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Abstract. The real-time photothermal degradation of methylene blue (MB) dye was studied using CuS thin film (TF) as

a photocatalyst. The polycrystalline CuS TFs were fabricated on precleaned glass substrates by an aqueous solution of

copper chloride and thiourea using a fully automated spray pyrolysis technique by varying temperatures (250–400�C). The
properties of deposited films were studied by XRD, SEM, UV–Vis–NIR spectroscopy, photoluminescence (PL) and Hall

measurement. XRD results show that the CuS TFs crystallized in the cubic phase with an average crystallite size

*22–30 nm. CuS TF grown at higher temperatures (350�C, 400�C) exhibited very low strain of about 0.55 and 1%,

respectively. Hall study revealed that films deposited at 400�C had good electrical parameters with mobility (l) of

0.866 cm2 V-1 s-1, Carrier concentration (p) of 5.21 9 1019 cm-3 and conductivity (r) of 49.4 X-cm-1. The estimated

optical bandgap of films were found to be in the range of 2.10–2.26 eV, revealing blue shift due to quantum size effects.

The PL spectra showed two characteristic bands of the CuS films, at 422 nm and an intense green band at 504 nm. The

copper sulphide TF showed high photocatalytic activities in a photo-decolourization of MB dye under irradiation of

visible light, as CuS TF was able to completely decompose the dye in 160 min.

Keywords. CuS; automated spray pyrolysis; thin films; photoluminescence; photovoltaic materials; photocatalytic

activity.

1. Introduction

Organic dyes are widely used in various industries such as

textile, paper, plastic and chemical, being discharged into

the environment, which can easily form highly toxic com-

plexes by reacting with some metal ions present in

wastewater to pollute water resources and triggering several

problems [1,2]. This wastewater has highly harmful con-

sequences on human health as well as the aquatic ecosys-

tem, therefore it is essentially required to preserve before

discharging into the running water. Oxidation of organic

and biological molecules by photocatalysis is one of the

most prominent techniques for minimizing the negative

environmental effects of hazardous wastes and toxic pol-

lutants [3,4].

The oxidative process of photocatalysis is based on the

generation of electron–hole pairs in semiconductor materi-

als by the absorption of photons, which can further generate

free radicals, such as hydroxyl in the system to redox the

compounds absorbed on the surface of a photocatalyst

[2,5–7]. The natural and pollution-free resource of energy is

sunlight, which possesses great potential in driving

environmentally benign organic transformations [8]. The

environmentally appealing fact is to energize photocatalyst

materials by using solar irradiation, and this process is

almost energy-self-sufficient and permits the design of a

water treatment that is simple, robust and economical to set

up and run [9]. The selection of materials for photocatalytic

activity is the most important aspect. It is obvious that the

semiconductors with suitable bandgap, flat band potential/

energy levels and good adsorption properties in the visible

region are most efficient for photocatalytic purposes

because most of the solar energy falls in the visible region.

Metal sulphides have attracted extensive attention in

recent years. Among these materials, copper chalcogenides

reveal unique optical, electronic, physical and chemical

properties with prospective and numerous applications as

both the photocatalysis and the Fenton-like reactant

[10–16]. Furthermore, the CuS-induced Fenton-like reac-

tions are iron-free, resulting in the separation of reactants

from ions and solid materials. The degradation of organic

dye molecules in CuS-induced Fenton-like reactions can
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proceed efficiently without adjusting the pH value. These

advantages make the CuS-induced Fenton-like reactions

more cost-efficient by avoiding the ion removal and pH

rectification. On the other hand, the elements S and Cu in

the copper chalcogenides are ‘liquidus’ and can be used to

fabricate other materials without destruction of morphology

[17]. In order to obtain efficient charge separation and

transportation, many copper chalcogenide nanostructures,

such as nanospheres, nanodisks, flower-like and porous

nanostructures and nanowires were designed with short

charge diffusion length, high crystallinity and lower defects

and studied their photocatalytic behaviour towards dyes

[18–23]. However, very few reports have been published on

the use of CuS thin films (TF) for photocatalytic studies

[24–27]. The use of CuS TFs are advantageous in this study

to avoid separation of catalyst from the mother solution and

minimized secondary pollution.

