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Polyaniline-assisted deposition of PbS is carried out on antimony tin oxide (ATO) glass for ATO/PANI/PbS composite formation.
The deposition of PbS was carried out inside and outside the polymer chains using the ionic adsorption deposition process.
Various analyses were conducted to confirm the chemical structure and morphological, optical, and electrical properties of the
resulting composite. TEM and SEM analyses demonstrated the spherical shape of PbS particles inside and outside the PANI
network with more dark or white color, respectively. Moreover, the ImageJ program confirmed the composite formation. The
XRD characterization showed the shifts in the PANI peaks after the composite formation with the appearance of a new
additional peak related to PbS nanoparticles. The optical analyses were massively enhanced after the composite formation with
more broadening in the Vis region at 630 nm, in which there was more enhancement in the bandgap that reached 1.5 eV. The
electrode application in the H2 generation process was carried out from wastewater (sewage water, third treatment) without
any additional sacrificing agent. The electrode responded well to light, where the current density (Jph) changed from 10-6 to
0.13mA.cm-2 under dark and light, respectively. The electrode had high reproducibility and stability. The numbers of
generated H2 moles were 0.1mmol/cm2.h. The produced ΔH∗ and ΔS∗ were 7.3 kJ/mol and 273.4 J/mol.K, respectively. Finally,
the mechanism explains the H2 generation reaction using three-electrode cell.

1. Introduction

The increasing energy demand prompted research in differ-
ent laboratories to work on renewable energy sources such as
windmills and solar energy [1–4]. These sources can prevent
the problem of nonrenewable energy sources in which the
combustion of fossil fuels has a fetal effect on plants, ani-

mals, humans, and the environment. The combustion of
fossil fuels produces harmful gases, such as COX, NOX,
and SOX [5–7].

The water-splitting reaction producing hydrogen is a type
of solar energy source that depends directly on sunlight. This
reaction can be carried out as photochemical or photoelectro-
chemical. The water-splitting reaction generates hydrogen and
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oxygen gases at the working and counter electrodes, respec-
tively. This reaction can also help valorize the wastewater
streams produced by the industrial, domestic, and agricultural
activities worldwide, noting that enhancing the water quality
belongs to one of the UN sustainable development goals
(SDG #6) to be achieved by 2030. The splitting reaction
requires semiconductor materials such as oxides, nitrides,
and sulfides [8, 9]. Nevertheless, semiconductor polymers are
the new category of photocatalytic materials used for this pur-
pose having many advantages such as low cost, high quantum
yield, large surface area, and easy preparation [10–16]. Poly-
mer production is the replaceable category for all metal
sources, especially in electronic devices. The researchers’ pri-
mary aim in optimizing polymer preparation is to enhance
the optical properties and reach the general optimum bandgap
of 1.2 to 1.5 eV. This optimization is generally carried out by
controlling the nanoscale and composite formation with addi-
tive materials possessing high optical efficiency [17].

Polyaniline and its derivatives represent one of the main
polymers described. This category of polymers has addi-
tional benefits such as high compatibility, stability, porosity,
safety, low cost, redox state, and low bandgap [18, 19].

Furthermore, PbS has a unique property in which the
bandgap is in the range of 0.92 to 1.6 eV, depending on the
size, with its black color that can trap the photons. PbS has
additional electrical properties that qualify it for various
applications in the renewable energy field, such as solar cells,
optoelectronics, and water splitting [20, 21].

