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ABSTRACT

Copper sulphide powder was obtained by the photochemical synthesis and thin films were developed
by doctor blade deposition of Cu,S and Cu,S/TiO, composites with photocatalytic properties. The photo-
chemical process could be adjusted to prepare Cu,S with different photocatalytic activities by changing
the CuSO4:Na;S,05 molar ratio while keeping other conditions unchanged (solutions pH, solutions vol-
ume, irradiation time and intensity). The powder and thin film properties were characterized in terms
of: the Fourier transform infra-red (FTIR), the X-ray diffraction (XRD), UV-vis spectroscopy, atomic force
microscopy (AFM).

The photocatalytic process using Cu,S and coupled Cu,S/TiO, thin film semiconductors in the dyes
photodegradation (methyl orange and methylene blue) was investigated. The photocatalytic activ-
ity of Cu,S/TiO, nanocomposites depends on the Cu,S:TiO, ratio; the best results correspond to the
Cu,S/TiO; (Cu,S:TiO, =3:7) photocatalysts, with high efficiency (almost 99%) after 300 min for methyl
orange, respectively after 180 min for methylene blue degradation, under UV irradiation, when H,0; is
added in photocatalytic process. The semiconductors association and the films homogeneity limit the
electron-hole recombination, resulting in good efficiency in dyes photodegradation even under visible

light irradiation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Photocatalytic degradation is an advanced oxidation process
which can develop as a promising technology for treating wastew-
aters with complex organic pollutants load, as there are those
resulted in the textile finishing industry. Therefore, the pho-
tocatalytic degradation of dyes, using semiconductor films as
photocatalysts has been extensively studied [1-3].

Among the materials developed for photocatalytic applications
(TiO,, ZnO, CdS, WO03) [4-7], titanium dioxide (the anatase poly-
morph) is often referred to as the most promising material due to
its high efficiency, low cost, chemical inertness, and photostability.
The main drawback is its wide band gap (3.2 eV) which requires
ultraviolet (UV) irradiation for photocatalytic activation, so any
shift in the optical response of TiO,, from UV to the visible spectral
range will have a positive effect on the photocatalytic efficiency
under solar irradiation and on industrial up-scaling [1].

The coupling of two semiconductors, possessing different
energy levels for their corresponding conduction band (CB) and
valence band (VB), can be used to enhance photocatalysis, in
a binary system containing titanium oxide and a narrow band
gap semiconductor [8]. Under visible light irradiation, compos-
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ites containing Bi,S3/TiO, nanostructures were found to have good
photocatalytic activity for dyes degradation [9] and MoS,/TiO, and
WS, /TiO; nanostructures demonstrate to have high photocatalytic
activity for methylene blue decomposition [10,11].

Copper sulphides were largely investigated in the recent years
due to the interesting optical and electrical properties, resulted
from the variations in stoichiometry, composition, morphology,
and due to their potential applications in various fields: absorbers
for solid state solar cells [12], room-temperature ammonia gas
sensor [13], and photocatalytic reactions [14]. Stoichiometric
and nonstoichiometric copper sulphides were often obtained as
five crystalline polymorphs: chalcocite (Cu,S), djurleite (Cuy g5S),
digenite (Cuq gS), anilite (Cuq 75S) and covellite (CuS) [15-17].

Copper sulphide powders can be successfully synthesized by
various wet techniques: solvothermal [18], hydrothermal [19],
microemulsion [20] and photochemical methods [21].

The photochemical synthesis of copper sulphide powders, using
CuS04 and Na,S, 05 solutions [22], can be described by a set of con-
current reactions, involving electrons and/or proton transfer and
the ionic species resulted from the precursors’ dissociation. The
copper salt is dissolved in distilled water forming, depending on
pH, the [Cu(H,0)4. 6]%* ions [23]; in the working conditions, an
equilibrium between the Cu(Il) and Cu(I) oxidation states can also
be expected.

