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a b s t r a c t

The toxic and carcinogenic organic compounds discharge from industries, contaminate the natural reser-
voirs of water and air which eventually pose a global threat not only to the aquatic life but also to the
humanity. Herein, ternary nanocomposites of silver-nanoparticle (AgNPs)-decorated on polyaniline
(Pani)-wrapped zinc oxide nanorods (AgNPs@Pani/ZnO) were prepared via a facile approach. The
nanocomposite degraded 97.91% phenol with an optimized dosage and concentration of H2O2.
Moreover, the apparent rate constant for phenol degradation was 3.69 times higher than for pure ZnO
nanorods. The hydrogen production from AgNPs@Pani/ZnO was 1.58 and 2.74 times higher than Pani/
ZnO and ZnO, respectively. The enhanced phenol degradation and hydrogen production is attributed to
the transfer of holes to the Pani, from which the electrons were transferred to the conduction band of
ZnO and eventually to the conduction band of the AgNPs, where they accelerated the redox reactions
for rapid photolysis of water and phenol. The concentration of the catalyst dosage affected the rate of
phenol degradation. Further, response surface methodology was also applied in order to design 13 sets
of random experiments in which the catalyst dosage and degradation time were varied to predict the
phenol degradation.
� 2022 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
Introduction

Photocatalytic degradation of pollutants with simultaneous
hydrogen production is one of the greener processes aimed to solve
the environment remediation issues and energy crisis [1–3]. The
process is economical and simpler in contrast to photocatalytic
water splitting reaction for hydrogen generation or electrocatalytic
hydrogen production as these require costly instruments and
involves tedious techniques [4,5]. Wastewater discharge from the
chemical industry contains a substantial concentration of highly
toxic and refractory organic pollutants. Thermochemical processes
using wood-based by-products add significant phenolic com-
pounds (such as 2-chlorophenol, o-cresol, and p-nitrophenol) to
water, ranging from 500 to 1000 mg L�1 [6–8]. Phenols have been
extensively used as monomers for polycarbonate production and
epoxy resins in various plastic manufacturing processes [9,10]. In
general, phenol concentrations of 9 to –25 mg L�1 are considered
harmful to aquatic organisms and humans [7]. Owing to their
unique physicochemical properties and complex structure, pheno-
lic compounds may disturb endocrine systems and restrict or block
the normal functioning of natural hormones [11,12]. Thus, the Uni-
ted States Environment Protection Agency (US-EPA) has set the
maximum allowable level of phenol contamination as <2 mg L�1

in drinking water and <1 mg L�1 in surface water [7,13]. Due to
the potential toxicity of phenols and their effects on human health,
it is necessary to develop cost-effective and efficient remediation
technologies to remove phenols from wastewater [14,15].

Several conventional techniques, including distillation, oxida-
tion, and solvent extraction, have been used to remove phenolic
compounds from water. However, these techniques have proven
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costly, inefficient, non-user-friendly, and inapplicable at commer-
cial scales [9,15]. Photocatalytic degradation has emerged as a
promising method for removing phenolic compounds without
any major drawbacks compared to these conventional methods.
Moreover, these photocatalysts can degrade other organic com-
pounds and are easy to synthesize and handle [16].

The desirable properties in such photocatalysts are a small
bandgap, appropriate surface morphology, high surface area, sta-
bility, and reusability. These properties result in highly efficient
activity. Pure metal oxides, such as titanium dioxide, cadmium
oxide, and vanadium pentoxide, have been widely used as pioneer
photocatalytic materials. However, the large bandgap of >3 eV lim-
its their usage in the visible light region, and thus bandgap engi-
neering is required for their usage under a wide spectral range.
Polyaniline (Pani) has been used to attain superior absorption in
the UV and visible light regions for metal oxides, owing to its small
bandgap of �2.8 eV. Pani can supply electrons and holes (donor–
acceptor) for the photosensitizer [17]. The lowering of the bandgap
by Pani is due to the p-p* transition on irradiation: the excited
electrons are transferred to the p* orbital and can be readily trans-
ferred to the conduction band of metal oxides [18]. Pani also
decreases the charge recombination ratio, affects the concentration
of hydroxyl free radicals, and shifts the photo-response of metal
oxides to the visible light regions [16].

