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ABSTRACT: Polysulfanilic acid has a low efficiency for the photoelectrochemical
(PEC) production of H2 from water splitting due to high recombination rate of
charge and low electrical conductivity. Therefore, polyaniline was doped with
polysulfanilic acid to form a copolymer and a blend to enhance its PEC
heterogeneous catalytic performance. This was achieved through the improvement
of visible light absorption and charge carriers’ separation property. Herein, nine
polymer samples of polysulfanilic acid were synthesized by oxidative polymer-
ization. The structural, morphological, and optical properties of the synthesized
polymeric materials were investigated. Interestingly, these polymer samples had
multifunctional applications regarding their hydrogen generation efficiency.
Photoelectrodes of different compositions from pure and blended polymers were
prepared and used for the PEC solar hydrogen production from water. Different
PEC parameters including the oxidant role, monochromatic illumination
wavelength, and electrode reusability were optimized toward the efficient hydrogen
generation. Moreover, the PEC performance was evaluated using key indicators such as photocurrent density, conversion efficiency,
and the number of hydrogen moles. The number of hydrogen moles was quantitatively estimated to be 140.4, 160.2, and 300 μmol/
h·g at −1 V for the polymer, copolymer, and polymer blend, respectively, in the presence of APS + FeCl3 as an oxidant. Further,
other samples of polymers showed antimicrobial properties against different species of bacteria. Hence, the present study may
provide a cost-effective method to produce solar hydrogen fuel from water.

1. INTRODUCTION

Environmental remediation and engineering require highly
efficient and chemically stable materials. Conducting polymers
(CPs) have achieved considerable interest for various
applications including water splitting, solar cells, bacterial
disinfection,1−5 bioremediation, and energy generation de-
pending on their unique properties. CPs are cheap, easily
prepared, activated by visible light, environment-friendly, have
appropriate optical bandgap, long-lived, and energy efficient.6

Hydrogen is one of the greenest futures competitive to fossil
fuels due to crucial advantages including economic cost, high
efficiency, eco-friendliness, renewability, and availability. It is
considered a promising fuel that may solve the critical energy
and environmental problems.7,8

There are various hydrogen-producing technologies from
water. For their environmental and economic benefits,
photocatalytic and photoelectrochemical (PEC) water splitting
methods were recommended over the others as they can be
carried out using artificial light or sunlight as the energy source.
The prerequisite for PEC is the development of visible-light-

active photocatalysts. To design effective PEC catalysts,
strategic materials are needed to be used as inexpensive,

visible light active, eco-friendly, long-lived, and energy-efficient
photocatalysts to promote the hydrogen evolution reaction
(HER). CPs have an extended p-conjugated electron system.
Upon visible light excitation, they are powerful electron donors
and strong full transporters. They have environmental,
electrical, optical, and electrochemical properties and can be
synthesized chemically and electrochemically. In addition, due
to their sufficient bandgap, they have high charge carrier
mobility and strong absorption in the visible spectrum.9−11

One of the common CPs, commercially available, light-
sensitive poly sulfanilic acid (SA), is used as a good catalyst
in the water splitting owing to its synthesis of sulfonic acid
ring-substituted polyaniline with high conductivity and good
solubility by the reaction. Polysulfanilic acid is represented not
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only as an electron donor but also a good hole acceptor.
Therefore, this material is a good candidate for improving the
charge-transfer efficiency, consequently enhancing the photo-
catalytic performance of photocatalysts.12

The copolymers of SA with derivatives containing polyani-
line are well-synthesizing materials for the copolymer and
blend photocatalyst to produce H2 from water splitting under
visible/solar light. Heterogeneous photocatalysis has become a
low-cost and eco-friendly target well studied in wastewater
treatment.13

