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Abstract: Spray pyrolysis was used to deposit indium sulfide (In;Ss3) films, with or without silver
doping. The films are polycrystalline, and the inclusion of Ag in the In,S;3 structure leads to the
formation of a solid solution, with the crystallite size of the order of tens of nanometers. In;Ss
films exhibit a semiconductive behavior, and the incorporation of Ag leads to an increase of the
charge carrier concentration, enhancing the electrical conductivity of the films. The small polaron
hopping mechanism, deduced by the fittings according to the double Jonscher variation, explains the
evolution of the direct current (dc) conductivity at high temperature of the Ag-doped indium sulfide.
From impedance spectroscopy, it was found that the doped film presents dielectric relaxation, and
Nyquist diagrams indicate the importance of the grain and the grain boundaries’ contributions to the
transport phenomena. The physical characteristics of the films have an influence on the photocatalytic
performance, achieving photodegradation efficiency above 80% (85.5% in the case of Ag doping),
and on the antibacterial activity. The obtained results indicate that indium sulfide films are good
candidates for environmental and biological applications, confirming a multifunctional nature.

Keywords: indium sulfide; Ag doping; electrical properties; impedance spectroscopy; conduction
processes; photocatalysis; antibacterial

1. Introduction

Environmental pollution, energy efficiency, pharmaceutical research, and biomaterials
are some of the hot topics of today’s world. Toxic organic pollutants are harmful to human
beings and hinder sustainable development [1,2]. Some of these fields work in opposite
directions. As an example, pharmaceutical research is extremely important, but the resul-
tant pollution by antimicrobial agents, for instance, can be a huge problem. One of the
most promising solutions for the degradation of various types of antibiotic contaminants
is performed by semiconductor-based heterogeneous photocatalysis. This approach has
received considerable attention, particularly because it is an environmentally friendly tech-
nology [3-5]. Under sunlight, photocatalysis may break the chemical bonds in water and
produce oxygen and hydrogen, helping the removal of contaminants. Using photocatalysis
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to degrade contaminants may help solve some of the environmental problems [6-8]. To de-
grade organic pollutants, various semiconductors such as metal oxides (ZnO/In, O3, TiO,),
sulfides (CdS), halides (APbBry), organometallic complexes (MMCs), and other metal-free
(FeP/g-C3N4) photocatalysts have been widely studied and used in many photocatalytic
applications [9-13]. Among popular semiconductors, indium sulfide (In,S3) is a promising
material that has generated enthusiasm in the domain of photocatalysis investigation. In,S3
is classified as an n-type III-VI chalcogenide semiconductor [14]. It reveals direct band gap
energy, ranging from 2.0 to 3.0 eV and high transmittance in the visible and near-infrared
regions of the electromagnetic spectrum [15,16]. At atmospheric pressure, In,S; may ap-
pear in three allotropic forms (e, 3, and y) with phase transitions at temperatures of 420
and 754 °C, respectively [17]. Thermodynamically, the most stable form is (3-In,Ss, which
was reported to exhibit exceptional optoelectronic performances [18]. This 3 form has been
widely considered for photocatalysis, photovoltaic systems, antibacterial activity [19-22],
and also as a photosensor material. It has been reported that solar cell devices using
-InyS3 as a buffer layer provide a fractional conversion value close to that of the standard
cadmium sulfide (CdS) buffer layer (16.4%) [23]. Due to the high toxicity of Cd?*, and
having in mind the pollution reduction, researchers reported that Cd>* can be replaced
by In3* ions because of its low toxicity [24]. Different types of micro/nanostructures of
-In,S3 can be prepared by different synthesis methods [18,25-32]. Among the reported
techniques, spray pyrolysis is a good choice to obtain In;S; nanostructured layers and
has the capacity to prepare thin films on large surfaces, easily and with low cost. This
is particularly important for industrial production. Spray pyrolysis is also important to
produce films for photocatalysis because it is possible to produce films with a high specific
surface area (surface area/volume ratio) due to the relatively high roughness of the surface
of the produced films [33]. InyS; thin films deposited by the spray pyrolysis technique have
relatively high electrical resistivity. Although some properties of this material are adequate
for certain applications, sometimes higher conductivity might be needed [34]. The stable
phases of intrinsic InyS; may show limited electrical conductivity for certain applications
due to its forbidden band energy. Doping the host materials with metal elements (Cu, Al,
Mn, Ag, etc.) alters the electronic and optical properties relative to the intrinsic material
and is one of the effective techniques to improve these properties of a material [35-38].
For example, Poudel et al. describe the incorporation of Ag nanoparticles to enhance
the electrochemical performance of materials for electrodes of molybdenum sulfide and
tungsten [39]. Other authors observed that Ag incorporation affects the physical properties
of InyS3, particularly the electrical properties, leading to decrease of the electrical resistivity
due to an increase of the concentration of electric charge carriers [40-43].