Recently, few studies included the application of polyani-
line (PANI) and its derivatives in water-splitting reactions.
Corte et al. [22] fabricated Ni/PANI composite and used it
for water splitting from 0.5M H2SO4 under artificial light.
Belabed et al. [23] prepared PANI/TiO2 for water splitting
using artificial light (200W tungsten lamp). In addition,
Zhang et al. [24] synthesized PANI/MoS2 for H2 generation
from an H2SO4 solution. All of the mentioned studies still
suffer from the low H2 quantity produced and low cell effi-
ciency; sometimes, the efficiency is not even reaching 2%.
Moreover, the previous studies usually use sacrificing agents
to get the hydrogen gases, which cause electrode corrosion.
Also, the previous studies used freshwater as a source of
H2 gas, with the stinginess of this freshwater for drinking,
especially in water-poor countries [25–27]. In addition, most
of the previous studies used high complexed devices for the
deposition of metal oxides or sulfides. These devices require
more time for deposition using chemical or physical vapor
deposition, laser, wet spinning, and RF sputtering techniques
[28, 29].

This study provides a renewable energy source (hydrogen
gas fuel) by solving many previously described drawbacks
and represents an opportunity to valorize wastewater. We
used the PANI-assisted deposition for PbS nanocomposite
through the polymer-assisted ionic adsorption method. The
large surface area and porosity of PANI helped in the PbS
deposition. The deposition process of polymer composite
was carried out on ATO glass, in which the ATO/PANI/
PbS composite was formed. The low-cost ATO/PANI/PbS
nanocomposite was implemented as a working photocathode
in a three-electrode cell for H2 generation from wastewater

(three-stage treatment sewage water) without any sacrificing
agent under a solar simulator device (xenon lamp). The effect
of light wavelength, light intensity, on/off chopped light, and
the temperature was examined. The stability and mechanism
of the electrode were mentioned and discussed.

2. Materials and Methods

2.1. Materials. Aniline and (NH4)2S2O8 were purchased from
Rankem (India) and Winlab, respectively. Dimethyl sulfox-
ide (DMSO) was purchased from Sigma-Aldrich, USA. Ace-
tic acid (CH3COOH), Pb(NO3)2, iodine (I2), and KI were
purchased from El-Naser company, Egypt. Sewage water
with the third treatment stage was obtained from the drink-
ing water and sanitation company, Beni Suef City, Egypt.

2.2. Preparation of PANI/PbS Nanocomposites. PANI was
prepared through the in situ oxidation polymerization
method on antimony tin oxide (ATO) glass. Aniline
(0.1M) was dissolved in 0.5M CH3COOH under ultrasonic
effect; in the same manner, 0.15M (NH4)2S2O8 (oxidant)
was dissolved. Then, the oxidant was added suddenly over
the aniline solution in the presence of ATO glass. After 1 h,
a complete precipitate was formed from PANI over ATO
glass. The resulting ATO/PANI was dried at 60°C for 6 h.

The preparation of PbS was carried out by the chemical
bath deposition process. 0.05M Pb(NO3)2 was dissolved well
at 60°C. Also, 0.01M thiourea was dissolved well at the same
temperature. Then, the latter solution was added suddenly
over the Pb(NO3)2 under a slow stirring process leading to
the deposition of PbS as a black precipitate. The latter was
collected, washed, and dried at 60°C for 6 h. The schematic
process of deposition of PbS on PANI is shown in
Figure 1(a).

PANI/PbS nanocomposite was synthesized through the
ionic surface adsorption process. The ATO/PANI was
immersed in 0.05M Pb(NO3)2 for 2 h at 298K leading to
the adsorption of Pb2+ over the PANI surface. The resulting
ATO/PANI/Pb2+ composite film was dried and then
immersed in (0.01M) thiourea solution at 60°C for 15min.
The S2- and Pb2+ ions reaction occurred, leading to ATO/
PANI/PbS nanocomposite formation.

2.3. Characterization of the Prepared Nanomaterials. The
crystal structure of PANI, PbS, and PANI/PbS was con-
firmed using X-ray diffraction (XRD), PANalytical Pro,
Almelo, Netherlands, and Fourier transform infrared
(FTIR)-Shimadzu 340 Jasco spectrophotometer, Easton,
USA. The morphology of the samples was determined using
scanning electron microscopy (SEM) ZEISS, Gemini, Ober-
kochen, Germany. The inside scanning was carried out using
a transmission electron microscope (TEM) (JEOL JEM-
2100, Waltham, USA). A simulation study for the SEM
was carried out using the ImageJ program. The optical anal-
yses were conducted using Shimadzu UV/Vis spectropho-
tometer (Perkin Elmer, Waltham, MA, USA).