Electroactive conductive polymers are of great significance in
various technologies such as displays, solar cells, gas sensors,
and actuators. PANI is one of the dopant polymers that has
significant effects on enhancing the photocatalytic performance
of other polymers by stimulating the separation of electron and
hole pairs and reducing the recombination of generated
electrons and charges holes.14−16 The presence of dopants and
the doping levels have effects on the physical properties of
CPs. The doping level can be easily changed by a chemical
reaction at room temperature, which provides a simple
technique to promote its use in energy applications. Semi-
conductor doping is a key parameter to control the spectral
and electrical properties of materials, making its application in
PEC cells feasible. The basic principle of doping in π-
conjugated polymer semiconductors is the same as that of
conventional inorganic semiconductors. Furthermore, a
combination of pure polyaniline with other photocatalysts
such as polysulfanilic acid has been evaluated as antimicrobial.
In the present work, we report for the first time a novel

photoelectrocatalyst containing polymer PS/APS + FeCl3
(sample I), copolymer PS/APS + FeCl3 (sample II), and
polymer blend PS/APS + FeCl3 (sample III). Polymer PS/APS
(sample IV), copolymer PS/APS (sample V), polymer blend
PS/APS (sample VI), polymer PS/FeCl3 (sample VII),
copolymer PS/FeCl3 (sample VIII), and polymer blend
FeCl3 (sample IX) were fabricated via chemical oxidative
polymerization. Different characterization instruments have
been used to investigate the physical and chemical properties
of the prepared samples. The PEC performance was evaluated
in terms of photogenerated current density (Jph), conversion
efficacy, number of evaluated hydrogen moles, electrode
stability, and reusability. Also, the effect of wavelength of the
monochromatic light was investigated and optimized. More-
over, the antimicrobial activities of these photocatalysts for
different species of microbes were investigated.

2. RESULTS AND DISCUSSION
2.1. Molecular Weight Determination GPC Studies.

The GPC analysis data for the obtained products of SA
oxidation with APS under the mention experimental
conditions are as follows: Mn = 3225, Mw = 3301, Mp =
3388, Mz = 3378, and Mz + 1 = 3452 in daltons, and
polydispersity is 1.024. These data reveal that the obtained
products are of low molecular weight.
2.2. Characterizations of the Obtained Polymers.

2.2.1. UV Spectroscopy. The UV spectra of three polymer
samples prepared in the presence of APS only are presented in
Figure 1. Moreover, the other polymer samples are presented
in Figures S1 and S2. In Figure 1, it is clear that the absorption
band at 270 nm in the case of both SA oligomer and its
copolymer with aniline is strong and sharp. This band can be
attributed to π−π* transition (E2-band) of a benzene ring and
B-band (A1g−B2u), respectively. This confirms the absorptions

in polyaniline. Also, the broad absorption band in the case of
blend in the range 270−310 nm indicates the difference
between the three polymer samples in structure.
The IR absorption bands of samples prepared in the

presence of APS only are presented in Figure 2. In addition,

the other polymer samples are presented in Figures S3 and S4.
Figure 2 shows a coincidence in bands for three materials,
which confirms the interaction between SA and aniline in
products. The absorption band refers to the asymmetric
stretching vibration of SO appearing at 1406, 1466, and
1407 cm−1 in the case of SA oligomer, copolymer, and blend,
respectively. The shift in the case of copolymer confirms the
chemical bonding between SA and aniline. The reset
characteristic bands for other bonds such as CC and/or
CN (1582, 1634, and 1560 cm−1) and bonded OH (3117,
3393, and 3768 cm−1) are present.

2.2.2. Structural and Morphological Studies. The
presented XRD patterns in Figure 3 indicate that the prepared
three polymer samples are polycrystalline in nature. The
positions of the peaks are observed in the range of 5−65° on

Figure 1. UV spectra of three polymer samples IV, V, and VI.

Figure 2. IR spectra of three polymer samples IV, V, and VI.

