS QDs, and the photo pictures 

of the synthetic samples (e). 

Table 1 

Hydrogen evolution activity for 10CIS/CN in comparison with other reported CN-based catalysts. 

Photocatalyst H 2 evolution amount Light source Reference 

Cu 7.2 S 4 /g-C 3 N 4 82 μmol g −1 h −1 NIR. ( λ> 800 nm) [49] 

Ni(OH) 2 @g-C 3 N 4 /halloysite 18.42 μmol h −1 Vis. ( λ> 400 nm) [50] 

3%Co 3 O 4 /g-C 3 N 4 105.06 μmol g −1 h −1 Simulated solar [51] 

TiC 2 /g-C 3 N 4 47.5 μmol g −1 h −1 Simulated solar [52] 

3%Ni 2 P/g-C 3 N 4 128.7 μmol g −1 h −1 300 W Xe lamp ( λ> 420 ±10 nm) [53] 

10%CuInS 2 /g-C 3 N 4 102.4 μmol g −1 h −1 350 W Xe lamp ( λ≥365 nm) This work 

d

o

w

A

c

t

r

p

s

C

1

f

egradation rate of 50 mg of CN photocatalyst in 100 mL (40 mg/L) 

f TC solution is 15.31%. The photocatalytic activity is improved 

hen both CIS QDs and CN are coupled to form nanocomposites. 

s the amount of CIS QDs increases in nanocomposites, the photo- 

atalytic activity of the composites is gradually enhanced. Among 

hem, 10CIS/CN shows decent activity, and the oxidation rate of TC 
23
eached 52.16% after 120 min. For composites with a higher pro- 

ortion of loading, the activity of 12CIS/CN and 15CIS/CN decrease 

lightly, which indicating that loading an appropriate amount of 

IS is crucial for improving photocatalytic activity. In this work, 

0CIS/CN is the best; lower CIS content will lead to insufficient sur- 

ace redox active site, while higher CIS content may lead to com- 
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Fig. 5. Photoelectric property of CN, CIS QDs and 10CIS/CN: (a) steady PL spectra, (b) transient fluorescence spectra, (c) photocurrent response, (d) AC impedance spectrogram. 
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etitive light absorption between CIS and CN, both of which will 

ead to reduced activity of samples. The stability of the optimized 

ample (10CIS/CN) is shown in Fig. 6 (d). Compared to unused sam- 

le, the XRD spectrum of 10CIS/CN does not change after the re- 

ction of degrading of TC and producing H 2 , which further verifies 

he excellent stability of the 10CIS/CN photocatalyst. 

.7. Photocatalytic mechanism 

To investigate the major degrading agents, the optimized 

0CIS/CN composites were selected, followed by the same protocol 

entioned in the photocatalytic degradation of tetracycline. Dur- 

ng the process of photocatalysis, 1 mL of each of 0.01 mol/L ben- 

oquinone (BQ), n-butanol (n-BA), disodium EDTA-2Na and potas- 

ium persulfate (KPS) solution was separately added to the reac- 

ion mixture before turning on the light source, in order to trap the 

uperoxide radicals ( •O 2 
−), hydroxyl radicals ( •OH), holes ( h + ) and

lectrons ( e −), respectively. The data of radical/charge capturing 

xperiments are collected using 10CIS/CN samples and presented 

n Fig. 7 (a). The obtained results show that the oxidation rate of 

C does not change significantly when n-BA or KPS is added, indi- 

ating that •OH and e − are not main active degrading agents. How- 

ver, in the presence of BQ, the eradication rate of TC is greatly re-

uced, signifying that •O 2 
− is a main active agent responsible for 

he target redox reactions. The degradation rate in the presence of 

DTA-2Na also shows that h + participates in the photodegradation 

rocess of TC. 
 24
The presence of •O 2 
− and 

•OH in the photocatalytic reaction 

s further detected by the electron spin resonance (ESR) spec- 

ra, with 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) as the capture 

gent, and the results are shown in Fig. 7 (b). Under dark condi- 

ions, no signal peaks were detected. After 10 min of light irradi- 

tion, four DMPO- •O 2 
− characteristic signal peaks with a standard 

ntensity of 1:1:1:1 and six weaker DMPO- •OH signal peaks were 

etected. This result is consistent with the results of the data of 

adical capturing experiments ( Fig. 7 (a)), once again proving that 

O 2 
− is the main active species. 