2.4. The Electrochemical Test. The electrochemical study was
carried out through a three-electrode cell using a power sta-
tion (CHI660E), as shown in Figure 1(b). The prepared
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ATO/PANI/PbS nanocomposite represented the working
electrode, while the graphite and calomel were used as coun-
ter and reference electrodes, respectively. The measurements
were carried out under a solar simulator device (xenon
lamp), using sewage water as an electrolyte without any
additional sacrificing agent.

3. Results and Discussion

3.1. Characterization of the Prepared Nanomaterials. The
surface morphologies of PbS, PANI, and PANI/PbS were
investigated by SEM analyses, as mentioned in Figures 2(a)–
2(c). Figure 2(a) shows that the PbS has a random nonporous
nature due to the aggregation of the nanoparticles.

The morphology of the prepared PANI thin film is
shown in Figure 2(b), in which the prepared PANI has a
porous network with an elongated particle shape. This
porosity is further demonstrated in the magnified figure.
Moreover, this porosity is the key to facilitating the PbS
nanoparticles’ penetration into the PANI network and depo-
sition inside and outside the surface. This fact is confirmed
in Figure 2(c), where the spherical PbS particles appear
inside and outside the PANI network in the PANI/PbS
material, having an average particle size of 43 nm.

The surface roughness and cross-section of PbS, PANI,
and PANI/PbS thin films were studied using ImageJ soft-
ware (Figures 2(d)–2(f). This morphological simulation
strongly depends on the SEM real images. ImageJ confirms
the nanoporous morphology of the PbS and PANI. More-
over, the composite PANI/PbS emerges with different
nature, in which PbS white spheres coat the PANI network.

Furthermore, the TEM image of the PANI/PbS compos-
ite is shown in Figure 2(g) and 2(h) under different bare
scales. The light and dark colors refer to the PANI and
PbS nanoparticles inside the composite. The PbS nanoparti-
cles are embedded with PANI nanoparticles with an inter-
atomic distance of about 0.5 nm.

The abovementioned PANI/PbS composite morphology
was expected to have a high-efficiency optical absorption
behavior.

The FTIR spectra of PbS, PANI, and PANI/PbS nano-
materials are shown in Figure 3(a), and the corresponding
summarized data is mentioned in Table 1. The vibration of
the heteropolar PbS diatomic molecules appears at 1400
and 1601 cm-1. The N-H, C-H, and C–N aromatic stretching
vibrations for PANI occur at 3401, 2918, and 1105 cm-1,
respectively. The stretching vibrations of C=C quinoid and
benzenoid rings appear at 1467 and 1301 cm-1, respectively.
The paradisubstituted aromatic rings appear at 587 cm-1.
After the PANI/PbS composite formation, there are redshifts
for N-H, C=C quinoid, and C–N function groups stretching
vibrations to 3424, 1470, and 1105 cm-1, respectively. How-
ever, there is a blue shift for the C=C benzenoid ring to
1291 cm-1.

The XRD diffractometers of PANI, PbS, and PANI/PbS
nanomaterials are shown in Figure 3(b). For PANI (red
line), there are three crystalline peaks at 2θ = 15:1°, 20.78°,
and 25.55°, corresponding to the growth directions (011),
(021), and (200), respectively.

For the PbS nanoparticles (black line), there are eight
peaks, in which the three sharpest peaks appear at 2θ =
25:98°, 30.17°, and 43.12° for the growth directions (110),
(111), and (022), respectively. The other five peaks appear

60°C 
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ATO/PMT/Pb2+ ATO/PMT/PbS

Thiourea
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CEATO/PMT/PbS
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Figure 1: (a) The schematic deposition of PbS on ATO/PANI and (b) the three-electrode cell for electrochemical H2 generation from
wastewater.
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at 51.14°, 53.70°, 62.54, 68.82°, and 71.01° for the growth
directions (132), (170), (222), (311), and (133), respectively.