Cu?*(aq.) + Cu & 2Cu*(aq.) (1)
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In aqueous solutions hydration occurs, along with many other
possible processes, but the reactions mainly responsible for Cu,S
formation can be considered the following:

CuS04 ¢ Cu?* +505~ (2)
NayS,03 < 2Nat + S,032~ (3)
$,05” +hvu — S+503" (4)
25,037 + hu — S40% +2e~ (5)
$,05” +H" — HSO; +S (6)
S+2e” — S (7)
2Cu®t +S+4e” — CuyS (8)
[Cu(H;0)4 g]** +S+2e~ — CuS - (Hy0), + (4...6 —x)H,0  (9)
[Cu(H,0), ]*" +S+2e — CuS + (4...6)H,0 (10)
2Cu?* 425,03 & CupS + 35S0, (11)
Cu* +5,03” + Hy0 & CuS +S03™ + 2H* (12)

The use of films in industrial processes is recommendable,
avoiding the technological problems raised by powder leaching and
separation. Therefore, CuxS powders were prepared by photochem-
ical synthesis and immobilised as thin films using the doctor blade
technique. Composite thin films were also prepared by mixing the
copper sulphide in various ratios with TiO, (Degussa P25) pow-
ders. The efficiency of dyes (methyl orange and methylene blue)
photodegradation using CuxS powders or films, single or coupled
as Cu,S/TiO, was further investigated under UV and under visible
light irradiation.

2. Experimental
2.1. Materials

- Copper sulphate CuSO4-5H,0, M =249.68, Scharlau Chemie S.A.

- Sodium tiosulphate Na,S,03-5H,0, M=248.18, Scharlau Chemie
S.A.

- Triton X-100 (non-ionic surfactant) t-oct-CgH4—(OCH,CH; ), OH,
n=9-10, d=1.070, Scharlau Chemia S.A.

- TiO, Degussa P25, 80% anatase and 20% rutile; specific surface
area 55m2 g~! and a mean particle size of 25 nm

- Methyl orange, C14H14N3NaO3S, M=327.34, E.Merck

- Methylene blue, C1gH1gN3SCl, M =319.86, Fluka AG, Buchs SG

- Hydrogen peroxide 30%, M=34.01, d=1.11g/cm3, Scharlau
Chemia S.A.

- Microscopy glass, Heinz Herenz

- Sulphuric acid, Sigma-Aldrich

2.2. Photochemical synthesis of the copper sulphide powder

The copper sulphide powders were obtained by photochemical
synthesis, using aqueous precursors’ solutions. In a typical proce-
dure, CuSO4 0.5 M was mixed with Na;S,03 0.05 M to obtain 600 mL
of precursors solution and the pH was adjusted at 3 by adding the
H,S04 conc. The reaction was carried out in a photocatalytic reactor
with three F18W/T8 black light tubes (Philips) (UVA light, typically
340-400 nm, with Amax =365 nm), placed annular to the photore-
actor. Copper sulphide samples (A1-A5) were obtained after 3h
of irradiation, at room temperature, using variable CuSO4:Na,S,03
ratios (r): A1 (r=1); A2 (r=5); A3 (r=10); A4 (r=20); A5 (r=30).

The resulted black precipitates were washed with bi-distilled
water a few times, and filtrated (Millipore 0.45 pm filter), then they
were dried in air. The final dark products were annealed for 3 h at

350°C; the annealing temperature was selected considering the
thermal stability of the compounds.

Fourier Transform Infrared Spectroscopy (FTIR, Spectrum BX
Perkin Elmer) was used to record spectra in reflectance mode, from
500 to 4500 cm™1, after 4 scans, with resolution of 4cm~1.

The phase structure of the powders was characterized by X-ray
diffraction (XRD, Brucker D8 Discover diffractometer with CuKa
radiation).

2.3. Thin films of CuxS and CuxS/TiO>

Thin films of CuxS and Cu,S/TiO, composites were obtained by
doctor blade, using the copper sulphide powder which showed the
best efficiency in dyes photo-degradation (sample A3), respectively
TiO, Degussa P25.