Among different metal oxides, zinc oxide (ZnO) has numerous
advantages, including ease of synthesis, low cost, high stability,
tunable bandgap, and an eco-friendly nature [19,20]. The compar-
ative table (Supplementary Table S1) revealed the potential use of
ZnO and its composites with metal/oxides and polymers to
degrade the various harmful pollutants fromwater. In combination
with ZnO, Pani is expected to show a reduced bandgap and high
absorption under a wide range of solar radiation. The performance
of Pani/ZnO can be further improved by the incorporation of Ag
[21]. Introducing Ag resulted in enhanced conductivity of Pani/
ZnO because of the synergistic effect and increased light-
harvesting ability owing to surface plasmon resonance (SPR) [22].
Furthermore, the high oxidation ability of Ag for organic pollutants
under UV and visible light makes it an excellent dopant in the
preparation of ternary photocatalytic materials [23].

Therefore, it is believed that ternary composites of ZnO, Pani,
and Ag will prove to be efficient photocatalysts and have good light
absorption properties due to the synergistic effect of ZnO, Pani, and
Ag nanoparticles. In this work, silver nanoparticles impregnated on
surface of Pani wrapped ZnO (AgNPs@Pani/ZnO) were prepared by
the combustion of zinc acetate to prepare ZnO nanorods and later
coating of Pani on it followed by subsequent deposition of Ag. The
ternary composite possessed narrow bandgap, which reduced the
charge recombination rate and enhanced the photocatalytic effi-
ciency. The prepared nanocomposite, AgNPs@Pani/ZnO, was used
to degrade phenol and produce hydrogen under visible light, and
the obtained results were further validated by simulated response
surface methodology (RSM) studies. The RSM aided understanding
of the experimental and theoretical results that can be further val-
idated by the analysis of variance (ANOVA).
Experimental section

Materials

Aniline, zinc acetate (Zn(CH3CO2)2, silver nitrate (AgNO3), N-
methyl-2-pyrrolidone (NMP), oxidant-potassium persulfate (PPs),
ascorbic acid, hydrochloric acid (HCl), ethanol, and ammonium
hydroxide (NH4OH) were purchased from Sigma Aldrich. Double
distilled aniline was used for the Pani synthesis.
348
Material syntheses

The fabrication of AgNPs@Pani/ZnO was done by synthesizing
ZnO nanorods and Pani and further their composite was decorated
with AgNPs. Firstly, ZnO nanorods was prepared by the combus-
tion of Zn(CH3CO2)2 and for it 4.8 g of Zn(CH3CO2)2 was added to
80 mL of ethanol to obtain a 60 mg mL�1 solution, which was son-
icated and subjected to vigorous stirring until homogenous. The
solution was subsequently left to settle until the Zn(CH3CO2)2
recrystallized. The recrystallized Zn(CH3CO2)2was collected by dis-
carding the ethanol and subsequently heated in glass tube at
450 �C for 45 min to obtain ZnO nanorods [24,25].

Pani emeraldine base solution was prepared by in-situ oxida-
tive polymerization of aniline. Firstly, 1 g of aniline was added to
100 mL of 1 M HCl solution and stirred, and in another beaker,
the oxidant solution was prepared by dissolving 1.48 g of potas-
sium persulphate in 100 mL of 1 M HCl. To polymerize the ani-
line, the oxidant solution was slowly added to the aniline
dispersion. The color of the solution immediately changed to
green, followed by a bluish-black color, thereby confirming the
formation of Pani. The whole solution of Pani was left for 24 h
for complete polymerization. The Pani was separated by filtra-
tion and centrifugation, further washed with excess of water
and ethanol, and subsequently de-doped with 1 M ammonia
solution to obtain Pani base. The Pani base was washed with
excess water and ethanol and dried at 80 �C for 12 h. To prepare
the Pani solution, 0.5 g of emeraldine base was dissolved in
50 mL of N-methyl-2-pyrrolidone and stirred. The undissolved
Pani was removed by filtration and centrifugation, resulting in
a homogenous Pani solution [25].

To coat the ZnO nanorods with Pani, 0.2 g of nanorods were
spread on filter paper, and 0.2 mL of Pani solution was added to
it dropwise. The filter paper absorbed the excess Pani, and after
drying, the Pani-coated ZnO was removed, placed in a Petri dish
and dried at 80 �C for 12 h to obtain Pani/ZnO.