Despite the bibliography about In,S3, only few studies have been interested in elec-
trical properties but not in detail. In this work, a very detailed work on the electrical
behavior has been done, namely direct current (dc) and alternating current (ac) conductiv-
ity, conduction mechanism, activation energy, relaxation time, grains and grains boundaries’
conductivity contribution, and Ag doping. Moreover, the correlation between the physical
properties (structure, morphology, electrical) and photodegradation efficiency as well as
the antibacterial activity was also investigated.

2. Materials and Methods

Indium sulfide films were deposited by spray pyrolysis on microscope glass substrates
(I cm x 1 cm) at 350 °C. The films were prepared by spraying 50 mL of aqueous solution
containing 0.1106 g of indium chloride (InCl3) and 0.1142 g of thiourea (SC(NH;);), as pre-
cursors. To produce the Ag-doped indium sulfide sample, 0.0014 g of silver nitrate (AgNO3)
was added to the solution. The solutions were sprayed at a flow rate of 2.6 mL/min onto
the glass substrates. The composition of the films was obtained by energy-dispersive X-ray
spectroscopy (EDX) using a Zeiss FESEM Ultra Plus scanning electron microscope (Zeiss,
Oberkochen, Germany). The atomic compositions are presented in Table 1. From this
point forward, the undoped and Ag-doped films will be referred as In,S3 and In;S3:Ag,
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respectively. Detailed explanations about the experimental protocols for the fabrication of
the indium sulfide thin films can be found in a previous work [44].

Table 1. Energy-dispersive X-ray spectroscopy (EDX) composition of the film surface of indium
sulfide films.

Composition (at.%)

Samples
Ag In S
InyS;3 0.0 35.0 51.8
In;S3:Ag 0.6 34.9 51.2

Structural analysis by X-ray diffraction (XRD) was performed using BRUKER-ADVA-
NCE D8 diffractometer (Bruker, Billerica, MA, USA). A CuK«x source with a wavelength of
1.5418 A was used. The XRD patterns were obtained in the range of 20° < 20 < 70°, with
step size of 0.02°.

Morphological examination and the determination of surface roughness were per-
formed by atomic force microscopy (AFM, NT-MDT Spectrum Instruments, Moscow,
Russia) at room temperature, using a Pro-M NT-MDT system, in non-contact mode (NC-
AFM). AFM scans on random zones were carried out. The 2D and 3D AFM images were
processed using Nova software.

The electrical characterization was carried out by electrical impedance spectroscopy
(EIS), using an Agilent 4294A impedance analyzer (Keysight, Santa Rosa, CA, USA). Prior
to the measurements, two silver electrodes (28 nm thick) were deposited on the surface of
the films. The range of frequencies and temperatures explored were between 40 Hz and
110 MHz, and 460 to 600 K, respectively. The alternating excitation signal had an amplitude
of 50 mV.

The photocatalysis experiments consisted in the degradation of a methylene blue
(MB) solution (initial concentration of 10> M and pH = 6.5) under visible-light irradiation.
The films, deposited on the microscope glass substrates, were submerged in 10 mL of MB
solution, inside a closed cylindrical reactor containing four light bulbs, irradiating in the
visible region of the electromagnetic spectrum, for 270 min, at room temperature (22 °C).

Absorbance spectra of the MB solution, before and after irradiation, were obtained
with a Dynamica Halo XB-10 spectrophotometer (Dynamica Scientific Ltd., Livingston,
UK). The estimation of the MB concentration after the 270 min irradiation (cfn,), was
estimated by the absorbance value of the solution, at A = 665 nm, and using a calibration
curve. The photodegradation efficiency (r7) was obtained by using Equation (1):

’7(0/0) _ Cinitial — Cfinal % 100 )
Cinitial

The antibacterial tests were performed on InyS3:Ag films, sterilized in an autoclave
(Prestige Medical Classic, Blackburn, UK), at 126 °C, for 0.5 h. A freeze-dried strain of
the Gram-negative bacteria Pseudomonas aeruginosa was used as the microbial agent. The
bacteria were grown in a solid medium containing glucose (0.2 g/L), yeast extract (1 g/L),
sodium nitrate (5 g/L), and agar-agar (18 g/L). In order to evaluate the antimicrobial /anti-
biofilm potential of In;S3 and In;S;:Ag, four test solutions were prepared in Eppendorf
tubes. Three of the solutions contained 1 uL of Pseudomonas aeruginosa (taken from the solid
medium), which was added to 100 mL of an aqueous solution with yeast extract (0.6 g/L),
sodium nitrate (1 g/L), and glucose (3 g/L). One of these three tubes was considered as
the control solution (Cont.). The remaining two tubes contained the same solution as the
control solution, in which the InyS3:Ag and InyS; samples were immersed. The tubes were
identified as InyS3:Ag and In,S3. The fourth Eppendorf tube contained 1250 pL of the
aqueous growth solution, without the addition of the bacterial strain, and it is considered
as the reference solution (Ref.). All of the Eppendorf tubes were incubated at 33 °C for
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24 h, to stimulate the growth of the bacteria. After the period of incubation, 250 uL of the
redox indicator Resazurin (0.015%) was added in all of the tubes. This indicator allows the
perception of any signs of bacterial growth. Resazurin is reduced to resorufin by the aerobic
respiration of metabolically active cells, and it can be used as an indicator of cell viability.
The dye responds to diaphorases and changes from purple to pink (resorufin form) or to
colorless (hydroresorufin form), based on the quantity of viable cells. After incubation and
dye addition, absorbance spectra of the solutions were obtained using a Dynamica Halo
XB-10 UV-Vis spectrophotometer (Dynamica Scientific Ltd., Livingston, UK).