For the doctor blade deposition of nanoporous thin films, an
aqueous colloid paste is formed by mixing powder (0.5g) with
ethanol (4 mL), and surfactant Triton X100 (1 mL, 10%). The paste
was homogenized for 10 min. Finally, the paste was smeared on
glass substrate (1.5 x 2.5cm?) previously cleaned with ethanol,
distilled water, acetone in successive sonication processes. After
drying in air at 60 °C for about 2 min, the films were annealed in an
oven at 350°C for 3 h.

Different CuxS-TiO, nanocomposite films were prepared by
varying the CuyS:TiO, weight ratio in the paste (1:9 in sample A3-1;
3:7 in sample A3-2; 1:1 in sample A3-3).

The photocatalytic activity of these films was compared with
that corresponding to single component films, of TiO, respectively
Cu,S.

The UV-vis transmittance spectra of the CuxS and Cu,S/TiO,
composite thin films were recorded using a Perkin Elmer Lamda
25 spectrophotometer, and the energy band gaps were estimated.

The surface morphology and porosity was investigated by
atomic force microscopy (AFM-NT-MDT model NTGRA PRIMA EC).
The images were taken in semi-contact mode with “GOLDEN” sili-
con cantilever (NCSG10, force constant 0.15 N/m, tip radius 10 nm).
Scanning was conducted on three different places (a certain area of
50 x 50 pm for each section) randomly chosen, at a scanning rate of
1 Hz. Image analysis was carried using WSxM software, to evaluate
the pore size distribution [24].

2.4. Photocatalysis experiments

The activity of the copper sulphide powders was firstly exam-
ined in the photocatalytic bleaching of methyl orange (MO)
solutions; this dye was selected being rather difficult to degrade
due to a very stable structure.

The reactor used for the photochemical synthesis was also used
in the photocatalytic experiments.

A suspension containing 0.1 g of the CuxS powder catalyst and
25 mL of MO solution (0.0125 mM) was magnetically stirred, and
aliquots were taken each 60 min and filtrated (Millipore 0.45 .m
filter) to remove the photocatalyst.

The photodegradation efficiency was evaluated using the fol-
lowing relation:
n=2"C 100 (13)

Co
where ¢ represents the initial concentration and c represents the
concentration at time t.

The photocatalytic activity of the CuxS and CuyS/TiO, compos-
ite films (sample of 1.5 x 2.5cm?) were evaluated in the methyl
orange and methylene blue (MB) photodegradation. The results
were compared with those previously reported on TiO, Degussa
P25 thin films [25]. The effect of the initial dyes concentration
(0.05-0.003125 mM), of the irradiation time (0-360 min), and of
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Fig. 1. FT-IR analysis of the copper sulphide powders.

the electron acceptor (H,0;, 30%, 4 mL/L dye solution) were inves-
tigated and the optimised process conditions were identified.

For comparison, blank samples containing only MO or MB
without photocatalyst, were subjected to UV irradiation in the
photocatalytic reactor. The MO dye proved to be highly stable to
photolysis while MB solutions exhibited low degradation.

Considering the optimized UV photodegradation conditions,
similar experiments were developed under VIS irradiation, to
investigate the ability of the composite films for sun-induced
wastewater treatment applications.

In all experiments, the initial and the residual dye’s concen-
tration were evaluated using a spectrophotometer (Perkin Elmer
Lambda 25) at the maximum absorption wavelength (463 nm for
MO respectively 665 nm for MB), experimentally registered, using
the calibration curve.

The photocatalytic degradation kinetics of methyl orange and
methylene blue using Cu,S/TiO, composite thin films were also
analyzed.

3. Results and discussion
3.1. Chemical and phase composition of the CuxS powder

The Fourier transform infra-red (FTIR) and the X-ray diffrac-
tion (XRD) analysis were used to characterize the copper sulphide
powder samples.

The chemistry of sulphide-containing particles was studied by IR
spectrometry. The mostintensive bands were found in the intervals
584-731, 835-1046, 1094-1264 cm~! (Fig. 1).