Figure 3. XRD patterns of three polymer samples IV, V, and VI.
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the 2θ axis with different intensities, which refer to the
difference of structures between the three samples.
The SEM images of the investigated samples are present in

Figure 4. Moreover, the other polymer samples are presented
in Figures S5 and S6. Figure 4 shows different surface
morphologies between the three samples. In the case of SA
oligomers, the particles are similar in shape, closed, and have
identical dimensions. The surface of the copolymer seems to
be nonporous, and their particles are compacted with small
size. The surface of the blend is heterogeneous and has pores
of varying dimensions. Also, the particles have a large size than
the copolymers.
2.2.3. Optical Properties. All prepared polymer samples

were introduced to optical studies, but the best data observed
to three samples. The polymer samples with good optical
properties are sample I, sample II, and sample III.
Optical spectroscopy is a crucial technique for under-

standing the conductive state corresponding to the absorption
band of the state between and in the space of the conductive
polymer.17 Figure 5 illustrates the measured UV−vis
absorption spectra for sample I, sample II, and sample III.
Sample III shows stronger absorption than sample I and
sample II. A red shift is observed in the absorption spectra
following the order sample III > sample II > sample I. A strong
absorption band was observed in the UV region for all samples.
The spectrum has a broad one at 380 nm and other abroad

above 700 nm. The first peak was related to the presence of
monomer moiety, while the second peak was related to the

benzenoid group and lone pair of electrons of nitrogen. This in
turn leads to π−π* interactions of the molecule.18,19

UV−visible absorbance spectra in Figure 5 illustrate the
values of the optical bandgaps of samples I, II, and III. Based
on the Tauc relation, we can utilize the absorption values (A)
and absorption coefficient (αA) according to eq 120

α = −E A E E( )A ph ph g
1/2

(1)

where Eph = hν and Eg are for the photon energy and bandgap
energy, respectively. The values of αA are obtained from eq 221

Figure 4. SEM images of three polymer samples IV, V, and VI.

Figure 5. Absorbance spectra of samples I, II, and III.
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α β= × A lC2.303 10 / pA
3

(2)

where β, l, and Cp are the material density, quartz cell width (1
cm), and suspended material concentration, respectively.
The energies of bandgap were determined by inferring the

linear portion of (αAEph)
2 − Eph plot with the Eph axis, which is

shown in Figure 6. They were estimated to be 5, 3.2, and 2 eV
for samples I, II, and III, respectively. Due to the exclusion
principle, this is a shift in the optical absorption band position,
a broadening in the bandgap and the intensive absorbance of
the visible light photons of the copolymer and blend as
compared to the polymer. Under sunlight illumination, these
parameters will simplify the electronic transitions and provide
more electron/hole pairs. Hence, these samples can be used as
a qualified photocatalyst for the PEC H2O splitting.
2.3. PEC Properties of the Prepared Samples. An

electrochemical potentiostat was used for photocatalytic
measurement of hydrogen production (CHI660E, USA). The
PEC current density−voltage (Jph−V) and the current
density−time (Jph−t) behaviors were measured. The Jph−V
responses were measured using a cell with a standard three-
electrode configuration. The all photoelectrodes (PS/APS, PS/
FeCl3, PS/APS + FeCl3, copolymer PS/APS, copolymer PS/
FeCl3, copolymer PS/APS + FeCl3, polymer blend PS/APS,
polymer blend PS/FeCl3, and polymer blend PS/APS + FeCl3)
were used as the working photoelectrodes, while the Ag/AgCl
electrode was used as the reference electrode, and a platinum
sheet was used as the counter electrode. A light illumination of
100 mW·cm−2 is adjusted using a 500 W mercury−xenon light
source (Newport, MODEL: 66926-500HX-R07) provided
with a series of ultraviolet and visible optical filters. The
working photoelectrode was fixed in the PEC cell containing
the 0.3 M KOH solution and facing the lamp.
2.3.1. Effect of Photocatalyst Composition and White