After forming the PANI/PbS composite, there are
shifts in the two PANI-related peaks to 2θ = 25:49° and
33.6°, corresponding to (200) and (120), respectively.
Moreover, nine additional peaks are noticed and can be
assigned to the PbS nanoparticles incorporated in the
composite; the three sharpest peaks at 2θ = 26:55°, 29.52°,
and 53.62° correspond to the growth directions (110),
(111), and (132), respectively. The other six peaks appear
at 2θ = 39:34°, 43.63°, 50°, 74°, 61.95°, 64.50°, and 72.24°

for the growth directions (120), (002), (022), (170), (222)
(251), and (133), respectively.

The average crystal size of the nanocomposite equals
34 nm, calculated according to Scherrer’s formula (Equation
(1)) [35]. This equation depends on XRD wavelength (λ),
Bragg angle (θ), dimensionless factor (k), and full width at
half maximum (W).

D = 0:9λ
W

cos θ: ð1Þ

The application of the prepared ATO/PANI/PbS as
photoelectrode for H2 generation is based on its efficiency
for light absorption. Therefore, an optical absorption study

was conducted. The spectra of PANI, PbS, and PANI/PbS
nanomaterials are given in Figure 3(c), while the bandgaps
for these nanomaterials are shown in Figure 3(d). Regarding
the PANI nanomaterial, there are three peaks at 275, 430,
and 840nm in the UV, Vis, and near IR, respectively. The
sharpest two peaks in the UV and Vis regions correspond
to the Π −Π∗ electron transition in the benzenoid ring.
However, the peak in the near IR is assigned to the aromatic
polymer conjugation. There are two peaks at 287 and
890 nm for the PbS nanoparticles in the UV and IR regions,
respectively. The peaks in the IR region correlate with the
dark color of the PbS nanoparticles that causes the vibra-
tions of the electrons. The optical absorption behavior is
enhanced after forming the PANI/PbS composite, especially
in the Vis region with the highest intensity peak at 630nm.
Moreover, there is a redshift in the UV peak to 330nm. This
optical behavior indicates the composite’s good light absorp-
tion efficiency compared to both PANI and PbS.

The bandgap (Eg) values of the prepared nanomaterials
PANI, PbS, and PANI/PbS were calculated using Tauc’s
equation (Equations (2) and (3)). This equation is based
on the absorbance (A), absorption coefficient (α), Planck
constant (h), and frequency (ν) parameters. The bandgap
relations are shown in Figure 3(d) for PANI, PbS, and
PANI/PbS, in which the bandgap values are 2.5, 1.24, and
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Figure 2: The SEM and modeling images of (a and d) PbS, (b and e) PANI, and (c and f) PANI/PbS nanomaterials. TEM images (g and h)
for PANI/PbS nanocomposite at bare scales.

4 Adsorption Science & Technology



1.5 eV, respectively. The PANI/PbS nanocomposite has the
optimum bandgap value, so the optimum light absorption
behavior was expected. This qualifies it for working as a
photoelectrode for light absorption and then sewage water
splitting for H2 gas fuel generation.

αhν = A hν − Eg

� �1/2, ð2Þ

α =
2,303
d

� �
A: ð3Þ
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Figure 3: (a) FTIR, (b) XRD, (c) optical absorption, and (d) bandgap of PbS, PANI, and PANI/PbS nanomaterials.

Table 1: The FTIR data of PbS, PANI, and PANI/PbS nanomaterials.