According to the literature data [26], the peaks were assigned
to the symmetric valence S-S vibrations vs(S-S), to the symmet-
ric deformation O-S-0 vibrations, to the symmetric valence S-O
vibrations 8;(0-S-0), and to the asymmetric valence S-O vibra-
tions vs(S-0), as presented in Table 1. The SOﬁ’ anions produce

Table 1
Wavenumber of the characteristic peaks of CuyS powder samples.

characteristic infrared bands at 614cm~! and 1064 cm~! (Table 1).
The copper sulphate contains two types of groups of hydrogen
bonding: the water molecules that are incorporated into the lattice
structure of CuSO4 precursor produce characteristic sharp bands at
3104 cm~! and the O-H bonding (1670cm~1) (Fig. 1).

These data show that beside copper sulphides, the samples also
contain by-products of the photochemical reactions as presented
in Egs. (1)-(12): sulphates, sulphites, tetrathionates, or unreacted
tiosulphate, or can be form during the calcinations of the final prod-
uct.

The variation of the chemical composition of the crystalline
phases in the powders was examined by X-ray diffraction, as pre-
sented in Fig. 2.

The diffraction patterns of A1, A3 respectively A5 samples show
numerous peaks corresponding to sulphides (copper and sodium)
and to the unreacted precursors (CuSOg4, NayS,03), their corre-
spondence in XRD pattern is: (1) CuS Covellite (JCPDS: 06-0464,
(2) Cuq ¢S Digenite (JCPDS: 47-1748), (3) Cuy.75S Roxybite (JCPDS:
23-0958), (4) Cuy.81S (JCPDS: 41-0959), (5) Cuq gS Digenite (JCPDS:
26-0476), (6) Cu;,S (JCPDS: 12-0175), (7) Cuq.9,S (JCPDS: 30-0505),
(8) CuSO4 (JCPDS: 14-0373), (9) Cu,SO4 (JCPDS: 28-0401), (10)
Na,S,03 (JCPDS: 02-0277 (11) Na,S3 (JCPDS: 44-0822), (12) Cu,S
chalcocite, (JCPDS: 12-0227). A mixture of sulphites was also pre-
viously obtained in photochemical deposition by Podder et al. [22].

Compositions having the CuSO4:Na,S,05 ratios above 1 show
an improved crystallinity and the predominant formation of
Cu; gS but, as expected the powders consist of copper sulphides
(43.7-72.5%) and a variable amount of by-products (Table 2).

This can explain the rather poor results obtained in the MO pho-
tocatalytic degradation: it can be concluded that the sample A1 has
alower photocatalytic activity, possible due to the lower amount of
crystalline phase and due to the CuS composition, less active. Un-
reacted copper sulphate was found in the A4 and A5 samples also
leading to low efficiencies. The best results correspond to the A3
sample, having a quite large copper excess in the precursor solution,
and this was selected for further thin films deposition.

3.2. The optical properties of the CuxS/TiO5 composite films

The photocatalytic activity of catalyst is influenced by the optical
properties of the films, especially of the band gap energy value.

Copper sulphide as bulk material shows both an indirect band
gap between 1.05 and 1.21eV [27] and a direct gap between 2.4
and 2.36eV [28].

Optical absorption and transmittance measurements have been
carried out to calculate the band gap of the Cu,S/TiO, composite
films. The optical absorption band gap E; can be estimated using
the following formula [29]:

ahv = A(hv — Eg)" (14)

where «is a constant, hvis the photon energy, Eg is the semiconduc-
tor band gap energy and n is a constant (n=1/2 for a direct gap and

Sample Wavenumber [cm~1]

Vs (S-0) Vas (S=0) v5(S-0) 35(0-5-0) v5(S-S)
Al 1106 1060 962 882 856 800 756 702 636 598 584 560 523
A2 1102 1068 988 880 852 796 754 - - 600 - - 523
A3 1106 1056 988 882 854 798 754 704 638 602 - - 523
A4 1106 1072 964 882 854 798 756 702 636 608 - 558 523
A5 1100 1060 990 878 854 798 - - 756 602 - 558 523
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Fig. 2. The X-ray diffraction patterns of Cu,S powders.