3. Results and Discussion
3.1. Structural and Morphological Analysis

The XRD patterns of the films are represented in Figure la. It is observed that the
Ag doping does not significantly affect the crystallinity. Both films were revealed to be
polycrystalline and the XRD patterns suggest that the Ag-doped sample is a solid solution.
The InyS; peaks are indexed in the figure, according to ICDD (International Centre for
Diffraction Data) card number 32-0456. The most intense peaks ((311), (400), (511), and
(440)) were used to estimate the crystallites’ size by the Williamson—Hall method [45,46].
The obtained data (Figure 1b) show linear trends, and thus, they can be fitted by the
Williamson-Hall equation (Equation (2)) [46]:

KA
ﬁc050:3+4ssin6 2)

where B is the full width at half maximum (FWHM) of the referred peaks; 6 the corre-
spondent diffraction angle, D, is the crystallite size; A is the X-ray wavelength; K = 0.9;
and ¢ is the microstrain. The slopes of the linear fits ((4.3 £ 0.8) x 1073 for InyS; and
(2.1 £ 0.2) x 1073 for In,S3:Ag) correspond to the microstrain, and the crystallite size
(around 21 nm for In;S3 and around 30 nm for In;S3:Ag) can be calculated from the
intercept of the fit with y-axis.
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Figure 1. Results from XRD: (a) patterns of In,S3 and InyS3:Ag samples; (b) Williamson-Hall plots,
based on the parameters of the four most intense XRD peaks of both films.

Figure 2a,b shows the 2D and 3D AFM images of representative scans of the surface
of both films (5 pm x 5 um for InyS; and 3 um x 3 um for InyS3:Ag). From the 3D scans,
while the surface of the undoped sample (Figure 3a) reveals a rough surface (RMS (Root
Mean Square) roughness 24 nm), the Ag-doped sample surface reveals a combination
of roughness (RMS roughness 20 nm) and waviness, with a wavelength of the order of
the micrometer. Although this waviness is not observed in the pure In,S3 sample, this
surface morphology is certainly resultant of the production technique and of the cooling
process. It should not be forgotten that the precursors are sprayed onto the substrates,
which are heated at a temperature of 350 °C. Figure 2c,d represent histograms with the
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size distribution of the diameter of the roughness columns of the as-deposited films, in the
scanned areas. The term diameter is used by assuming a circular section for the columns.
According to the image processing software, the density of the columns of the doped film
is almost three times higher (around 2620 pm~?2 for In,S3 and 7280 um 2 for In,S3:Ag).
The column size distribution is also different. While for the sample In;S;, the diameter
size of the columns is Gaussian distributed around the 16.6 nm value (FWHM = 8.5 nm)
(Figure 2¢), in the case of the In;S3:Ag sample, Figure 2d suggests two Gaussian size
distributions, centered at 16.5 nm (FWHM = 9.6 nm) and 25.7 nm (FWHM = 10.3 nm).
Therefore, the AFM analysis reveals that the roughness is similar for both (slightly lower in
the case of the doped sample), but the types of features that cause the roughness are more
homogeneous in the case of the undoped sample. In the silver-doped sample, around half
of the features are similar to those of the pure In,Ss, and the remaining features are around
55% broader.

35 40 4.5 5.0
60 70
35 40 45 50
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S
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40
nm

005 L. 15 . 20728
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0 5 10 15 20 25 30
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Figure 2. Results of atomic force microscopy (AFM) scans of the films: 2D and 3D non-contact

(NC)-AFM images of samples (a) In;S; and (b) In,S3:Ag; distribution of columns sizes of samples
(c) InpS3 and (d) InyS3:Ag.
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Figure 3. Electrical characteristics of thin film In;S;:Ag: (a) Temperature dependence of the direct

current (dc) conductance and alternating current (ac) conductance at selected frequency values;
(b) evolution of In(Gg.T) as a function of 1000/ T and the obtained activation energy values; (c) fre-
quency dependence of the ac conductance, in the studied temperature range; (d) temperature
dependence of exponent s; of the Bruce equation (the result for InyS3 sample is also presented).