Various synthesis methods, such as spray pyrolysis (SP)

[28], chemical vapour deposition [29], sputtering [30],

chemical bath deposition method [31], etc., are being used

for the deposition of TFs. Among them, the SP technique is

widely used on large scale for TF deposition on various

glasses or conducting substrates due to its low cost, better

reproducibility and easy handling. SP is a process in which

a TF is deposited by spraying a solution on a heated sub-

strate, where the constituents react to form a chemical

compound. The reactants are chosen such that the products

other than the desired compound volatilizes at the temper-

ature of deposition. The main feature of SP technique is that

it does not require high processing temperature, vacuum or

sophisticated instrumentation, thus making large-area

growth easier; this is of primary importance from the per-

spective of industrial-scale production.

Herein, we report a facile SP strategy to fabricate copper

sulphide TFs. A cost-effective, fully automated SP tech-

nique was employed for the deposition of copper sulphide

TFs on glass substrates using an aqueous solution of copper

chloride and thiourea. The effect of growth temperatures on

the properties of the deposited copper sulphide TFs was

investigated. The evolution of the copper sulphide structure

is described as well. The as-prepared CuS-nanostructured

TFs exhibit unique light absorption performance and pho-

tocatalytic activity towards photodegradation of methylene

blue (MB) dye.

2. Experimental

2.1 Fabrication of CuS TFs and characterization

The CuS TFs were grown using a non-vacuum fully auto-

mated SP technique, using copper chloride CuCl2�2H2O

(Sigma Aldrich) and thiourea (NH2�CS�NH2, Merck) as a

precursor for the spray solution. In a typical procedure, the

aqueous solution of CuCl2�2H2O and thiourea in 1:1.5

molar ratios were used as precursor solution for the

preparation of CuS TF. A quantity of 80 ml of the prepared

aqueous solution was sprayed on a heated glass substrate, at

a flow rate of 1.5 ml min-1 monitored by closely controlled

SP (see schematic diagram in supplementary figure S1)

throughout the experiment. The distance between the nozzle

and the hot plate was maintained at 150 mm and air was

used as a carrier gas at a pressure of 2 kg cm-2. The CuS

films were deposited at four different temperatures 250,

300, 350 and 400�C, labelled as P1, P2, P3 and P4,

respectively. The prepared CuS TFs were thoroughly

investigated. The structural properties and grain size of

developed CuS TFs were studied using powder X-ray

diffraction (PANalytical Xpert Pro) using CuKa
(1.5406 Å). The bandgap energy of pyrolysed materials was

studied by Ultra-violet Visible spectrosphotometer (Cery

5000). Surface morphology was studied by FESEM using

Carl Zeiss Evo50 XVP Low Vacuum Scanning Electron

Microscope along with an energy dispersive X-ray spec-

trometer (EDX). The thickness of the CuS TFs was mea-

sured using ZETA-388 KLA optical profilometer and found

to be 1.8, 1.7, 1.4 and 1.2 lm for the samples P1, P2, P3 and

P4, respectively.

2.2 Photocatalytic process of CuS TF

Methylene blue (MB), a common dye resistant to direct

sunlight and biodegradation, was used as the degradation

material to explore the catalytic behaviour of CuS TFs [32].

In a typical reaction setup, CuS (P4) TF (2 9 2 cm) was

fixed in a 100 ml beaker containing 100 ll MB in 50 ml

DDI water and 100 ll of H2O2 was added into it and the

reaction system was kept at 25�C. The mixture was stirred

at 250 rpm in the dark for 10 min to establish the adsorp-

tion–desorption equilibrium between the CuS TFs and MB

molecules. The mixture was then illuminated by direct

60 W bulb fixed at 10 cm distance from the reaction vessel,

to perform the photocatalytic reaction. During the process, a

2 ml aliquot of the mixture was taken out in every 10-min

intervals to determine MB concentrations. In addition, 2 ml

aliquots were also taken before and after mixing in the dark

to investigate variations in MB concentration. The changes

in MB concentration were monitored by the UV–Vis

absorption intensities of the light irradiated sample at every

10-min time interval. A schematic setup of the experiment

was illustrated in figure 1. Similar experiments were carried

out without controlling the temperature. In this case, the real

temperature of the reaction was raised upto 42�C. Hence
thermal-induced photocatalytic behaviour was monitored

and compared with photocatalytic behaviour at normal

temperature.
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3. Results and discussion

3.1 Structural properties

The structural properties of sprayed TFs were characterized

using XRD. Figure 2 displays XRD patterns of CuS TFs

deposited at different temperatures. The film deposited at

250 and 300�C were amorphous in nature, whereas the films

deposited at 350 and 400�C showed well-defined peaks at

2h values of 28.34, 32.98, 46.91 and 56.368 corresponding
to the lattice planes (111), (200), (220) and (311), respec-

tively. The XRD patterns revealed that the deposited CuS

TFs are polycrystalline in nature with a cubic structure

[JCPDS 65-2980] [33]. It can be observed that the

crystallinity of deposited films increased with increasing

growth/annealing temperatures. Hence it can be concluded

from the XRD results that 400�C is the optimum growth

temperature for the deposition of good crystalline CuS TFs.