Band position (cm-1)
Assignment

PANI/PbS PANI PbS

3424 3401 — N–H group [30]

2923
2856

2918 — C-H aromatic ring group [31]

1470 1467 — C=C of the quinoid ring [32]

1382 — 1400 Heteropolar diatomic molecules [20]

1291 1301 — C=C of benzenoid rings [33]

1108 1105 — C–N [34]

1043 1049 1061 Heteropolar diatomic molecules of PbS

792 789 — C–H in-plane [34]

590 587 — Paradisubstituted aromatic rings
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3.2. Photoelectrochemical Water Splitting. The photocatalytic
wastewater-splitting reaction was achieved using a three-
electrode cell, in which ATO/PANI/PbS, graphite sheet,
and calomel are used as working, counter, and reference
electrodes, respectively. The wastewater (third stage treat-
ment), possessing a chemical composition mentioned in
Table 2, was used as an electrolyte. At 25°C and a sweep rate
of 100mV.s-1, the measurements were carried out using a
workstation (CHI660E) under an artificial xenon lamp.

Under the light effect, there are significant changes in the
produced current density (Jph); the Jph values increase from
10-8 to 0.13mA.cm-2, as shown in Figure 4(a). This behavior
is confirmed in Figure 4(b), at a minimal bias voltage, in which
the effect of on/off chopped light on the produced Jph appears
clearly. Under off light, the value of Jph is almost zero, but
under light irradiation, this value increases to 0.0018mA.cm-

2. Considering curve 4(b), the stability of the electrode for
water splitting is confirmed until 800 s. There are slight
changes in Jph values from 0.0018 to 0.0013mA.cm-2, with a
time increase from 1.0 to 800 s. The high sensitivity of light
can be correlated to the role of PbS, which help in light-
capturing and trapping. The photons cause the generation of
hot electrons that oscillate and localize on the surface. This
PbS nanomaterial accepts additional electrons from PANI,
which motivates the H2O molecules to split to generate O2
and H2 gases.

The reproducibility of the PANI/PbS electrode is shown
in Figure 4(c). The electrode has almost the same values
under repeating runs. This confirms the stability of the pre-
pared electrode for a water-splitting reaction. This stability is
related to the PANI nature that does not dissolve in almost
all chemical solvents.

The number of produced hydrogen moles was calculated
by applying the Faradays law of electrolysis (Equation (4))
[36]. 0.1mmol/cm2h of H2 gas is delivered from the solution
as bubbles. The Faradays law depends on many factors such
as the Jph value and change in time (Δt), taking into consid-
eration the Faraday constant (F, 9:65 × 104 C.mol-1), the
molecular mass of hydrogen gas (M), and the oxidation
number (z).

H2 molesð Þ =
ðt
0

Jphdt
F

:
M
z
: ð4Þ

The Jph values of the ATO/PANI/PbS photoelectrode
depend on the light intensity (photons number). By increasing
the photons number, the photocatalytic materials will produce
an increasing number of electrons reflected in the Jph values.
The photons number (N) is directly proportional to the light
intensity (P), as shown in Equation (5), where (c) is the light
velocity, (λ) is the wavelength, and (h) is the Planck constant.
The photons activate the ATO/PANI/PbS nanocomposite
active sites for electron-hole pair formation [37], which
collects more electrons in the conducting band [38].

The relation between the light intensity (25 to
100mW.cm-2) and Jph values is mentioned in Figures 5(a)
and 5(b). The Jph values increase from 0.1 to 0.13mA.cm-2,

increasing the light intensity from 25 to 100mW.cm-2. There-
fore, 100mW.cm-2 has the optimum effect on the PANI/PbS
photocatalytic materials due to the increasing number of pho-
tons per second that reach the electrode surface and cause
electrons to oscillate and split water to generate H2. These
Jph values represent the H2 generation rate [31, 33].