3.2. Electrical Properties

To characterize the films in terms of the electrical conductivity, the direct current
(dc) conductance was measured as a function of the temperature. In order to identify the
conduction mechanism, the alternating current (ac) conductance was also measured as a
function of the temperature. Figure 3a depicts the dependences of dc and ac conductance
with the temperature of the InyS;:Ag sample. For both dc and ac measurements, the con-
ductance increases with the temperature, confirming the semiconductor behavior of the
material, in the 460 °C < T < 600 °C temperature and 1 kHz < f <2 MHz frequency ranges.
The dc conductance of the undoped sample (In;S3) was measured previously [47]. The be-
havior is also conductive, but the dc conductance is lower, particularly for temperatures
above 480 K, where it can be around one order of magnitude lower. The dc conductance
(Gqc) obeys the Arrhenius law [48]. The type of observed variation is reported to happen
in disordered and polycrystalline materials [48-54].

In manganite polycrystalline systems [48-50], the semiconductor behavior of the
materials is correlated with the activation of a number of conduction processes, such as the
small polaron hopping (SPH) and the variable range hopping mechanisms. In theoretical
works [51-54], Mott assumes that the high temperature range of G4, must be investigated in
terms of a thermally activated SPH model. To confirm the activation of the SPH mechanism
and to calculate the activation energy values in the tested temperature range, the evolution
of In(G4.T) was plotted as a function of 1000/ T (Figure 3b). Three linear fits with different
slopes were observed in three temperature ranges. At high temperatures (R-I), the observed
linear slope confirms the thermal activation of the SPH mechanism via the activation energy
Ea1 = 714 meV. In the second and third temperature ranges, (R-II) and (R-III), the obtained
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activation energies are E;p = 1836 meV and E,3 = 1014 meV, respectively. The activation
energy of the undoped sample (In;S3) obtained by the dc conductance vs. temperature
plot for the temperature ranges R-I and R-11, is 999 meV [47]. This result is almost 300 meV
higher or more than 800 meV lower than for the case of the In;S3:Ag sample, in the ranges
R-I and R-1I, respectively.

Besides the semiconductor nature of InyS3:Ag, it is observed, in Figure 3a, that the
conductance becomes frequency independent at high temperature (520 K < T < 600 K)
and for the frequencies f < 10° Hz. The dc regime is included in this behavior. In this
frequency range, the thermally activated SPH process is frequency independent. The
aforementioned parameter (frequency) has a strong effect on the conductance variation
only in the temperature range 460 K < T < 520 K.

Figure 3c shows the frequency and the temperature dependence of the ac conductance
of InyS3:Ag. In the analyzed temperature range, three distinct frequency regions can
be observed: a large plateau region (R-A) and two dispersive regions (R-B) and (R-C).
This behavior suggests that the variation of the conductance with the angular frequency
(w = 27f) obeys the Bruce equation (Equation (3)) [55].

G(w) = Gqe + A1 + Ayw™ 3)

Aj and A; are two frequency-independent parameters, and the exponents s; and s, are
obtained from the fits of the curves of the two dispersive regions, R-B and R-C, respectively,
observed in Figure 3c.

The obtained s; values are presented in Figure 3d, for both doped and undoped
samples. This parameter informs about the nature of the activated conduction process
in the ac conductance regime [48-50]. It can be observed that, in this temperature range,
(i) s1 decreases linearly with increasing temperature and (ii) s; < 1. This behavior in-
dicates a sudden hopping, including translation motion, and, according to theoretical
models [48-54], the nature of the activation is by the correlated barrier hopping (CBH)
mechanism. According to the CBH mechanism, the correlation of s; with the temperature
is [56,57]:
6kgT - 6kgT

1— 2B @)

=1 ~
51 W +kBT1an0 Wy

In this case, Wy; > kT In wtp. In Equation (4), W), is the energy necessary to move
one charge carrier from one site to a different site, while 19 is a characteristic relaxation
time. From the linear slope of the fit of Figure 3d, this energy (W) is around 115 meV, for
the doped sample, being around 3.3 times lower for the undoped sample. There are two
main reasons for this. One reason is a consequence of the AFM analysis. The larger grain
density of the InyS3:Ag sample originates tighter grain boundaries. The other factor is the
larger atomic radius of silver atoms relative to indium atoms. This causes a certain degree
of cationic disorder in the solid solution of InyS3:Ag. Both factors together contribute to the
need of greater energy for charge dislocation. Curiously, Moualhi et al. [48] obtained for
the polycrystalline manganite Lag 5Cag3Agp2MnOj3 a similar result, in terms of activation
mechanism (CBH) and activation energy (Wy; = 74 meV). In the second dispersive region
(R-C), it was found that the frequency exponent s, is higher than unity and varying in
the range 1.5 < s; < 2. This indicates that the transport of charge, in the region of high
frequencies (R-C), occurs via localized hopping between neighboring sites. The same
behavior was observed recently by Hizi et al. in polycrystalline Lag ¢Srg1MnOs3 [50].