Light Illumination. Optimization of the photocatalyst

composition is the main target for the efficient PEC H2
generation. Therefore, we measured the PEC characteristics
for the nine electrodes to evaluate their efficiencies for PEC
water splitting, Figure 7a−c. The Jph−V curves, Figure 7a, were
obtained with a sweeping voltage rate of 1 mV/s using the 0.3
M KOH (100 ml) solution at 25 °C under white light
illumination. In our findings, the current density was produced
from the polymer blend (sample III) and gives the highest
value (60 mA/cm2@-1 V), whereas that for the polymer itself
(sample I) gives the smallest value (50 mA/cm2@-1 V). To
explore the PEC performance of these samples, the Jph−V
curves, Figure 7b, were measured under the same conditions
but in the dark. The dark current densities were 5 mA/cm2@-1
V for the polymer blend PS/APS + FeCl3(sample III) and 18
mA/cm2@-1 V for the polymer PS/APS + FeCl3(sample I).
Figure 7c shows the values of current densities for the nine
samples in the dark and under white light illumination at −1 V.
The obtained results indicate that all of these photocatalysts
could split water under visible light conditions than in dark
conditions, Figure 7b,c. That is, there are sufficient amounts of
electrons and holes as a result from the absorbed incident
visible light. Then, the generated electrons and holes migrated
to the photocatalyst surface to produce H2 and O2 from water.
In general, the values of photocurrent density for all samples

are significant and effective due to the presence of π-orbital
overlap in their backbone that produces delocalized π-electrons
responsible for their photoelectric properties. These electrons
support the separation efficiency of photogenerated charge
carriers which in turn improve the photocatalytic performance.
The blend and copolymer had a higher efficiency in PEC than
the polymer itself because copolymers contain both monomer
types within a single polymer chain, whereas polymer blends
are made via mixing techniques (combination of multiple
homopolymers, which generally occurs after synthesis). The
addition of polyaniline to another chain improves PEC

Figure 6. (αhν)2 vs hν for energy gap calculation of sample I, sample II, and sample III.
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hydrogen generation. Polyaniline has a significant role in
hydrogen production, which is represented in many factors. To
begin with, hydrogen’s interaction with doped PANI implies
that hydrogen interacts with the charged amine group of doped
PANI, forming a bridge between nitrogen atoms on two
chains.
Second, it was attributed to conducting PANI’s peculiar

metallic electronic properties. These characteristics, combined
with the molecular sieving caused by doping, undoping, and
redoping, result in micropores in the polymer structure, which
are advantageous for hydrogen generation.22,23 It was noticed
that the blend had higher efficiency than the copolymer; this
difference in efficiency was due to the presence of polysulfanilic
acid in copolymer structure, which will decrease the quinoid
structure in polyaniline, thereby decreasing the electron
density. While in the blend structure, the delocalized electron
improved and the electron density will also increase.
Under white light exposure, it was noticed that the current

densities of different samples containing FeCl3 and APS as
oxidants are higher in values than those of samples not
containing FeCl3. This can be due to the existence of the
oxidants and their essential effect on improving the electrical
property and conductivity of the polymers, in addition to their

effect on the reaction rate. This behavior can also attribute to
the structural difference between the two oxidizing agents and
their interaction with monomers during the chemical synthesis
and their morphologies. Ferric chloride (FeCl3) as an oxidant
has achieved slightly lower resistance and higher conductivity
compared to the other oxidizing agent (N2H8S2O8).