The Scherrer’s formula was used to evaluate the crystallite

size of CuS nanostructure. The obtained crystallite size of

the deposited films is summarized in table 1.

The properties of CuS films depend significantly on the

microstructure of the films, as well as on the residual stress

that occurs due to thermal and/or lattice mismatch between

the film and substrate. Therefore, the measurement of

residual strain in CuS TFs is important to predict the per-

formance of electronic devices fabricated out of it. In this

study, the residual strain is determined by XRD. The

residual strain produced in the samples was calculated using

the Williamson–Hall (W–H) equation [34].

bcosh=k ¼ K=Dþ 4esinh=k ð1Þ

where b is the full-width at half-maximum of XRD peak,

K is a constant, D is the size of the crystallite, e is the strain
and k is the X-ray wavelength (0.154 nm). To calculate the

residual strain produced in the TFs, a graph of bcosh/k vs.
sinh/k was plotted for the films deposited at temperatures

(350 and 400�C). Each graph shows a straight line where

the slope of the straight line gives the value of residual

strain in the samples. The slope could be either negative or

positive depending on the type of strain. The negative slope

is associated with compressive strain, whereas a positive

slope indicates tensile strain. It can be noted from the W–H

plots (supplementary figure S2) that the strain produced in

the films (P3, P4) is tensile. The percentage of residual

strain was found to be very low as compared to earlier

reported values of strain for CuS [35]. A dense and crack-

free CuS TF with minimum strain can be fabricated by

controlling the flow rate of the precursor solution and

maintaining the appropriate gap between the substrate and

the nozzle. It has been reported that a slow flow rate and a

larger gap between nozzle and substrate will result in dense,

low strained and crack-free morphology of TF [36]. It is

obvious that the higher the flow rate, the larger will be the

size of droplets coming from the nozzle; these will accu-

mulate in large amounts over the substrate and will take a

longer time to dry, which leads to the formation of porous

and cracked CuS TF. Our results suggest that the controlled

low flow rate, the height of spray nozzle from the substrate,

and the temperature play a key role in the fabrication of

high-quality defect/strain-free CuS TF at low cost.

3.2 Morphological properties

Figure 3a shows an SEM micrograph of as-deposited CuS

TF. The film deposited at 250�C shows a non-uniform

distribution of particles having different shapes and sizes.

Nano-rod-like morphology was seen in the film deposited at

CuS
Thin Film

Magne�c S�rrer

MB Dye

Magne�c Bar

Figure 1. Schematic diagram of experimental set up for

photocatalytic activity.

Figure 2. XRD patterns of CuS thin films deposited at various

growth temperatures and actual photograph of sprayed CuS thin

film (inset).
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300�C (see figure 3b). However, CuS TF grown at 350�C
shows dense morphology with a uniform distribution of

particles over the substrate (see figure 3c). As the annealing

temperature rises to 400�C, a flower-like morphology can

be seen covering the entire substrate (see figure 3d).

The EDAX was used to analyse the chemical composi-

tion of copper sulphide (CuS) TFs. As shown in supple-

mentary figure S3, the EDAX spectrum of the copper

sulphide TF deposited at 400�C onto the glass substrate.

The average atomic ratio of Cu:S was found to be

11.64:11.87, showing an excellent stoichiometry (Cu/S:

0.94:1) in the prepared CuS film. Furthermore, other peaks

corresponding to Si, O and C were also observed, which is

related to their presence in the glass substrate. Therefore, on

the basis of the EDX and XRD data, the composition of the

film could be confirmed as CuS without other mixed phases.

The surface morphology and crystalline nature of synthe-

sized TFs were also analysed by the HRTEM and SAED

pattern. Figure 4 shows the HRTEM images and SAED

pattern of representative CuS TF deposited by pyrolysis of

precursor solution at 400�C. It clearly shows the formation of

compact aggregated nanopetal-like morphology. It indicates

that the good crystalline nature of TF with lattice fringes

d-spacing of 2.9 Å (figure 4c) corresponding to (211) plan of

CuS and 3.040 Å (figure 4d) correspond to d (102) reflections

plans [37–39]. Further the SAED pattern in figure 4b shows

the formation of a distinct ring pattern with dots, which con-

firms the polycrystalline nature of synthesized materials. The

HRTEM and SAED patterns study reveals that the synthesized

CuS TF is well in accordance with the XRD pattern.