Figure 4 illustrates the frequency dependence of the real part of the impedance (Z)
in the studied temperature range. At low frequencies and for the 460 K < T < 530 K
temperature range, Z’ exhibits high impedance values, in the order of tens of M(Q). For the
highest temperature range (540 K < T < 600 K), the impedance monotonously decreases
with increasing temperature. The frequency at which the impedance becomes significant
generally increases with the temperature. This is better observed in the inserted graph
of Figure 4. In polycrystalline materials such as manganites [49], the Z’ decrease with
the temperature was explained by the drop in the density of trapped charges and the
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increase of charge carriers’ mobility. At higher frequencies, Z’ values shift to small values
confirming the presence of space charge in the sample.

50

@ 460K
> 470K
40 ¢ 480K
® 490K
@ 500K
~ ® 510K
g % * 520K
E ® 530K
N 20 > 540K
<4 550K
® 560K
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=
(=]

10
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Figure 4. Evolution of the real part of the impedance (Z’) as function of the frequency at various
temperatures of the In,S3:Ag thin film. The inserted graph (higher resolution of the same graph)
highlights the impedance variation in the high temperature range.

Figure 5a,b shows the frequency dependence of the imaginary part of the impedance
(Z”) in the tested temperature range (460 K < T < 600 K). Each curve is characterized
by one peak at a specific relaxation frequency (f;). The observed peak is a signature of a
dielectric relaxation of the compound. In Figure 5b, the ratio of the imaginary component of
the impedance to the maximum of the imaginary component of impedance is represented,
as a function of the frequency, for the 540 K < T < 600 K temperature range. One can
observe that the peak shifts to higher frequencies for higher temperatures, which can
be a consequence of the decline of the resistive behavior with increasing temperature.
Figure 5c presents the evolution of the relaxation time (7) as a function of the temperature
for the Ag-doped In;S;. The variation of relaxation time obeys the Arrhenius equation
(Equation (5)):

_ Eq
T="T19e *BT (5)

Ty is a characteristic relaxation time, kg is the Boltzmann constant, and E, is the activa-
tion energy. This energy is obtained from the linear slope of Int vs. 1000/T. For this
particular case (the system InyS3:Ag), two different regimes (R-a and R-b) occur and, as a
consequence, two different values for the activation energy are obtained: E;; = 700 meV
(0 = 2.8 x 10712 s) and E,» = 1825 meV (19 = 9.6 x 107%* 5). The inferred values of
the activation energy obtained from the impedance analysis are different when compared
to those determined by the dc conductance study. This result confirms the incoherence
between the conduction process and relaxation phenomena, signifying that they may
have different origins. The activation energy of the undoped indium sulfide, obtained
from relaxation frequency, is 924 meV [58], and it is similar to the one obtained by the dc
conductivity approach previously referred (926 meV).

The Nyquist diagram of Z” as function of Z’ is frequently employed to correlate the
microstructure of the material with its ac electrical properties. Figure 6a shows the Nyquist
diagram of the InyS3:Ag system, at different temperatures. The Nyquist diagram of the
undoped sample is represented in a previous work [58]. By increasing the temperature,
the intensity of the arcs decreases, confirming thermal activation of the processes. At low
frequencies, the observed arc is attributed to the grain boundary conduction [49]; however,
at higher frequencies, the transport properties of the studied film are governed by the grain
contribution. In this context, ZView?2 software was used to fit the curves and build the
equivalent electrical circuit model. The obtained equivalent for both system (In,;Ss3 [58] and
In;S3:Ag) circuits consists of two serial components. The first one is composed by three
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parallel elements, an inductor (L1), a resistor (R1), and a constant phase element (CPE;). The
second component combines a resistor (Ry) in parallel with another constant phase element
(CPEy). For the case of InyS3:Ag film, the inductance effect (L) contained in the equivalent
circuit is generally associated with specific energy adsorption and electro-crystallization
processes at an electrode. This absorption process is reported by Chung [59].

1.2
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v 570K H
A 580K .
® 590K
= 600K 02 :
.2
6 0.0 2 = 3 -‘4 -ls 6 7 .ﬁd..‘ﬁ
10 10 10 10 10 10 10 10
Frequency (Hz) Frequency (Hz)
(a) (b)
-8
— Linearfits
9l
a0k
= R-a )
2 '
& -t |
= ,
E,, =700 meV \
A2 I E,=1825 meV
a3t 1
-14 L s N L '
1.7 1.8 1.9 2.0

1000/T (K )
(0)

Figure 5. Frequency dependence of the imaginary part of the impedance (Z”) of the In,S3:Ag film:
(a) in the 460-600 K temperature range; (b) normalized to the maximum of the imaginary part of the
impedance and for the high temperature range 540-600 K. (c) Variation of the relaxation time versus
the inverse of the temperature.