24

Another explanation for the increase of photocurrent of
blends and copolymers than that of polymers only was ascribed
to the ability of polyaniline to support both negative and
positive charge carriers due to the characteristic existence of
conjugated π electrons within the polyaniline backbone, which
allows rigid and planar conjugative moiety for a great charge
transport property along the chains. Also, intramolecular
charge transfer (ICT) between donor and acceptor units
could stimulate the photocurrent under light irradiation in
addition to the generation of the high density of charge carrier,
which provides the characteristics of high photocurrent
generation in the copolymer and blend.25,26

2.3.2. Reusability and Stability of Photoelectrodes.
Recycling experiments of the photocatalysts were carried out
to analyze the stability of the synthesized materials during
water splitting processes. Figure 8a−c shows the PEC
behaviors for 10 reusability cycles of the photoelectrodes I,

Figure 7. (a−c) Jph−V curves of all samples in the dark and under white light illumination.
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II, and III in the 0.3 M KOH electrolyte. The current density
was decreased from 50 to 37 mA/cm2 for electrode I, from 53
to 30 mA/cm2 for electrode II, and from 65 to 34 mA/cm2 for
electrode III. This indicates that the electrodes reserve 75, 56,
and 53% of their initial performance after 10 runs, which
confirm the stable PEC performance of these electrodes.
The stability of the photoelectrodes was also investigated by

measuring the Jph vs the exposure time at a constant voltage.
Figure 9a shows the Jph−t curves for the nine photoelectrodes

and Figure 9b for the photoelectrodes I, II, and III. From
Figure 9a,b, with increasing time, there was a significant
decline in Jph from 52 to 4.2 mA/cm2 of the synthesized
polymer, which was oxidized in the presence of two oxidants
(APS + FeCl3). For t > 0.5 s, there was a steady state at a
current density value of 4.2 mA·cm−2. The noticeable decline
in the Jph values during this short time, 0.5 s, was attributed to
minimal corrosion that happens as a result of the electrolyte’s
first reaction.27,28

Figure 8. (a−c) Reusability of the photoelectrodes I, II, and III for 10 runs under white light conditions.

Figure 9. Current density−time characteristics for (a) all electrodes and (b) electrodes I, II, and III.
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The number of resultant H2 moles during time (t) was
calculated using the electrolysis law of Faraday (eq 3)29

∫= J
t

F
H (moles)

dt

2
0 ph (3)

Based on the Jph−t characteristic, the photocatalytic
hydrogen output rates were 140.4, 160.2, and 300 μmol/h·g
at −1 V in the 0.3 M KOH electrolyte for sample I, sample II,
and sample III, respectively.
2.3.3. Effect of Optical Filters and Calculation of

Conversion Efficiencies. To illustrate the effective portion of
the solar spectrum that is working in all samples, both Jph−V
characteristics and IPCE values were recorded at different
monochromatic wavelengths and are reported in Figures 10a−
c.
First, the PEC reaction is started by light absorption to

excite electron−hole pairs, followed by their separation into
free charges, which ultimately drive redox reactions. The
amount of light that a photocatalyst absorbs and the number of
charges it can generate are determined by the overlap of its

absorption spectrum with the irradiance spectrum of the light
source.
The PEC behaviors for electrodes I, II, and III were

measured under monochromatic light illuminations utilizing a
group of optical filters from 307 to 636 nm, Figure 10a−c. The
behaviors of the photoelectrodes and their light absorption
capabilities were related to the nature of the photoelectrodes
and their photoresponses to a wide portion of the visible
sunlight. The most effective wavelength was 307 nm for
electrode I, 405 nm for electrode II, and 307 nm for electrode
III.
Also, the improved solar absorption of the photoelectrodes

and their efficient application for H2 generation from H2O has
been demonstrated by measuring incident-photon-to-current-
efficiency (IPCE) at a constant applied potential of −1 V.
IPCE was estimated at a constant potential under a
monochromatic light for determining the number of
participating charge carriers to the generated photocurrent
per incident photon. Using the power density (P (mW/cm2))
and the wavelength (λ (nm)) of the monochromatic light, the
IPCE is calculated using the following eq 430,31

Figure 10. Jph−V behaviors at different wavelengths and 25 °C using the 0.3 M KOH electrolyte and the electrodes I (a), II (b), and III (c).
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λ
= ·

·
·

J

P
IPCE (%) 1240 100ph

(4)