3.3 Optical properties

In order to investigate the optical properties of sprayed CuS

TFs, absorbance was recorded using a Varian carry-

5000UV-Vis-NIR spectrophotometer in the wavelength

ranging from 300 to 1200 nm. The absorption spectra

(supplementary figure S4a) show CuS TFs deposited at

various growth temperatures (250, 300, 350 and 400�C).
Blue shifting with increasing growth temperatures can be

seen in the absorption spectra of CuS TFs.

The optical bandgap (Eg) was calculated by Tauc relation:

ðahmÞ ¼ Aðhm�EgÞn ð2Þ

where a is the optical absorption coefficient, A is a constant,

and n depends on the transition type. The optical bandgap

values of CuS TFs were calculated by extrapolating (ahm)2

plot against photon energy (hm), as shown in supplementary

figure S4b. The optical bandgaps of CuS TFs fabricated at

Figure 3. (a) SEM micrograph of CuS thin film deposited at 250, (b) 300, (c) 350 and (d) 400�C.

Table 1. Crystallite size and thickness of CuS thin films

deposited at different temperatures.

Deposition

temperature

(�C )

FWHM

(degree)

Crystallite

size (nm)

Thickness

(lm)

250 ... Amorphous 1.8

300 ... Amorphous 1.7

350 0.36 22.35 1.4

400 0.27 29.48 1.2
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various temperatures are tabulated in table 2. It is clear from

table 2 that there is a slight shift in bandgap energy

(*0.10–0.15 eV) towards lower wavelength (higher

energy) as we increase the deposition temperature com-

pared to bulk covellite CuS (*2.2 eV) [40,41]. This shift in

bandgaps is probably due to the quantum confinement

effects, i.e., the CuS crystals present in the TFs matrix

behave as three-dimensionally confined structures [42].

Furthermore, the average diameters of the nanocrystallites

in the films are in the range of 22–30 nm estimated on the

basis of XRD line broadening.

Photoluminescence (PL) study was carried out for all the

samples in the wavelength ranging from 350 to 600 nm

using xenon lamp with excitation of 350 nm. Supplemen-

tary figure S5 displays PL spectra of the CuS TFs. The film

deposited at 250�C (P1) shows two broad peaks, e.g., one at

392 nm and other at 500 nm. The broad emission band at

392 nm is attributed to copper-thiourea precursor. As the

growth temperature increases from 250�C, [300(P2),

350(P3), 400�C(P4)] a new shoulder started at about

422 nm, which may be attributed to the band-to-band

transition and corresponds to the room temperature bandgap

energy of about 2.9 eV for the CuS polycrystalline films. In

addition to that, there is a wide green emission band toge-

ther with an apparent peak around 504 nm (*2.5 eV) close

to the effective bandgaps of these materials (table 2),

mainly attributed due to the radiative recombination

between the conduction band (CB) and the widespread

copper-vacancy-related acceptor levels around the valence

band (VB) edge [25]. However, the blue shift of 12–15 nm

Figure 4. HRTEM and SAED patterns of CuS thin film deposited at 400�C.

Table 2. Calculated bandgap using Tauc relation for CuS thin

films.

Growth

temperature

(�C )

Bandgap

(eV)

250 2.26

300 2.20

350 2.20

400 2.10
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also seen in emission peaks towards the higher wavelength

region could be considered as a sign of the quantum con-

fined effect due to the formation of the nano-sized CuS

crystals on the surface, shown in figure 3.

3.4 Electrical properties

In order to evaluate the electrical conductivity, type of con-

ductivity, mobility and carrier concentration, the films were

characterized byHall measurement at 20�C using the Van der

Pauw method. The Hall-mobility of the TFs was determined

by measuring the change in resistance (DR) and the magnetic

field (DB), which was applied perpendicular to the thickness

(t) of the sample. Hall-mobility l is given by the relation:

l ¼ t

DB
� DR
q

ð3Þ

where q is room temperature resistivity of the sample. The

carrier concentrate on (p) was calculated using the formula,

Carrier concentration p ¼ 1

R:q
ð4Þ

TheHallmeasurement was carried out onCuSTFs deposited

by SP technique. Hall measurements show that, as expected, all

the CuS films have had p-type conductivity. The mobility (l),
conductivity (r) and carrier concentration (nc) of CuS