Table 2

The correlation between the chemical composition and photocatalytic activity of the Cu,S samples.

Sample CuS04: Na,S,03 molar ratio Crystalline phase Cu,S mixture[%] (predominant Cu,S) MO degradation efficiency [%]
Uv/0, UV/H,0,

Al 1 36 100 25 13
(CuS -97%)

A2 5 44.5 43.7 9 24
(Cuy8S - 61.8%)

A3’ 10 42 43.9 16 26
(Cuy S - 50%)

A4 20 46 47 3 14
(Cuy8S - 21.7%)

A5 30 45 72.5 1 10

(CuygS - 24.5%)

" The powder further used for preparing thin films.

2 for an indirect gap semiconductor) [12]. Thus, Eq. (14) becomes
Eq. (15).

(ahv)? = A(hv — Eg) (15)

The direct band gap of copper sulphide was obtained using
the plots of (ahv)? against hv would be linear [30]. Extrapolating
the straight line portion of the plot of (ahv)? against hv, to the
energy axis for zero absorption coefficient gives the optical band
gap energy of the material (Fig. 3).

The value of the optical band gap of the CuxS film
(A3 sample) was calculated at 2.1eV, which is consistent

Table 3
The dyes degradation efficiency under UV and VIS irradiation’.

with many literature data on copper sulphides obtained by
wet chemical routes that report this value between 1.2 and
2.5eV [31,32]. The band gap energies calculated for the
Cu,S/TiO, composite films were 2.37 eV (Cu,S:TiO, =1:9), 2.41 eV
(CuxS:TiO, =3:7) respectively 2.12 eV (Cu,S:TiO5 =1:1), which pro-
motes the using of solar light in a larger amount comparing to
the TiO, thin film (band gap energy of 3.1eV, experimentally
determined).

The diagram of the charge transfer process, Fig. 4, describes the
Cu,S/TiO, system using the band gap energy Eg, the valence band

MO photodegradation [%]

MB photodegradation [%]

MO/0, MO/H;0, MB/O, MB/H;0,
uv Vis uv Vis uv Vis uv Vis
Without catalyst 0 0 0 0 0 7 0 17
TiO, 26 7.4 44 114 40 33 67 45
CuyS 1 0 92 10 17 0 99 37
Cu,S/TiO; 1:9 17.5 0 99 (300 min) 24 24 0 99 53
: 17 1 99 (180 min) 62 13 0 99 (300 min) 56
1:1 15 1 99 (240 min) 59 4 0 99 (300 min) 62

" The degradation efficiency after 6 h of irradiation, except the irradiation time listed in brackets.
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Fig. 3. The calculation of the band gap energy of the Cu,S/TiO, composites films.

(VB) potential Eyg and the conduction band (CB) potential Ecg vs.
normal hydrogen electrode.

One method for calculating the valence band and conduction
band potentials of the semiconductors is using the following empir-
ical equation [33]:

Evs = Xsemiconductor — Ee +0.5Eg (16)

where Eyp is the VB edge potential, Xsemiconductor 1S the semiconduc-
tor electronegativity, E. is the energy of free electrons vs. hydrogen
(4.5eV), Eg is the band gap energy of the semiconductor (experi-
mentally measured), and Ecg can be calculated by:

Ecg =Eyp —Eg (17)

The absolute semiconductor electronegativity Xsemiconductor (€V)
and the absolute cationic electronegativity (eV) Xcation (V) can be
calculating using Eq. (18) respectively Eq. (19) where X ation (P.u.)
represents the cationic electronegativity (P.u. Pauling units).

Xsemiconductor (€V) = 0.45 - Xcation (€V) +3.36 (18)

Xcation(P-u.) +0.206
0.336
The valence and conduction band potentials of Cu,S and TiO,

have been calculated using Egs. (16)-(19) [34] and were used in
Fig. 4.

Xcation (€V) = (19)

E(eV)
hv

Value corresponding to the valence band potential (2.73 eV) cal-
culated for CuxS was close to that determined by Kashida et al.
[35].