The obtained values of the IPCE@-1 V versus the incident
wavelength are presented in Figure 11. The IPCE for

electrodes I, II, and III have a relevant efficiency at all
wavelengths, especially in the UV/visible light region. The
maximum IPCE values for photoelectrodes I, II, and III were
∼46, 44, and 42% at 307 nm, respectively. These results are in
agreement with the optical absorption of the samples in the
UV/vis region.
2.4. Antimicrobial Activities. The three prepared SA-

based polymers are effective against Gram-positive bacteria
(Bacillus subtilis ATCC 6633 and Staphylococcus aureus ATCC
35556), Gram-negative bacteria (E. coli ATCC 23282 and
Pseudomonas aeruginosa ATCC 10145), yeast (C 3669), and
filamentous fungus (Aspergillus niger ATCC 16404), and the
data are listed in Table S7. Our findings showed that, with the
exception of SA oligomers, all polymer samples studied are
biologically active against all microorganisms studied. The
antibacterial activity of SA oligomers is enhanced by
copolymerization with aniline. Therefore, only the polymer
samples contained in PANI were measured for MIC, and the
data are summarized in Table S8. The estimated MIC of the
copolymer and the blend is 625 ppm; except for Candida
albicans, the MIC of the blend is 312.5 ppm. Generally
speaking, chemicals will penetrate the cytoplasm of micro-
organisms and destroy the genetic proteins in the cells.
Therefore, this will lead to the death of microorganisms.
Chemicals can generally be divided into one of the two
categories: oxidizing and non-oxidizing. Oxidizing fungicides
include chlorine, chlorine dioxide, bromine, ozone, and so
forth, and non-oxidizing fungicides mainly include chlorophe-
nol, glutaraldehyde, quaternary ammonium salts, and iso-
thiazolinone. This polymer material can be classified as a non-
oxidizing biocide found in our previous work.4 Finally, the
obtained values of Jph and IPCE of this work are higher than
the previously obtained for many photoelectrodes as shown in
Table 1. This result confirmed that these photoelectrodes are
the superiors for PEC water splitting under visible light
irradiation.
2.5. Mechanism. As mentioned above, the light absorption

capacity of the photocatalyst and the separation of the
photogenerated e−/h+ pairs are the key factors for hydrogen
generation. During the light excitation, the holes are generated
at polysulfanilic acid. Then, the excited electrons are

Figure 11. IPCE % vs the monochromatic wavelength at −1 V for
electrodes I, II, and III.
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ńd
ez
,G