To prepare the ternary AgNPs@Pani/ZnO nanocomposite, 0.5 g
of Pani/ZnO was added to 100 mL of 0.002 M ascorbic acid, placed
in an ice bath, and stirred for one hour. Next, 30 mL of 0.001 M
AgNO3 was added to the mixture of Pani/ZnO from a burette at
the rate of one drop/second. The color of the mixture changed to
gray, and the mixture was filtered and centrifuged to extract the
AgNPs@Pani/ZnO. The AgNPs@Pani/ZnO was subsequently washed
with water and ethanol followed by drying at 80 �C for 24 h. The
schematic representation of the experimental procedure is shown
in Fig. 1.
Characterizations

Structural properties of AgNPs@Pani/ZnO were evaluated
through X-ray diffraction (XRD) spectroscopy of Rigaku (Ultima
IV). The diffraction angle were fixed 5O to 80O for all prepared
samples. Surface chemical composition was explored by X-ray
photoelectron spectroscopy (XPS-Physical electronics VersaPro-
bII) under high vacuum of 1.1x10-6 Pascal. The charge recombi-
nation ratio was investigated by photoluminescence
spectroscopy (PL) of shimadzu-RF-5301PC while diffuse reflec-
tance spectroscopy (HACH LANGE DR 6000) was used to calcu-
late the optical band gap. Field emission scanning electron
microscopy (FESEM) of JEOL (JSM7600 F) and transmission elec-
tron microscopy (TEM) was applied for the surface morphology
of AgNPs@Pani/ZnO. The energy-dispersive X-ray spectroscopy
(Oxford instrument –X-stream2) attached to JEOL (JSM7600 F)
was also used to detect the elemental composition of AgNP-
s@Pani/ZnO.



Fig. 1. Schematic illustration of the synthesis of AgNPs@Pani/ZnO.
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Photocatalysis hydrogen production experiments

The photocatalytic activity of ZnO, Pani/ZnO, and AgNPs@Pani/
ZnO was investigated by studying the degradation of phenol. In
this experiment, 230 mg (optimized against 200 mg, 230 and
260 mg as presented in supplementary Fig. S1) of the photocatalyst
was added to 350 mL of simulated wastewater containing 50 ppm
phenolic contamination. To reach adsorption–desorption equilib-
rium, the solution was kept in the dark for 60 min. The phenol
and catalyst mixture was irradiated by visible light (80 watt,
450 nm). Furthermore, a 10 mL aliquot of the solution was taken
after an interval of 1 h, and the degradation of phenol was analyzed
using UV–Visible spectroscopy. The degradation efficiency of ZnO,
Pani/ZnO, and AgNPs@Pani/ZnO was calculated with the following
equation [26]:

Degradation %ð Þ ¼ ðCo � Ct

Co
Þ100 ð1Þ

where Co is the initial concentration of phenol, and Ct represents the
phenol concentration after the set interval of time (1 h). After calcu-
lating the photocatalytic efficiency, the following equation was
applied to find the apparent rate constant (k) for ZnO, Pani/ZnO,
and AgNPs@Pani/ZnO [27].

lnð C
Co

Þ ¼ �kt ð2Þ

The hydrogen evolution reaction was performed using methanol
(15%) as sacrificial agent with an optimized mass concentration of
(0.4 g) AgNPs@Pani/ZnO.
Results and discussion

Structural analysis

The well-defined and sharp diffraction spectra (Fig. 2a) of ZnO,
Pani/ZnO, and AgNPs@Pani/ZnO indicate that all prepared samples
have a crystalline nature. The most intense diffraction plane
observed was (101) at 2h = 36.45, and all the observed diffraction
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planes (Supplementary Table S2) well matched with JCPDS# 01-
078-3325, zinc oxide. However, after incorporating Pani onto
ZnO (Fig. 2a), the diffraction peaks showed slight shifting in 2h val-
ues owing to the interactions between the two, which is consistent
with the previous literature [28]. Moreover, the diffraction peak of
Pani is not distinct, and this can be attributed to the interaction of
the hydrogen bonds of Pani and the oxygen vacancies of ZnO, and
also to the low concent of Pani in the composite [29]. Further, addi-
tional diffraction peaks were observed for AgNPs@Pani/ZnO at
2h = 38.25, 44.42, and 64.55, associated to the (111), (200), and
(220) diffraction planes, respectively. These additional planes
matched well with JCPDS # 00-001-1167, Ag. In summary, no
unknown diffraction peaks were observed in ZnO, Pani/ZnO, or
AgNPs@Pani/ZnO, indicating the efficacy of the synthesis
methodology.