It is observed that Ry of the equivalent circuit correspondent to InyS3:Ag exhibits high
values at lower temperatures, of the order of the M(), or even tens of MQ) for T = 500 K,
suggesting the important role of the grain boundary contributions on the transport of
charge carriers. For T > 550 K, R; for the undoped and Ag-doped samples are similar
but always lower for the doped sample, as expected. The constant phase element (CPE)
impedance is correlated with the angular frequency, by Equation (6):

7 = Q) ©
where QU is a constant, independent of the frequency, the angular frequency (w = 27f),
and depending on the values of the exponent ; CPE is a capacitor for § = 1, a resistor for
B =0, and an inductor for § = —1. For CPE;, it was found that g > 0.94, indicating the
resemblance with a capacitor.

For the case of the other component of the equivalent circuit, a similar behavior for
the resistance (high values at lower temperatures) is observed in Figure 6c¢. In the present
study, the charge transfer resistance response represents the contribution of the grains on
the electrical transport phenomena of the thin film. This resistance is represented by R>.
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According to Serensen et al. [60], the decrease of the charge transfer resistance leads to the
increase of the characteristic frequency of the corresponding semicircle. This observation
is in good agreement with the results presented herein. For CPE,, § > 0.95 was obtained
(capacitor resemblance).
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Figure 6. (a) Nyquist diagrams (Z” vs. Z’) of In,S3:Ag film at various temperatures; (b) Resistance,
inductance, and capacitance of elements of component 1 of the equivalent circuit as function of the
temperature. The inserted graphs correspond to the undoped sample; (c) resistance and capacitance
of elements of component 2 of the equivalent circuit as function of the temperature. The inserted
graphs correspond to the undoped sample; (d) variation of ln(%) as a function of the inverse of
the temperature.

Figure 6d shows the evolution of In ( R—Tl) as a function of the inverse of the temperature.
From the linear slope, the deduced activation energies are E;; = 746 and E;» = 1939 meV.
The activation energies obtained from the dc conductance data and those obtained from
grain boundary resistances do not show correlation. This indicates that in the Ag-doped
film case, the transport phenomena and the relaxation phenomena do not have the same

origin. The activation energy for the undoped sample calculated from a In (%) vs. T plot
is 939 meV [58]. Consequently, it is verified that for undoped In,S; the activation energy is

similar regardless of the used method of calculation (926 meV, from the conductance plot
method, and 924 meV for the relaxation frequency method).

3.3. Photocatalytic Activity
3.3.1. Absorption Analysis of MB Solution and Photodegradation Efficiency

Figure 7 shows the absorbance spectra of an aqueous solution of methylene blue
(MB) under visible-light irradiation in three different situations: as-prepared solution
(0 min of exposure), after 270 min irradiation in the presence of an In,S3:Ag sample, and
after 270 min irradiation in the presence of an In,S; undoped sample. The result of the
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as-prepared solution reveals the existence of two major absorbance peaks at A ~ 665 nm,
due to the presence of monomers MB*, and at A = 610 nm, related to the presence of
dimers (MB*); [61]. Compared to the as-prepared solution, after irradiation, the absorption
peaks progressively shift toward the blue direction. The highest-intensity peak shifts from
A = 665 to A = 639 nm. This behavior was explained by the hypsochromic effect [62]. The
presence of the indium sulfide samples in the MB solution, under visible light irradiation
during 270 min, causes a huge decrease of the absorbance for all the visible-wavelength
range. This decrease is particularly measurable in the large absorption peak (A = 665 nm),
decreasing from A ~ 0.536, for the as-prepared solution, to A ~ 0.162 and A ~ 0.151, after

irradiation in the presence of the undoped In,S3 and InyS3:Ag, respectively. The absorbance

Arm
intensity ratio of the two peaks (%) decreases from around 1.68 to around 1.46, thus

suggesting that the photodegradation of the monomers is higher than the one of the
dimers [63]. The simultaneous decrease of the absorption intensities and the slight blue
shifting of the monomers bands is due to the N-demethylated degradation concomitantly
with the degradation of phenothiazine [64]. In these conditions, the photodegradation
efficiency of the MB in the presence of InyS3:Ag exhibits high efficiency (#in,s, = 80.0%
and #m,s;:ag = 85.5%). This good result may be due to the good crystal quality and,
particularly, to the relatively high roughness (large effective surface area) of the films.

— MB -0 min
0.5 || —— MB with In S :Ag - 270 min

—— MB with InZSZ - 270 min
0.4

0.3 F

0.2}

Absorbance (a. u.)

0.1

7=855%

0.0 L
500 550

600 650 700

A (nm)
Figure 7. Absorbance spectra of a solution containing the as-prepared methylene blue (MB) solution

and after VIS (visible spectrum) irradiation in the presence of the doped and undoped indium sulfide
films, during 270 min. The photodegradation efficiencies are referred in the plot.