re
en

an
d
lo
w
-c
os
t
sy
nt
he
si
s
of

PA
N
I-
T
iO

2
na
no
co
m
po
si
te

m
es
op
or
ou
s
fi
lm
s
fo
r
ph
ot
oe
le
ct
ro
ch
em

ic
al
w
at
er

sp
lit
tin

g.
R
SC

A
dv
.2

01
5,

5,
49
42
9−

49
43
8

Pb
S/
R
o-
G
O
/P

A
N
I/
IT
O

1.
16

an
d
2
eV

fo
r

Pb
S/
R
o-
G
O
/P

A
N
I

J p
h
=
1.
98

m
A
/c
m

2 ,
IP
C
E
=
16
.1
7%

@
39
0
nm

0.
3
M

N
a 2
S 2
O

3

M
.S

ha
ba
n,

M
.R

ab
ia
,A

.M
.A

bd
El
-S
ay
ed
,A

.A
hm

ed
,S

.S
ay
ed
,P

ho
to
ca
ta
ly
tic

pr
op
er
tie
s
of

Pb
S/
gr
ap
he
ne

ox
id
e/

po
ly
an
ili
ne

el
ec
tr
od
e
fo
r
hy
dr
og
en

ge
ne
ra
tio

n.
Sc
i.
R
ep
.2

01
7,

7,
14
10
0

A
u/
Pb

S/
R
o-
G
O
/P

A
N
I

J p
h
=
1.
45

m
A
/c
m

2 ,
IP
C
E
=
9.
4%

@
39
0
nm

P
S/
A
P
S
+
Fe
C
l3

1.
95

eV
J p
h
=
50

m
A
/c
m

2 ,
IP
C
E
=
42
%
@
30
7
nm

0.
3
M

K
O
H

in
th
is
w
or
k

co
po

ly
m
er

P
S/
A
P
S
+
Fe
C
l3

2.
5
eV

J p
h
=
53

m
A
/c
m

2 ,
IP
C
E
=
44
%
@
30
7
nm

po
ly
m
er

bl
en
d

P
S/
A
P
S
+
Fe
C
l3

1.
5
eV

J p
h
=
65

m
A
/c
m

2 ,
IP
C
E
=
46
%
@
30
7
nm

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01802
ACS Omega 2021, 6, 20779−20789

20786

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01802/suppl_file/ao1c01802_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01802/suppl_file/ao1c01802_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01802?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01802?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01802?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01802?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


transferred to the CB of polyaniline. CPs are the promising
ones that generate excited electrons when subject to visible
light. Their bandgaps increase the PEC performance under
visible light. Moreover, the conductivity of polyaniline
stimulates the transfer of electrons during the creation of
holes; hence, it decreases the photocorrosion of the semi-
conductor and improves the stability of the photoelectrode.
The large active surface of polyaniline helps the reception of
more incident light, thus facilitating the transfer of electrons to
water molecules via an interfacial mechanism. Furthermore, the
remaining holes are captured by the sacrificial reagent (KOH
electrolyte). Polyaniline acts as a hole transport agent and
averts the recombination of electrons and holes.29 Finally,
polyaniline transfers additional electrons to stimulate the
reduction of H+ to generate H2.

3. EXPERIMENTAL SECTION
3.1. Materials. SA and aniline were provided by Merck

Chemical Company (Germany). The chemical company El-
Nasr Pharmaceutical provides chemically pure grades of
concentrated hydrochloric acid (33%), methanol (99%), and
acetone. Ammonium persulfate, ferric chloride, and dimethyl-
formamide (DMF) were purchased from Sigma Aldrich
Chemical Company (Germany). The pure ammonia solution
(33%) was purchased from Prolabo-chemical Company
(England). Double-distilled water is used as the medium for
all polymerization reactions.
3.2. Synthesis of SA Oligomer. SA oligomers were

synthesized by aqueous oxidative chemical polymerization of
SA using APS, FeCl3, and/or their mixture as an initiator under
N2 atmosphere for 48 h at 25 °C. SA solution (∼0.001 mol,
1.73 g) dissolved in 100 mL of water/DMF (1:1) was
polymerized in hydrochloric acid solution (0.04 mol L−1) using
the investigated oxidant (0.025 total moles) at 25 °C.
Polysulfanilic acid was obtained by evaporation at 60 °C,
washed with acetone, and then dried under vacuum at 60 °C.
3.3. Synthesis of Poly(aniline-co-sulfanilic acid) and

PANI/SA Oligomer Blend. The copolymer was synthesized
by addition of 1 mL of aniline to the above solution during the
polymerization of SA dropwise over 30 min under stirring at
70 °C for 3 h and then left for 24 h. The obtained solution was
evaporated at 60 °C, washed with acetone, and then dried
under vacuum at 60 °C.
The polymer blend was synthesized by polymerization of 1

mL of aniline in 50 mL of aqueous solution of 0.5 g SA
oligomer using the oxidant (0.025 total moles) at 25 °C for 48
h. The obtained solution was evaporated at 60 °C, washed with
acetone, and then dried under vacuum at 60 °C.
3.4. Methodologies. All synthetic polymer samples were

characterized by the following analytical tools, but only three
samples prepared with APS (samples IV, V, and VI) were
chosen to present based on clearing and resolution of the
obtained figures.
3.4.1. UV−Visible and Infrared Spectroscopy. The UV

spectra of these water-soluble polymer samples were
performed using a Shimadzu dual-beam 2600 visible
spectrophotometer, and the infrared measurement was
performed using the Shimadzu FTIR Vertex 70 Bruker Optics
technology. The above-mentioned spectral analysis was carried
out in the Central Laboratory of Beni Suef University in Egypt.
3.4.2. X-ray Diffraction Patterns. The X-ray diffraction