N =
λP
hc

: ð5Þ

The effect of light wavelengths (390 to 636nm) on the
ATO/PANI/PbS photoelectrode is mentioned in Figure 6, in
which the produced Jph values are measured. It can be noticed
that the photoelectrode responds well to the different light
wavelengths. The Jph values increase with decreasing the
wavelength, and a 390-nm monochromatic light has an opti-
mum Jph value of 0.122mA.cm-2. Then, these values decrease
until they reach 0.093mA.cm-2 at 636nm. The high Jph value
at 390nm can be linked to the effect of high-energy UVmono-
chromatic light that motivates the electrons to reach the con-
ducting band of the nanocomposite. These hot electrons cause
oscillation movements on the surface. This can be confirmed
in Figure 6(b), where the wavelength and Jph relation at +1V
is mentioned.

Based on these encouraging results, the prepared elec-
trode responds to the different wavelengths in a broad
light region.

Table 2: The wastewater chemical composition.

Material or element Concentration (mg/L)

Phenols 0.015

F- 1.0

Al3+ 3.0

NH3 5.0

Hg2+ 0.005

Pb2+ 0.5

Cd3+ 0.05

As3+ 0.05

Cr3+ 1.0

Cu2+ 1.5

Ni3+ 0.1

Fe3+ 1.5

Mn2+ 1.0

Zn2+ 5.0

Ag+ 0.1

Ba3+ 2.0

Co2+ 2.0

Other cations 0.1

Pesticides 0.2

CN- 0.1

Industrial washing 0.5

Coli groups 4000/100 cm3
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From 298 to 333K, the effect of temperature on the ATO/
PANI/PbS photoelectrode was studied, and the results are
shown in Figures 7(a) and 7(b). This effect is reflected in the
Jph values that increase from 0.13 to 0.185mA.cm-2, increasing
the temperature from 298 to 333K. This increase can be
assigned to the high mobility of ions that increases the elec-
trons’ transfer. Consequently, the water-splitting rate increases
with increasing temperature, considering the Jph values [39,
40]. Using Equation (6) and Figures 7(c) and 7(d), the thermo-
dynamic parameters Ea, ΔS, andΔH were determined. This
calculation also depends on the h, kB, R, and k, which corre-
spond to Planck, Boltzmann, universal gas, and reaction rate
constants. From the Eyring equation (Equation (6)) and
Figure 7(c), the determined Ea value is 9.9 kJ/mol, while from
Equation (6) and Figure 7(d), the determined ΔH∗ and ΔS∗

values are 7.3 kJ/mol and 273.4 J/mol.K, respectively. The
small enthalpy obtained indicates the water splitting and H2
generation that can easily occur. Moreover, the positive
entropy value revealed confirms the reaction spontaneity.

A comparison of the used electrolytes and produced Jph
values in the literature with those in the current study was
settled and summarized in Table 3. The prepared electrode
has one of the highest Jph values, indicating its high effi-
ciency and light sensitivity. Also, the present work uses sew-
age water as an electrolyte without any additional sacrificing
agent. In addition, the prepared electrode has a significant
advantage in its high stability and reproducibility at a low
cost. These advantages and properties can qualify the elec-
trode for industrial applications.

Moreover, the H2 moles are calculated from the Faraday
equation (Equation (6)) [36], under time change (dt), using
the Faraday constant (F). The estimated H2 mole for the
ATO/PANI/PbS photoelectrode is 38μmol h−1 cm−2.

H2 mole =
ðt
0
Jph:

dt
F
: ð6Þ

3.3. Mechanism and Theoretical Study of H2
Electrogeneration. The conversion of sewage water into H2
gas is carried out through sequence electron transfer
between the PANI and PbS nanomaterials. Under the light
incidence, the PANI/PbS captures these photons, which are
split into both levels of PANI and PbS. Consequently, the
electrons are transferred from the valency band HOMO in
PANI to the conducting band LUMO. Nevertheless, there
is the additional electron transfer from LUMO in PANI to
the PbS conduction band having a lower energy level.
Finally, the accumulated electrons on the PbS surface are
directly transferred to the neighbor wastewater used as an
initiator for the splitting process. Due to the difference in
the energy levels of PANI and PbS, the Schottky barrier is
formed, disrupting the electron transfer. This appears in
the behavior of the current-voltage curve Figure 4(a) or
4(c). The role of PbS is crucial in minimizing the bandgap
for the whole composite to reach 1.5 eV, which is close to
the ideal bandgap of 1.2 to 1.3 eV. In addition, PbS has a
dark color that captures and absorbs the light well, in which
the photons reach the PANI surface. The role of PANI in the
composite is also crucial, and it is the main material that has
high compact to the supporting material ATO with high
corrosion resistance and high lifetime. The main disadvan-
tage of PANI is its large bandgap of about 2.5 eV, noting that
this bandgap is enhanced using the PbS nanomaterial.

Figure 8(a) shows the nudged elastic band (NEB) [47]
calculation of the energies along with the reaction path
towards the production of hydrogen from water and
PANI/PbS. We employed the NEB in the atomic simulation
environment (ASE) [48]. The structure energy and minimi-
zation were performed via the xtb tight-binding module [49]
and the BFGC method [50], respectively. We used the
default module settings for the convergence thresholds and
other calculation parameters.

The calculated reaction barrier is ΔE ~7 eV (this is one
order of magnitude higher than 1 eV due to the nature of the
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Figure 6: (a) The response of the ATO/PANI/PbS photoelectrode under different light wavelengths (390 to 636 nm) and (b) the Jph values at
+1V for this photoelectrode at 25°C.
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Figure 7: (a and b) The temperature effect on ATO/PANI/PbS. The relations between (c) temperature reciprocal and LnJph and (d)
temperature reciprocal and LnJph/T.

Table 3: Comparison of the electrolytes and Jph values of the prepared photoelectrode with literature studies.

Photoelectrode Electrolyte Voltage bias (V) Jph (mA/cm2)

Ni/PANI [22] H2SO4 0.45 0.0012

Poly(3-aminobenzoic acid) frame [41] H2SO4 1.2 0.08

g-C3N4-CuO [42] NaOH 1.1 0.01

CuO-C/TiO2 [43] Glycerol 0.5 0.012

Au/TiO2 [41] NaOH 1.2 3:0 × 10−4

BiFeO3 [44] NaOH 1.2 0.1

Au/Pb(Zr, Ti)O3 [45] NaOH 1.1 0.06

PrFeO [46] Na2SO4 1.0 0.129

Fe2O3 NaOH 1.23 0.003

ATO/PANI/PbS (present work) Sewage water 1.0 0.13
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qualitative method used for the calculation), which separates
the reactant (R, Figure 8(b) and product (P, Figure 8(c)). Over-
coming this barrier by the reactant leads to the production of
the H2, as shown in Figure 8(c). Figure 8(d) shows the struc-
ture of the transition state (TS). The metastability [10] of this
TS state is verified from the negative infrared (IR) frequencies
(or wavenumbers (~ -250 cm-1)) as shown in the IR spectrum
of the TS in Figure 9 (blue line). On the contrary, the stability
of the P is evident from the absence of negative frequency

modes in its IR spectrum (orange line, Figure 9). The R is also
stable; however, we do not show its IR spectrum to avoid
crowding the space in Figure 9. The IR peaks are expected
to be dominated by the vibrations of the bonds in the
PANI/PbS.

Besides the IR spectra in Figure 9, thermochemistry cal-
culations gave rise to the ΔGðTS⟶ RÞ = −7 kcal/mol and
ΔGðTS⟶ PÞ = −2 kcal/mol, representing the changes in
the calculated free energies in the reaction path from the
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Figure 8: (a) The nudged elastic band (NEB) calculation of the energies along the reaction path towards hydrogen production. ΔE ~7 eV is
the reaction path barrier. (b) The structure of the water and PANI/PbS reactants (R). (c) The product structure (P) after the splitting of the
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reactant to the TS and from TS to the product, respectively.
The ΔGðTS⟶ RÞ < ΔGðTS⟶ PÞ indicates the possibility
of the reformation (i.e., the reverse reaction from TS to R)
of the reactant with a fraction slightly higher than that for
the product. Nevertheless, the calculation demonstrates the
successful production of H2 in a water-splitting reaction cat-
alyzed by PANI/PbS.