The photodegradation capacity of the Ag-doped In;S; thin film is ~6% more efficient
than that of the reference In,S; sample, which could be due to Ag* ions entering the In,S;
lattice (Ag* and In>* have roughly the same ionic radii, namely 67 vs. 62 pm) and creating
interstitial and/or substitutional doping sites. This generates an increased concentration
of charge carriers, which determines a higher electrical conductance and photocatalytic
activity than that for undoped In,S; [65]. Moreover, the presence of Ag* could generate
conductance pathways on the surface of the film. This could explain the lower values for
the Wy energy for the doped sample.

3.3.2. Photodegradation Mechanism

The electrical properties of In;S3:Ag have an important role regarding the photodegra-
dation of MB. To better understand the photodegradation mechanism of the MB in the
presence of InyS3:Ag, the conduction band (Ecp) and valence band (Eyg) energies of (3-
In;S;3:Ag were theoretically estimated using the Mulliken equation [66]:

Ecg = x — Ec — 0.5E, @)

EVB =X Ec + 05Eg (8)
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Eq, Ec, and x represent the band gap energy of InyS3:Ag (~2.78 eV), the free electrons
energy on the hydrogen scale (~4.5 eV) and the electronegativity of In,S; (~4.71 eV),
respectively [67]. The estimated values of Ecg and Eyp are —0.87 and 1.26 eV, respectively.
As shown in Figure 8, the Ecp value of InyS; is more negative than the energy value of
0,/0; (0.28 eV).

A hJ Organic dye
% - ‘ L Product
Ere A e
0.87 B eeeeeeee
-
9
2| | In,S5:Ag
‘ ai
1.26 ‘
Evs h*h*h* h* h* h* h* h?
Orbamc dye
Product

Figure 8. Photocatalytic mechanism of In;S3:Ag.

Furthermore, under irradiation with visible light, the photogenerated electrons have
the ability to react with the molecular O, adsorbed on the surface of the catalyst, to generate
the superoxide radical anion -O, [68]. Moreover, the Eyp value of In;,Ss is less positive
than the energy value of OH™ /OH.: (2.38 eV) and -OH/H,O (2.8 eV), which indicates
that the photogenerated holes can be captured by HyO and produce hydroxyl radicals
OH- [69,70]. The band gap energy obtained for the compound is equal to 2.78 eV, and it is
in good agreement with literature values [15,44]. We note this when the decrease of the
optical band gap energy is related with the photovoltaic parameter improvement. Indeed,
it shows that this radical OH- has a markedly greater oxidizing power than those of several
other commonly used oxidants. Because of this, it can degrade many organic compounds
and transform them into carbon dioxide. On the other hand, the radical mechanism
only requires low activation energy. This technique allows it to operate at moderate
temperatures. Due to their high oxidizing power in an acidic environment, OH: radicals
can react with organic compounds to produce radicals (R- or ROO-). Organo peroxyl
radicals decompose to generate by-products (-HO,/-O,). However, the photogenerated
holes are able to immediately oxidize the MB dye molecules into the final products [71].
The auto-decomposition of H,O; into O, and H,O and the scavenging of hydroxyl radicals
by HyO, are well explained by the Reactions (9) and (10):

2H,O, — O, + 2H,O 9)

H,O, + -OH — -HO, + H,O (10)

The scavenging character of HyO, reduces the efficiency of the treatment through the
consumption of hydroxyl radicals leading to the formation of -HO,, which has a negligible
contribution in the Fenton process.

H,O — -OH +H' +¢ (11)

1
OH — 70, + HY +¢ (12)

Dyes — -OH — CO; + H,O (13)
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This mechanism translates the photocatalytic activity of the cationic dye (MB), using
hydroxyl radicals, corresponding to the enhancement of MB removal. Similar results were
reported by Chen et al. [72].

Generally, a comparison of the photocatalytic activity of different composite sys-
tems mentioned in the reference literature is difficult, due to the different photocatalysis
experimental conditions, dye types, and concentration. It can be said that roughly sim-
ilar photocatalytic activity (~80%) was observed for crystal violet photodegradation by
In,S3 nanocrystals [73], 80-85% for MB (In;S3,, via hydrothermal synthesis) [74] and
~86% for MB (InyS3 synthesized by chemical bath deposition) [75], under visible-light
irradiation. Composite photocatalytic heterostructures exhibit various efficiencies. For
example, TiO,.InyS3 has a visible light photodegradation efficiency of 50-70% for orange II
dye [76], InyS3/ZnFe;O4 exhibits maximum photodegradation efficiencies of 85-90% [77],
and CuyFeSnS, /InyS3 shows a photodegradation efficiency of ~80% for MB [78].