The addition of Pani and Ag to ZnO may change its grain size,
thereby affecting the photocatalytic activity. Therefore, the grain
size was calculated by applying the Scherrer equation [26]. The
grain sizes (Fig. 2b) of ZnO, Pani/ZnO, and AgNPs@Pani/ZnO were
calculated to be 30.68, 26.58, and 29.97 nm, respectively. The
decrease in the grain size of Pani/ZnO in comparison to pure ZnO
is attributed to the strong interaction and hitching of Pani mole-
cules to the surface of ZnO [30,31]. Moreover, in AgNPs@Pani/
ZnO, a smaller reduction in grain size was noticed compared to
pure ZnO. This variation is due to the difference in the ionic radii
of ZnO (0.74 Å) and Ag (1.26 Å) [32]. The reduction in grain size
after adding Ag is also in good agreement with previous studies
[33].
Chemical state analysis

The surface of the photocatalyst provides attractive sites to cap-
ture the pollutants from the wastewater; therefore, XPS was used
to analyze the surface composition of ZnO, Pani/ZnO, and AgNP-
s@Pani/ZnO. Fig. 3a shows the survey scan, while Fig. 3b gives
the atomic weight percentage of each detected element. A survey
scan of ZnO shows only Zn and O1s, while the scan of Pani/ZnO
revealed additional C1s and N1s peaks. These additional peaks con-



Fig. 2. (a) Diffraction spectra and (b) calculated grain sizes of ZnO, Pani/ZnO, and AgNPs@Pani/ZnO.

Fig. 3. (a) Survey scan and (b) detected atomic percentages of elements in ZnO, Pani/ZnO and AgNPs@Pani/ZnO.
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firm the presence of Pani alongside ZnO. Furthermore, in the case
of AgNPs@Pani/ZnO, the presence of Ag3d and Ag3p3 peaks sup-
ports the addition of Ag to Pani/ZnO. Moreover, the absence of
any other unknown peak for ZnO, Pani/ZnO, or AgNPs@Pani/ZnO
substantiates the efficacy of the synthesis technique. The atomic
percentages of Zn2p for ZnO, Pani/ZnO, and AgNPs@Pani/ZnO were
30.1, 17.5, and 23.5%, respectively, while the percentage of O1s was
69.9, 36.1, and 38.3%, respectively (Fig. 3b). The amount of C1s pre-
sent in Pani/ZnO and AgNPs@Pani/ZnO was 40.3 and 21.8%, respec-
tively. In AgNPs@Pani/ZnO, the Ag3d and Ag3p3 peaks were
detected at percentages around 8.3 and 2.3%, respectively. More-
over, the N1s peak was around 6.1 and 5.8% for Pani/ZnO and
AgNPs@Pani/ZnO, respectively.

The XPS study was extended to investigate the functional
groups attached to the detected elements. Therefore, chemical
state analysis of Zn2p3, Ag3d, C1s, N1s, and O1s was performed.
The Zn2p3 of ZnO (Fig. 4a) shows two peaks at 1021.09 and
1022.58 eV with a separation of 1.48 eV. These peaks are attributed
to metallic Zn and also Zn with oxygen vacancies (Zn-O) [34]. How-
ever, when Pani and Ag were added to ZnO (Fig. 4b and 4c), the
separation between Zn and Zn-O changed to 0.95 eV and 0.32 eV,
respectively, confirming the successful interaction between ZnO,
Pani, and Ag. Furthermore, the oxygen vacancies interaction (i.e.,
Zn-O) constantly increased from 8.51, to 20.33, and 79.77% for
ZnO, Pani/ZnO, and AgNPs@Pani/ZnO, respectively. This increase
in oxygen vacancy interactions provides sites for the capturing of
the phenol molecules by reducing the charge recombination ratio,
thereby resulting in the enhanced photocatalytic degradation of
ZnO composites [35]. Moreover, the chemical state of Ag3d for
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AgNPs@Pani/ZnO (Fig. 4d) shows the appearance of Ag3d5/2 and
Ag3d3/2 at 368 and 374 eV, respectively [34].