The CuyS and TiO, semiconductors have almost equal valence
band potentials but significantly differ in the CB potential values,
therefore in the CuyS/TiO, photocatalysts the holes and electrons
were allowed to flow from a semiconductor to another, reducing
the electron-hole recombination. Moreover, upon optical excita-
tion, photo-generated electrons accumulate at the edge of the
conduction band while holes accumulated at the top of the valence
band. These two processes result in an enhanced efficiency of
the interfacial charge-transfer towards the active species and/or
towards the adsorbed dyes molecules.

3.3. The morphology of the thin films surface

The thin films surface morphology has a pronounced effect on
the photocatalytic activity which is enhanced on porous structures.
Atomic force microscopy images (50 pwm x 50 um) from the sam-
ples surface are shown in Fig. 5. Large area scans shows films
without cracks supplementary justifying the high efficiencies in
dyes photodegradation (Table 4). The images also show that the
mezzo/micro particles are agglomerated in large aggregates and the
distribution curves of the voids allows estimating the most likely
inter-particle voids size (calculated at the half width of the peak),
with almost equal values for the three samples: 2.754 0.8 pwm
(sample A3-1), 2.5+0.2 um (sample A3-2), 2.3+0.1 wm (sample
A3-3).

3.4. Photocatalytic activity of the films

The activity of the films was measured based on the photocat-
alytic degradation efficiency of methyl orange (MO) and methylene
blue (MB).

The methyl orange degradation efficiency is very low (0-5%) for
Cu,S in UV/catalyst/O, (air) (after 6h of irradiation time) for the
entire range of dyes concentration, increasing significantly, over
90% in diluted dye solutions, when adding H,0, into the system,
Fig. 6. The photodegradation activity of the catalysts in UV/H;0,
system was tested and the results are presented in Fig. 6 for methyl
orange (Fig. 6a) and methylene blue (Fig. 6b) degradation, outlining
the initial dye concentrations.

-1

Fig. 4. Schematic diagram of charge transfer process.
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Hydrogen peroxide acts as a more efficient electron acceptor
than oxygen (existent at the saturation concentration with the air,
during photocatalysis, under stirring). In the UV/CuxS/H; 0, system,
almost 100% of the dyes degradation was achieved within 6 h of UV
irradiation indicating significantly higher values comparing to TiO,.
This effect is more pronounced in diluted solutions, both for MO and
MB, when light absorption in the solutions and catalyst clogging are
reduced. A complete set of investigations was thus developed on
dye solutions, at concentrations of 0.0125 mM (Table 3).

The photocatalytic activity of CuxS/TiO, nanocomposites (Fig. 7
for MO respectively Fig. 8 for MB degradation) shows synergistic
effects, depending on the Cu,S:TiO; ratio.

photo-induced self-sensitized photodegradation has little influ-
ence on the results of the experiment when only solved oxygen
from air exists in the system. The preliminary results showed 1%
degradation efficiency without H,0, (Table 3) for both dyes.

The results can be considered promising and confirm that the
semiconductors association is more efficient than its components,
when an electron donor is involved. In the processes developed
on the CuyS/TiO,, H,0, can accept an electron from the conduc-
tion band, Eq. (20), can promote charge separation forming HO®,
Egs. (21) and (22), and/or can react with copper cations forming
additional radicals HO; and HO®, Egs. (23) and (24):