The work function is related to the Fermi level ( E f ) of the sam-

les through the following equations: 

 = W tip + e CPDsample (5) 

f = −W (6) 

here W and W tip are the work function of the testing material 

nd gold (4.25 eV), e is the charge on electrons, and CPD sample 

s the contact potential difference (CPD) value obtained from the 

ample [54] . The e CPD sample value of CN, CIS/CN and CIS is 0.27,

.19 and 0.14 eV, respectively. Based on Eq. (5) , the work function 

f CN, CIS/CN and CIS is 4.52, 4.44 and 4.39 eV respectively whose 

ermi level are −4.52, −4.44 and −4.39 eV respectively according 

o Eq. (6) . Based on the obtained results, it is obvious that when 

IS and CN are combined to form composites, the electrons in the 

B of CIS sink to CN and the process continues till the E f level of

oth is equilibrated ( Fig. 8 (a)). Thus, CIS exhibits an upward band 
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Fig. 6. (a) hydrogen generation rate, (b) TC degradation efficiency in 120 min and (c) TC degradation curve of CN and CIS/CN, (d) XRD patterns of 10CIS/CN before and after 

photocatalytic reaction. 

Fig. 7. (a) Photocatalytic degradation efficiency of TC over 10CIS/CN after adding active species capturing agents and (b) DMPO- 
•

O 2 
− and DMPO- 

•
OH of 10CIS/CN texted by 

DMPO spin-trapping ESR spectra. 
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ending at the interface due to its positive characters associated 

ith the loss of electrons ( Fig. 8 (b)), while CN shows a downward

and bending due to its negative characters associated with the 

ain of electrons. In consequence, the transfer of electrons creates 

n inner electric field (IEF) at the interface pointing from CIS to CN. 

hen CIS/CN is irradiated under light, electrons are excited from 
 25
B to CB in both CN and CIS. And, under the collective effect of 

EF and the band bending assisted by the Coulomb interaction, the 

lectrons in the CB of CN are transferred to the VB of CIS, where 

hey neutralize with the holes of CIS ( Fig. 8 (c)). In this way, elec-

rons in the CB of CIS and holes in the VB of CN remain and are

reed with a high thermodynamic energy to realize efficient redox 
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Fig. 8. S-scheme CN/CIS heterojunction: (a) before contact, (b) after contact and (c) after contact in light. 

Fig. 9. Photocatalytic mechanism of the CIS/CN composites. 
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eactions for the generation of hydrogen or degradation of TC un- 

er stipulated conditions. 

Based on our investigations, a possible redox pathway has been 

uggested and intended to highlight the charge generation and 

ransfer in the prepared CIS/CN nanocomposites, as is depicted in 

ig. 9 . When CIS QDs and CN are in a close interaction, electrons

n CIS QDs are naturally transferred via the interface to CN till the 

ame Fermi energy level is accomplished in both sides. Since CIS 

Ds donate excited electrons, a positive charge is acquired while 

N is gaining electrons and a negative charge at the interface is 

cquired. Thus, an IEF is accomplished at the interface, which is 

irected from CIS to CN. The established IEF facilitates the charge 

onductivity and the separation of the photogenerated charge car- 

ier pairs. Meanwhile, the band edge of both CIS QDs and CN is 

espectively placed upwards attributed to the demise of electrons 

nd downwards due to the gain of them. During the photocatalysis, 

hrough light treatment, the electrons of CIS QDs and CN are ex- 

ited from their corresponding VBs to CBs, forming extra coulomb 

nteraction. The altered IEF and the band bending associated with 

he coulomb interaction enforce the low-energy photoexcited elec- 

rons of CN to preferentially meet with the low-energy holes in the 
 26
B of CIS QDs. Thus, a S-scheme interface is established for photo- 

enerated charge transfer [55–57] . 

The S-scheme charge transfer mechanism is further explained 

n the basis of the band structure of the materials, as is presented 

n Fig. 4 (d). In a S-scheme heterojunction route [58] , the excited 

lectrons in the CB of CIS entertain a potential of −1.03 V (vs SCE) 

nd possess enough thermodynamic energy to reduce O 2 to pro- 

uce •O 2 
− and H 

+ to H 2 . Accordingly, this S-scheme effectively 

mproves the charge separation while enhancing the photocatalytic 

ctivity for hydrogen generation and TC decomposition. 

. Conclusion 

CIS QDs were successfully prepared and combined with CN to 

onstruct CIS/CN nanocomposites as efficient photocatalysts for the 

roduction of hydrogen and the degradation of TC. With the com- 

osite materials, the photocatalytic oxidation of tetracycline and 

ydrogen evolution significantly increased. The degradation rate of 

00 mL (40 mg/L) of TC solution with 10CIS/CN was 52.16% in 

20 min, which was 3.4 times that of g-C 3 N 4 . With the same pho-

ocatalyst, 102.4 μmol g −1 h 

−1 of hydrogen was produced in 1 h. 
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he high photocatalytic presentation of CIS/CN was mainly accred- 

ted to the development of S-scheme heterojunctions between CIS 

Ds and CN. The handy interaction amongst the CIS QDs and CN 

as conducive to transferring the photoexcited electrons from CN 

o CIS QDs. Therefore, electrons quickly participated in the photo- 

atalytic process. This work is an effort to amend CN with poly- 

ulfide quantum dots and bargain a fresh idea for augmenting the 

erformance of CN. 
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