C1s spectra of Pani/ZnO (Fig. 5a) reveal the existence of alipha-
tic carbon (C–C), carboxyl (C–O), and carboxylate (O–C=O) func-
tional groups with atomic percentages of 68.96, 24.32, and 6.72,
respectively. The peaks of these functional groups are located at
284.5, 285.5, and 288.4 eV, which is in agreement with previous
studies of C1s [34]. However, with the addition of Ag to Pani/ZnO
(Fig. 5b), the atomic percentages of functional groups changed to
29.83, 65.74, and 4.43% for C–C, C–O, and O–C=O, respectively.
Moreover, an increase in hydroxyl functional groups also acceler-
ates the photocatalytic process [36], which was also observed in
our photocatalytic results (Fig. 9).

The N1s spectra of Pani/ZnO (Fig. 5c) and AgNPs/Pani/ZnO
(Fig. 5d) revealed three peaks at 398.2, 399.8, and 401.5 eV, which
is attributed to C–N bonds, O=C–N, and positively charged nitrogen
ions (–N+) [34,37]. However, the addition of Ag to Pani/ZnO
affected the atomic percentages of these functional groups. The
percentage of C-N was observed to be 49.87 and 17.01% for Pani/
ZnO and AgNPs@Pani/ZnO, respectively. Furthermore, the percent-
age of O=C–N increased from 31.10 to 63.69% from Pani/ZnO to
AgNPs@Pani/ZnO. Moreover, the difference in the percentage of –
N+ was 19.06 and 19.31% for Pani/ZnO and AgNPs@Pani/ZnO,
respectively (Fig. 10).

The O1s spectra of ZnO (Fig. 6a) contained two peaks at
529.9 eV and 531.4 eV, which were attributed to the lattice oxygen
(Olat) and the hydroxyl group (–OH). The atomic percentage of Olat

and –OH was 62.54 and 37.46%, respectively [34]. However, with
the addition of Pani and Ag (Fig. 6b–c), an additional peak was
observed at 533.1 eV, which represented the attachment of oxygen



Fig. 4. Zn2p3 analysis of (a) ZnO, (b) Pani/ZnO, (c) AgNPs@Pani/ZnO and (d) Ag3d of AgNPs@Pani/ZnO.

Fig. 5. C1s spectra of (a) Pani/ZnO and (b) AgNPs@Pani/ZnO and N1s spectra of (c) Pani/ZnO and (d) AgNPs@Pani/ZnO.
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Fig. 6. O1s functional group evaluation for (a) ZnO, (b) Pani/ZnO, and (c) AgNPs@Pani/ZnO.
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and carbon through single and double bonds (O–C=O) [34]. There-
fore, Pani/ZnO and AgNPs@Pani/ZnO consisted of 10.40 and 6.37 %,
respectively of O–C=O.
Optical properties

Fig. 7a shows the absorbance spectra of ZnO, Pani/ZnO, and
AgNPs@Pani/ZnO. ZnO shows absorbance edge at around 400 nm,
while in Pani/ZnO, this edge shifted to a higher wavelength, con-
firming the absorption of a higher number of photons [36]. More-
over, a small hump was observed in Pani/ZnO near 450 nm, which
is attributed to the polaronic transition (p*) of the Pani chain [38].
For AgNPs@Pani/ZnO, the absorption edge increased, and a small
hump was noted at �440 nm wavelength, attributed to the SPR
of Ag. Moreover, SPR is a fundamental characteristic of Ag, attribu-
ted to the oscillation or absorption of light photons possessing
higher energy levels. These properties could improve the charge
carrier activity in AgNPs@Pani/ZnO, resulting in enhanced wastew-
ater cleaning through a facile photocatalytic process.

Moreover, this charge movement affects the bandgap of the
prepared photocatalyst computed using the following equation
[39].

F ReflectanceðRð ÞÞ ¼ ð1� R
100

Þ
2

=2R ð3Þ

The bandgap of ZnO (Fig. 7b) was calculated to be �3.24 eV, which
is lower than previously reported values [40]. The lower bandgap of
the photocatalyst is due to its high conductivity. Furthermore, the
bandgaps of Pani/ZnO and AgNPs@Pani/ZnO were observed to be
�3.21 and 3.13 eV, respectively (Fig. 7c), indicating the highly con-
ductive nature of AgNPs@Pani/ZnO compared to the other two pho-
tocatalysts. The decrease in the bandgap from 3.24 eV to 3.13 eV
showed the role of Pani and Ag in improving the shift of charge car-
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riers from the valance shell to the conduction band of the prepared
ternary AgNPs@Pani/ZnO.