_ . _
Based on the data obtained under UV irradiation, further H30; +e7 — HO® + HO (20)
test were developed to investigate the performance of the H,0, + HO" — H,0 + I—IOQ (21)
CuxS/TiO, composite films under VIS light. The blank test shows that . .
H;0; + HO, - HO0 + HO + 0, (22)
Table 4
Langmuir-Hinshelwood kinetics parameters for the photodegradation of dyes on the Cu,S/TiO, catalyst.
Dye Electron acceptor Catalyst k-107 [min~'] R?
MO H,0, Cu,S:TiO, =1:9 13.784 0.9916
Cu,S:TiO, =3:7 25.358 0.9998
Cu,S:TiO, =1:1 17.235 0.9829
0, Cu,S:Ti0,=1:9 0.511 0.9911
Cu,S:TiOy =3:7 0.527 0.9949
Cu,S:TiO, =1:1 0.452 0.9912
MB H,0, Cu,S:Ti0,=1:9 11.922 0.9581
Cu,S:TiOy =3:7 13.629 0.9827
Cu,S:TiO, =1:1 14.756 0.9816
0, Cu,S:TiO,=1:9 0.751 0.9912
Cu,S:TiOy =3:7 0.164 0.9924
Cu,S:TiO, =1:1 0.092 0.961
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Fig. 6. Influence of the dyes concentration on the photodegradation on Cu,S film, under UV irradiation (a) methyl orange, (b) methylene blue.
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b 100+ e WP
G seehis T e N
- ‘/‘r sl
. - ”-
SR TIPS
e il g -
= o =
£ A
= 00- 3 .
= : .
[ _—

3 04 =
£ i . NN
= 20 u = CuS:TiO=1:9 g E \
E K e CuS:TiO=3:7 - £-

E A CuSTIO=I: )

0 T

0 60 120 180 240 300 360
Irradiation time [min]

Fig. 8. Langmuir-Hinshelwood kinetics of MB degradation in (a) UV/O, and (b) UV/H,0; systems.
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3.5. The Langmuir-Hinshelwood kinetic

This study reports on the kinetic mechanisms, based on the
experimental data of photocatalytic methyl orange (Fig. 7) and
methylene blue degradation (Fig. 8), from aqueous solutions,
using CuyS/TiO, catalysts, under UV irradiation (details on the

mechanisms investigation under VIS light will be provided after
supplementary work).

The photodegradation of dyes follows the first order reac-
tion described by the Langmuir-Hinshelwood (L-H) mechanism
[36,37]:

Inc=Inco—kt (25)
where g is the initial concentration of dyes aqueous solution (mM),

c is the concentration of dyes (mM) measured at the time t (min)
and k is the apparent photodegradation rate constant (min=1).
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The selection of the optimum catalyst may be possible based on
the rate constant in the photodegradation reaction (k). These val-
ues, along with the regression coefficients (R?) of the linear fittings
for dyes photodegradation are presented in Table 4.

Under similar experimental conditions, the rate constants are
of similar order of magnitude (Table 4) being strongly influenced
by the H,0, addition, thus one may conclude that the amount of
HOe is responsible for the efficiency increase and not a change in
mechanism.

As presented in Table 4, the highest MO photodegradation rate
was registered on the Cu,S:TiO, =3:7 composite, when the elec-
tron acceptor (H,0,) was added, recommending this substrate for
up scaled applications. On this catalyst, the rate constant for MB
photodegradation is also reasonable high.

The kinetic characteristics of the photocatalytic degradation of
dyes by a CuyS/TiO5 thin film catalysts were experimentally inves-
tigated. The kinetic characteristics were ascertained to follow the
Langmuir-Hinshelwood kinetic mechanism, confirming the high
substrate reactivity.

4. Conclusions

This study presents the results obtained in developing new pho-
tocatalytic materials, based on copper sulphides (CuyS powder and
film) and Cu,S/TiO, nanocomposite films with enhanced degrada-
tion efficiency of dyes under UV and visible light irradiation.

The dyes degradation efficiency on copper sulphide powder is
lower than on the film due to the opacity of the suspensions. In these
conditions, the penetration depth of the photons is decreased and
less catalysts nanoparticles could be activated.

The higher activity of CuyS/TiO, composites compared with the
activity of Cu,S and of TiO, is explained by the irreversible charge
separation, decreasing the kinetic constraints when interacting
with the dye pollutants.

The photocatalytic experiments demonstrated that the
CuxS/TiO, hybrid photocatalysts activated with H,0, exhibited a
higher catalytic efficiency (99%) for dyes degradation comparing
to the mono-component films. Moreover, the preparation method
should also be able to be extended to the synthesis of other similar
coupled metal sulphide and oxide hybrid photocatalysts.
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