TF deposited at 250�C was found to be 0.177 cm2 V-1 s-1,

7.86 X-cm-1 and 1.89 9 1017 cm-3. Results show that the

film grown at 250�C is more resistive due to poor carrier

concentration present in the sample. As the deposition tem-

perature increased from 300 to 350�C, the mobility slightly

decreased to 0.523 cm2 V-1 s-1, carrier concentration

increased to 3.55 9 1019 cm-3 and the conductivity was

found to be 24.6X-cm-1. CuS TF deposited at 400�C exhibits

improved electrical parameters with mobility of 0.866 cm2

V-1 S-1, carrier concentration 5.21 9 1019 cm-3 and con-

ductivity of 49.4 X-cm-1. In our case, the obtained values of

hole concentration (p) andmobility (l)were found to be in the
range 1017–1019 cm-3 and 0.523–0.866 cm2 V-1 s-1,

respectively, which are higher than those obtained for CuS

TFs deposited via dip coating and chemical bath deposition

techniques [25,43]. Results demonstrated that automated SP

techniques could be a better solution to fabricate large-scale

good quality and conducting CuS TFs for solar cell applica-

tion. Supplementary figure S6 displays the variation of con-

ductivity and thickness of CuS TF as a function of growth

temperature. From the graph, it is observed that the conduc-

tivity of CuS TFs tends to increase with increasing growth

temperature. The p, l and r values of the CuS TFs are tabu-

lated in table 3.

3.5 Photocatalytic activity of the CuS TF

3.5a Photocatalytic activity of CuS TF at room
temperature: The photocatalytic behaviour of optimized

CuS(P4) TF was studied for the degradation of MB dye

under irradiation of light in the presence of H2O2. The

reaction system as shown in figure 1 was first kept in dark

for 10 min to generate adsorption desorption equilibrium

between CuS TFs and MB molecules. After that light (60 W

bulb) was turned on to irradiate the sample and degradation

of MB was monitored by UV–Vis spectroscopy. A UV–Vis

spectrum of MB shows two characteristic absorption peaks

614 and 662 nm. According to Lambert beer law, the

concentration of MB is directly proportional to the intensity

of the characteristic absorption peak [44]. Hence the change

in absorption peak at 662 nm was used to evaluate the

catalytic performance. The MB degradation was expressed

by plotting (Ct/C0) as a function of irradiated time t, where
Ct/C0 is the concentration of MB at time t and 0,

respectively, and was replaced by the absorption

intensities for the purpose of calculation. UV–Vis spectra

shown in figure 5a clearly show that there is no change in

absorption intensity during the first 10 min when the

reaction system is kept in the dark. After that the intensity

of MB absorption decreased gradually upon increasing the

irradiation time. This is because of the generation of the free

carriers by the irradiation of light that promotes the fast

degradation of MB and it was observed that the 10% of MB

concentration reduced after 30 min exposure to light

indicating good catalytic performance.

Langmuir-Hinshelwood first-order-reaction model [45]

used to study the photocatalysis kinetics of a

semiconductor:

lnðC0=CtÞ ¼ kt ð5Þ

where Ct and C0 are as defined above, k is the pho-

todegradation rate constant, and t is the solar irradiation

time. Equation (5) affords the photodegradation rate con-

stant k through a plot of ln(C0 /Ct) vs. solar irradiation

time t. Figure 5c illustrates the dependency of ln(C0 /Ct) on

time, and the line of best-fit yields k from its slope.

The calculated k and coefficient of determination (R2) are

0.0061 min-1 and 0.987, respectively.

3.5b Effect of temperature on photocatalytic activity
of CuS TF: In the second part of our experiment we

conducted the above photodegradation experiment in real-

time measurement means without maintaining the room

temperature reaction system. It is obvious to study this

because local heat is generated during the exposure of

reaction system by light. Hence the effect of the

temperature on the photocatalytic process needs to be

established to study the real-time photodegradation

behaviour of MB dye. That is why we have performed the

same experiment without cooling of reaction system and

measured the UV–Vis spectra with irradiation time and

temperature as shown in figure 6a. The decrease of

absorption peak seen in UV–Vis spectra with increasing

the light exposure time and it was observed that the

absorption peak of MB almost disappeared within 150 (total
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160) min. Figure 6b shows the MB degradation dynamics

with photothermal conversion. It is worth noting that we

have performed the photocatalysis process under the real-

time conditions of sample, in which heat is generated

locally during the exposure of light and it reaches upto

42�C. Figure 5c displayed the photographic images of the

exposed MB solution at various time intervals.