(XRD) pattern of the synthetic polymer sample was
characterized with the Pananlytical Empryan 202964 X-ray

diffractometer in the Central Laboratory of Beni Suf
University, Egypt. The scanning range is 50−1400.

3.4.3. Electron Microscopy. Scanning electron microscopy
(SEM) analysis was carried out using a JSM-6510LA scanning
electron microscope, JEOL, Japan, at the Central Laboratory of
Beni-Suef University, Egypt.

3.4.4. Gel Permeation Chromatography Analysis. Gel
permeation chromatography (GPC) of synthetic samples used
a Waters 515/2410 gel permeation chromatograph (Waters,
USA) and ultra-hydraulic calibrated with poly(ethylene glycol)
Standards and Series Refractive Index Detector 2410 Gel
column, mobile phase: water, sodium nitrate (0.10 M),
solvent: water, 0.05% sodium azide, flow rate: 1 mL/min,
temperature 250° C, Egyptian Institute central laboratory of
the oil.

3.5. Antimicrobial Activity. All synthetic polymer
samples were introduced to investigation as antimicrobial
polymers, but the samples (IV, V, and VI) show the best
activity with respect to all the samples. Therefore, these
polymeric fabrications were considered as the poor antimicro-
bial ones. The chosen three samples prepared by APS are
present.
The agar diffusion technique was used to describe the

antimicrobial activity of the polymer samples.32 Polymer
samples were tested against Gram-positive bacteria (B. subtilis
ATCC 6633 and S. aureus ATCC 35556), Gram-negative
bacteria (E. coli ATCC 23282 and P. aeruginosa ATCC 10145),
yeast (Candida white IMRU 3669), and filamentous fungi (A.
niger ATCC 16404). Bacteria and yeast grow on nutrient agar,
while fungi grow on Czapek’s Dox agar medium. The positive
control bacteria are erythromycin, the fungus is metronidazole,
and the yeast is nalidixic acid. All inspections were performed
in duplicate, and the data listed are the average of the results
obtained.

4. CONCLUSIONS

The chemical modification of low active materials was a target
to introduce a new category of low-cost and active PEC
catalysts. PS oligomers as antimicrobial and photoelectrocata-
lyst for water splitting to generate the H2 fuel were enhanced
by copolymerization with photoelectric active polyaniline.
Different oxidants were used to optimize the quantity of the
generated H2 moles. The best oxidant was found to be a
mixture of APS and FeCl3 (1:1 mole ratio). Different PEC
parameters were optimized such as monochromatic wave-
length, electrode reusability, and stability. The PEC perform-
ance was evaluated using key indicators such as photocurrent
density, conversion efficiency, and the number of hydrogen
moles. The number of hydrogen moles was quantitively
estimated to be 140.4, 160.2, and 300 μmol/h·g@−1 V for
polymer, copolymer, and polymer blend in the presence of
APS + FeCl3 as an oxidant, respectively. Furthermore, the
samples showed antibacterial activities against some hazardous
bacteria such as B. subtilis ATCC 6633 Escherichia coli ATCC
23282 and P. aeruginosa ATCC 10145. Therefore, the present
study overcomes many obstacles, including the rapid and
steady killing of the harmful bacteria from wastewater, in
addition to the efficient production of solar hydrogen fuel from
the PEC water splitting through the synthesis of various new
polymer-based photocatalysts.
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