It is worth stressing that the calculation of Figure 8 gives
a qualitative result about the reaction path. Quantitative
reaction path analysis for comparison with experiments is
possible by implementing the more computationally expen-
sive quantum density functional methods. However, our
present qualitative result clearly shows the formation of the
reaction barrier in the path toward splitting the hydrogen
from the water catalyzed by the PbS-polyaniline.

Finally, the nomenclature and its definition are men-
tioned in Table 4, while the input and output parameters
are mentioned in Table 5.

4. Conclusions

Sewage water was valorized, and ATO/PANI/PbS nanocom-
posite was prepared and used as a photocathode for H2 pro-
duction. The preparation process was carried out using the
polymer to assist the PbS deposition in two steps: Pb2+ adsorp-

tion and then PbS deposition using thiourea and heating. The
prepared nanocomposite was characterized using multiple
techniques such as SEM, TEM, XRD, FTIR, and UV/Vis
absorption. The FTIR and XRD analyses confirmed the chem-
ical structure of PANI, PbS, and PANI/PbS composite. The
latest’s average crystal size was 34nm, determined by XRD.

The TEM, SEM, and ImageJ software confirmed the mor-
phology of the PANI, PbS, and PANI/PbS, where PANI had a
porous network nature making it an excellent candidate for
the deposition of PbS in its pores and on its surface with high
contact. Moreover, the bandgap of the composite, 1.5 eV, was
more preferred than the solo PANI or PbS bandgaps of 2.5
and 1.24 eV, respectively. The conversion of the sewage water
into H2 gas fuel was carried out through the prepared elec-
trode with high efficiency. The electrode responded well to
light, where the current density changed from 10-8 to
0.13mA.cm-2 under dark and light, respectively. The ther-
modynamic parameters ΔH∗ and ΔS∗ were 7.3 kJ/mol and
273.4 J/mol.K, respectively. Finally, the mechanism explains
the H2 generation reaction using three-electrode cell.

Our team is working on synthesizing a prototype that
can valorize and directly convert the wastewater into hydro-
gen fuel. The cost of producing 200ml of hydrogen is about
2$. Our perspective is to decrease this cost to 1$ for one liter
of hydrogen gas.

Table 4: The nomenclature and its definition of the items used in the present theoretical and experimental study.

Nomenclature Definition

Tight-binding method A computationally fast, semiempirical method for solving Bloch states of a material

Transition state A particular unstable chemical configuration along the reactant-to-product reaction path

IR A spectroscopic method utilizing infrared electromagnetic radiation to excite the harmonic vibrations of molecules

SEM Scanning electron microscope

TEM Transmission electron microscope

XRD X-ray diffraction

Jph Current density (light)

JO Current density (dark)

R Photoresponsivity

D Detectivity

Table 5: The input and output parameters used in the present theoretical and experimental study.

Input main parameters Output main parameters

Theoretical study
(1) Reactant xyz optimized atomic positions
(2) Product xyz atomic positions
(3) Number of images (configurations) in the reaction path (5 in our case)
(4) Interatomic force threshold used in conjunction with the Broyden, Fletcher,
Goldfarb, and Shanno (or BFGS) local search optimization algorithm
(5) Temperature required for IR frequency calculations (298K)

Reaction path (energy vs. position)
IR spectrum

Experimental study
(1) Potential -1.0 to +1.0V
(2) Scan rate 100mV.s-1

(3) Three-electrode cell
(4) Wastewater electrolyte

H2 gas with 38 μmol h−1 cm−2
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