The rate constant k of photodegradation was calculated

by the plot of ln(C0/Ct) vs. irradiation time t, as depicted in

figure 6d. The value of k and coefficient of determination

(R2) obtained in this manner was 0.025 min-1 and 0.954,

respectively. Compared to the photodegradation rate con-

stant obtained at room temperature (25�C) (k = 0.0061 min-1),

the photothermal-assisted reaction provides an enhancement

of photodegradation rate of *309.8% ((0.025–0.0061)/

0.0061 = 309.8%). Figure 6d shows that the relationship

between ln(C0/Ct) and solar irradiation time t is not linear,
as it was remained at 25�C for the reaction system, and the

slope appears to have progressively increased. The real-time

photodegradation rate k increased from k1 = 0.0025 (during

the first 10 min of photodegradation) to k2 = 0.00437

(during the second 10 min) to k3 = 0.0169 (during the third

10 min). This observed phenomenon is most likely caused

by the spontaneous temperature rise due to irradiation of the

reaction system, as shown in figure 6d. The thermocouple

recorded a nearly uniform temperature since the mixture
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Figure 5. Photocatalytic activity of the CuS thin film at 25�C. (a) Time dependence of the UV–vis absorption spectrum of the MB

dye. (b) Plot of Ct/C0 vs. time and (c) plot of ln(C0/Ct) vs. irradiation time.

Table 3. Electrical parameters obtained from Hall’s study for

CuS thin films.

Deposition

temperature

(�C)
Mobility,

l (cm2/V-1 S-1)

Carrier

concentration

p (cm-3 )

Conductivity

r(X-cm)-1)

250 0.177 1.89 9 1017 7.86

300 0.681 2.99 9 1018 34.2

350 0.523 3.55 9 1019 24.6

400 0.866 5.21 9 1019 49.4
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was stirred during the experiment. During photocatalysis,

the temperature of the water-cooled reaction system was

kept at 25�C, while the temperature of the uncooled reaction

system was raised from 25 to 42�C over the course of the

exposure of light.

Figure 6e shows the evaluation of photodegradation of

MB as a function of irradiation time in the presence of CuS

TF under visible light. The photodegradation of MB was

monitored as the normalized range in its concentration and

also using degradation efficiency. The intersection of these

two curves (C/Co and 1–C/Co) shows the half-life of MB,

which is the time taken for the concentration of MB to

decrease by half. From the figure, it has been noticed that

the intensity of the absorption peaks corresponding to MB

in the presence of CuS TF decreased gradually upon

increase in exposure time, thereby the concentration of

MB reaches its half after 80 min (half-life). The degra-

dation efficiency for CuS TF has reached *98% after

160 min.

3.5c Mechanism of photocatalysis in uncooled
photodegradation process: The CuS TF is largely

comprised of many unfolded nanocrystallites that absorb

photons and form electron–hole pairs when exposed to

light. Furthermore, its hierarchical structure allows for

multiple scattering of solar light, resulting in better photo

absorption. The photodegradation of MB was carried out in

the presence of H2O2 which not only react with CuS but

also accept photogenerated electron produced by CuS under

visible-light irradiation. Hence H2O2 inhibits electron–hole

160 min20min

0 20 40 60 80 100 120 140 160 180

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

C
t/C

0

Time (min)

Light On

300 400 500 600 700 800
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
0 M
10 M
20 M
30 M
40 M
50 M
60 M
70 M
80 M
90 M
100 M
110 M
120 M
130 M
140 M
150 M
160 M

A
b

so
rb

an
ce

(a
.u

.)

Wavelength (nm)

(a) (b)

20 40 60 80 100 120 140 160 180
0.0

0.2

0.4

0.6

0.8

1.0 C/Co
1- C/C0

C
/C

o
an

d
1-

C
/C

o

Time (min)

%

0

20

40

60

80

100

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0
Experimental Data
Linear Fit
Real Time photodegradation

L
n

(C
0/

C
t)

Time (min)

K = 0.025 Min
-1

K
1

= 0.0025 Min-1
K

2
= 0.0044 Min-1
K

3
= 0.0169 Min-1

(d) (e)

(c)

Figure 6. Photocatalytic thermal activity of the CuS thin film at 42�C. (a) Time dependence of the UV–vis absorption spectrum of

the MB dye. (b) Plot of Ct/C0 vs. time. (c) Colour of sample with respect to irradiation time. (d) Plot of ln(C0/Ct) vs. irradiation time

and (e) plot of Ct/C0 and 1–Ct/C0 vs. time.