3.4. Antibacterial Activity

Figure 9 shows the absorbance spectra and the photographic image of the test solutions,
three of which contained Pseudomonas aeruginosa (Cont., InyS3, and In;S;3:Ag), after the
period of incubation and dye addition. Both the color and the spectra of the solutions
revealed that the incubation period induced different changes in the three solutions. If
the color of a solution is pink, it means that its antibacterial activity is weak. The only
pink solution is the control (Cont.), the one in which resazurin was added without the
presence of InyS3:Ag or InyS3 samples. Clearly, in this solution, there is no antibacterial
activity. As mentioned previously, resazurin is reduced to resorufin (pink hue) by the
aerobic respiration of metabolically active cells, in this case, the Pseudomonas aeruginosa
colonies. As expected, the Ref sample does not exhibit any change from the dark-purple
hue, since there are no active colonies of cells in the solution. The color of the solutions
containing the samples (In;S3:Ag and In,S3) is a mixture of pink and purple, thus inferring
that the growth and/or cell viability was hindered to some extent, but not entirely, by the
In;S;3:Ag and InyS; films.

2.1

1.8 ]

1.5 ]

InS
23

1.2]

InS:Ag

Cont

0.9
= Ui b

il

460 480 500 520 540 560 580 600 620 640

Absorbance (a.u.)

A (nm)

Figure 9. Variation of Pseudomonas aeruginosa solution absorption as a function of wavelength and
cell viability test with and without InyS3:Ag and In,S3 thin films: InyS3:Ag and In,S; identify the
solutions with the immersed samples, Cont. and Ref. are the control and reference solutions. The Ref.
solution does not contain bacteria.

Analyzing the absorption spectrum of the control solution from Figure 9, the sharp
peak at A =~ 580 nm is close to the peak of resorufin (A = 573 nm), meaning that the
bacterial colonies developed, revealing a solution with no antibacterial activity, as was
expected [79]. The absorbance spectrum of the solution containing the sample with the
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In;S3:Ag film reveals a different shape. For A > 580 nm an absorption band is noticed
that goes until A ~ 630 nm, which includes the wavelength of the maximum absorption
peak of resazurin (A = 605 nm). This behavior confirms that the investigated thin
films can be considered as antibacterial materials, to some extent. Considering that the
photodegradation efficiencies exhibited by the In;S3;:Ag and In,Ss films are somewhat
similar, the fact that the antibacterial capacity is also similar was expected. However, one
has to consider the fact that the doped sample contains a relatively low quantity of silver,
which is located not only on its surface (where the reduction processes would take place),
but also in the bulk of the In,S;3 coating.

As it has been found in other studies from the reference literature, the reactive oxygen
radical species, such as the superoxide anion or the hydroxyl radical, can interact with the
cell wall of the bacteria, disrupting it [80,81]. The generation of these active species can be
correlated with the photocatalytic activity of the film. Since the photocatalytic efficiency of
the InyS3:Ag film was ~85%, it can be concluded that this relatively high efficiency could
be responsible for the antibacterial effect. Another factor that influences the antibacterial
effect is the roughness of the film. The nanostructured patterns responsible for the film’s
roughness and waviness (Figure 2) increase the specific surface of the photoactive surface,
generating a higher number of oxidative radicals. The antibacterial effect also depends on
the nanotopography of the surface. A higher number of nanopatterns could be responsible
for the mechanical piercing of the bacterial cell wall or for contacting the cell wall and
disrupting the metabolic and reproductive activity of the bacteria [82]. The correlation
between the photocatalysis-related parameters and nanopatterning of the surface on the
antibacterial effect will be discussed in more detail in a future study.

4. Conclusions

Indium sulfide films, with or without silver doping, deposited by spray pyrolysis
are polycrystalline, with the crystallite sizes around 20 nm (pure indium sulfide) and
32 nm (silver-doped indium sulfide). Structurally, silver is incorporated as a solid solution.
Electrical characterization confirms the films as semiconductors; however, the Ag doping
leads to an increase in conductivity. Alternating current conductance curves for different
frequencies and temperatures have been fitted according to the Bruce equation. The study
of alternating current conductance reveals that the small polaron hopping process is
thermally activated at high temperatures. The variation of the ac conductance with the
frequency (for several temperature values) reveals two dispersive regimes, one of them
explained by the activation of a correlated barrier hopping process and the other, in
the high-frequency region, indicates that the transport of charge occurs via localized
hopping between neighboring sites. Impedance results confirm the importance of the
grain and grain boundaries contributions in the transport phenomena of the thin film.
The structure of the films, their relatively high roughness and electrical characteristics,
positively influence the photocatalytic activity (to photodegrade methylene blue) and
their antibacterial characteristics, tested against Pseudomonas aeruginosa. Particularly in
the case of the photodegradation, the Ag doping slightly increases the efficiency of the
process, reaching 85.5%. Future studies will allow correlation of the photocatalysis-related
parameters and nanopatterning of the surface on the antibacterial effect.
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