    2 Page 8 of 12 Bull. Mater. Sci.            (2024) 47:2 



pair recombination, which further enhances the production

of reactive species such as OH radical and enhances

visible–light-induced photocatalysis.

In a photochemical reaction, the photoinduced electrons

and holes are generated as a result of the excitation of

electrons from VB to CB upon visible-light illumination.

The level of the VB and the CB of CuS has been calculated

using the given relation [46].

EVB ¼ X�Ee þ 0:5Eg ð6Þ
ECB ¼ EVB�Eg ð7Þ

In equations (6 and 7), EVB is the VB potential edge,

X is the electronegativity of the semiconductor material, Ee

is the free electron energy on the hydrogen scale (*4.5 eV),

Eg is the energy bandgap of the prepared CuS TF catalyst

(2.10 eV calculated from UV–Vis result)), and ECB is the

CB potential edge. The electronegativity of the CuS mate-

rial can be obtained from the arithmetic mean of the elec-

tron affinity and the first ionization energy of the constituent

atoms, as reported in the literature to be 5.29 eV. The cal-

culated CB and VB potentials of CuS TF catalyst are -0.26

and 1.84 eV vs. normal hydrogen electrode, respectively. A

corresponding band diagram of CuS TF has been plotted

and shown in figure 8, which indicates that the photogen-

erated electron and hole can stimulate both the adsorbed

oxygen and water molecules on the catalyst surface to

produce reactive oxygen species such as •O2
- (superoxide

anion) and •OH (hydroxyl) radicals, respectively. These

reactive oxygen species can initialize the catalytic reactions

by typical reaction pathways on the catalyst surface to

degrade the MB molecules [47,48].

These reactive species are used to better understand the

possible photocatalyticmechanism for the degradation ofMB

dye. In an aqueous medium, the photocatalyst under the light

irradiation produces different reactive species such as

superoxide, holes and hydroxyl radicals, which are respon-

sible for the photodegradation of organic contaminants. To

understand the specific roles of these reactive species, the

controlled experiments were performed employing different

scavengers such as disodium ethylene diamine tetraacetic

acid (Na2EDTA) as surface generated holes (h?), isopropyl

alcohol (IPA) for the hydroxyl radicals (•OH), and p-ben-

zoquinone (pBQ), as superoxide radical (•O2-) trapping, and

the results are depicted in figure 7a and b. The more the MB

dye degradation rate is suppressed by the addition of one

scavenger, the more important role it plays in the pho-

todegradation process by the corresponding active species.

Previous literature showed that small aliphatic alcohols such

as methanol, ethanol, isopropyl alcohol and tertiary butyl

alcohols could be employed as hydroxyl radical scavengers to

investigate the role of hydroxyl radicals in the photocatalytic

degradation of dyes. These aliphatic alcohols produce some

intermediate products with high inertness during light irra-

diation, in that way inhibiting the reaction between the

hydroxyl radicals and dyemolecules [46,49,50]. In this study,

we have taken IPA as a scavenger for the hydroxyl radical. It

was observed that in the presence of IPA, the MB dye

degradation decreased from 96.6 to 49.7.3% (figure 7c),

demonstrating that the hydroxyl radicals (•OH) play a major

role in the degradation process. Furthermore, pBQ is a good

agent for the tapping of superoxide radicals (•O2-); while

adding pBQ to the reaction, the degradation rate comes down

to 92.7%. On the other hand, Na2EDTA has been added as a

hole-trapping agent. It is well-known that it can be easily

oxidized and irreversibly decomposed into glyoxylic acid and

ethylene diamine N,N0-diacetic acid [36,37,50]. After the

addition of Na2EDTA, the degradation rates of MB dye

decreased from 96.6 to 74.3%. This confirms that the pho-

togenerated hydroxyl radicals were one of the primary active

species and holes that produce superoxide (•O2-) were a

secondary active species for the degradation of MB dye with

the CuS TF photocatalysts.

Considering the above observation, the plausible photo-

catalytic mechanism and the pathways for the MB dye

degradation in the presence of CuS photocatalyst are shown

in figure 8. The photoexcitation of electrons from the

electrons leads to charge separation followed by charge

transfer to the edge-active sites. As a result, CuS TF shows

superior photocatalytic efficiency. The photocatalytic

degradation using CuS TF catalyst is given by the following

equations (8–13). In this mechanism, first H2O2 molecules

react with Cu? ions and produce OH• radicals. These

OH• �radicals then react with MB molecules and produce

free radicals, which oxidized in the presence of oxygen to

produce degraded or mineralized products [43,51].

Cu2þ þ H2O2 ! Hþ þ CuOOHþ ð8Þ
CuOOHþ ! HOO� þ Cuþ ð9Þ
2HOO: ! 2OH� þ O2 ð10Þ

Cuþ þ H2O2 ! Cu2þ þ OH� þ OH� ð11Þ
RH þ OH� ! R� þ H2O ð12Þ
R� þ O2 ! degraded or mineralized products ð13Þ

where R is the MB molecule.

In the photocatalytic process, photothermal conversion

has a significant impact on catalysis performance. During

the photothermally induced photocatalysis process, CuS

nanocrystallites react as photothermal conversion medium

and photocatalyst simultaneously. Consequently, the sepa-

ration and transfer of the photogenerated carriers is critical

in the photocatalytic process [23]. Figure 8 illustrates the

most probable mechanism of photothermal conversion to

improve the photodegradation of MB. There are three major

factors that affect the photothermal degradation process,

Firstly, the mobility of the carriers in the crystallites may

affect by increasing temperature, as the carriers are nor-

mally transported faster at high temperatures [52]. As a

result, enhanced carrier mobility may be the most important

factor in boosting the photocatalytic activity of the CuS TF.
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Secondly, the photoexcitation efficiency of CuS TF

increases with an increase of temperature, which leads to

boost up the photocatalytic performance. The photoinduced

carrier rate G is calculated as G = a(�hx)J/x, where a(�hx) is
the optical absorption coefficient and J is the constant

optical power density [53]. Photons with energies greater

than the bandgap (Eg) between the VB and CB can be

absorbed for direct photoenergy transition, whereas photons

with energies lesser than Eg are involved in indirect tran-

sitions, and the process is temperature-driven. Hence,

indirect transitions have a much smaller effect than direct

transitions. Consequently, photothermal conversion may

have an insignificant effect on the photoexcitation effi-

ciency of CuS catalysts.

Thirdly the degradation of MB is an endothermic pro-

cess; hence increases in the reaction temperature may affect

the rate of photodegradation of MB. The rate of reaction

could be calculated by Arrhenius’s empirical equation [54]:

Rate = A exp(–Eo/RT); where A is the pre-exponential

factor, Ea is the apparent activation energy, T is the reaction

temperature. Generally, the apparent activation energy is

not very high for the photooxidative decomposition of MB;

therefore, the reaction rate would increase with increasing

the reaction temperature [55]. Furthermore, due to localized

solar heat, a temperature gradient would form on the surface

of the CuS TF, which would facilitate the diffusion of

reactions and products [47]. Hence, the localized solar-

thermal conversion effect on CuS enables faster degradation

and faster release of kinetics [56].

4. Conclusion

We have demonstrated the fabrication of low-strain poly-

crystalline CuS TFs by fully automated SP technique by

controlling the flow rate, temperature and height of the

nozzle above the substrate. The deposition parameters were

optimized to obtain crack-free uniform CuS TFs by varying
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deposition temperatures (250–400�C). XRD results show

that the films deposited at 350–400�C were crystallized in

the cubic phase with an average crystallite size

*22–30 nm. Hall’s study demonstrated that film grown at

400�C has good electrical properties. The PL spectra

revealed not only the direct nature of the bandgap energy

and the presence of widespread acceptor-like copper-

vacancy levels around the VB edge tends to reduce the

bandgap, but also the blue shift around 504 nm is attributed

to the quantum confinement effect due to the formation of

nanosized CuS crystals on the surface. The flow rate of

precursors and temperature play a crucial role in the

deposition of high-quality CuS TFs, which is beneficial for

photo-absorbing layers in thin-film photocatalysts in a cost-

effective manner. The photocatalytic activity of CuS TF for

photodegradation of MB shows that the thermal-induced

photodegradation rate enhanced by 309.8 times faster than

normal temperature. Moreover, the concentration of MB

reaches half after 80 min of irradiation. Hence CuS TFs

may play a vital role in the design of catalysts for the clean

and efficient harvesting of solar energy for photocatalysis

without imposing any secondary environmental hazards.
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