The transferred charge carriers could recombine, affecting the
photocatalytic performance of the prepared ternary nanocompos-
ites. Moreover, higher charge recombination could result in lower
photocatalytic performance of the nanomaterial for wastewater
cleaning. Hence, the charge recombination ratios of the nanoparti-
cles were demonstrated by PL spectra (Fig. 7d). For ZnO, the PL
bands at �392 and 468 nm were assigned to blue and green emis-
sions, respectively [41,42]. The blue emission in the PL spectra
shows the recombination of excitons from the conduction band
to the valance band. In contrast, the green emission reflects surface
defects due to Zn, interstitial O, and vacancies [43].

Furthermore, the PL spectral intensity is directly related to the
charge recombination ratio. Here, the reduction in PL spectra
intensity from the incorporation of Pani and Ag nanoparticles in
ZnO supports a decrease in the charge recombination ratio of the
photocatalyst. The shift in PL bands for Pani/ZnO compared to pure
ZnO is due to the substantial reaction between the imine func-
tional groups of Pani and the ZnO interstitials. This reaction could
result in surface defects, which could offer attractive binding sites
to remove contaminants. Moreover, AgNPs@Pani/ZnO had a
broader PL spectra peak, which might be due to fluctuations in sur-
face defects [44]. Overall, these surface defects, which indicate
attractive sites, could increase the photocatalytic performance of
the nanoparticles prepared for wastewater cleaning.

Surface morphology

The FSEM images of ZnO, Pani/ZnO, and AgNPs@Pani/ZnO are
presented in Fig. 8a-c. In the case of pure ZnO (Fig. 8a), hexagonal
rods with well-defined edges were observed. The length of the rods
varies from �100 to �800 nm, while the thickness is <100 nm. The
presence of several small rods may be due to the breakage of larger



Fig. 7. (a) Absorption spectra, (b) bandgap conduction, (c) energy gap presentation, and (d) charge recombination ratio of ZnO, Pani/ZnO, and AgNPs@Pani/ZnO.

Fig. 8. FESEM analysis of ZnO (a), Pani/ZnO (b) and AgNPs@Pani/ZnO (c). TEM analysis of AgNPs@Pani/ZnO at different magnifications (d–f).
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rods or due to seeds that failed to grow unidirectionally, resulting
in breakage. Pani/ZnO (Fig. 8b) also shows rod-like morphology,
but here the edges are broken and not well defined, which might
be due to the penetration of Pani inside or the breakage or solubi-
lization of ZnO during the coating process. The morphology of
AgNPs@Pani/ZnO (Fig. 8c) is similar to Pani/ZnO, but small round
Ag particles are present between the tubes at various places, sug-
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gesting the incorporation of Ag into Pani/ZnO. Many more Ag par-
ticles may be sandwiched or embedded inside and are not visible.
Therefore, TEM analysis of AgNPs@Pani/ZnO was performed. More-
over, the energy dispersive spectroscopy was also used to investi-
gate the elemental composition of prepared composites and the
results (supplementary Fig. S2) showed the presence of zinc, oxy-
gen, carbon nitrogen, and silver nanoparticles without any impuri-
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ties. Moreover, elemental mapping of AgNPs@Pani/ZnO (supple-
mentary Fig. S3) was also performed to reveal the distribution of
detected elements.

The TEM images of AgNPs@Pani/ZnO show Ag nanoparticles
anchored on Pani-coated ZnO (Fig. 8d–f). The observed thickness
of the Pani-coated ZnO nanorods is �60 nm, while the length
is � 200 nm, and the observed diameter of the Ag nanoparticles
is 20–60 nm.
Photocatalytic degradation of phenol

Photodegradation of phenol by AgNPs/Pani@ZnO
The performance of ZnO, Pani/ZnO, and AgNPs@Pani/ZnO for

phenol degradation was investigated under visible light. However,
before starting the photocatalytic experiments, 230 mg/350 mL
photocatalyst was constantly stirred for 1 h in the dark to obtain
adsorption–desorption equilibrium between the phenolic com-
pound and the catalyst (Fig. 9a).

The photocatalytic activity of the ZnO (Fig. 9a) toward phenol
was 31.61%. This low phenol degradation is due to the wide band-
gap of the rapid recombination of charge carrier movements from
the valence to the conduction band. However, after covering the
ZnO with the Pani, phenol degradation was enhanced to 43.45%.
The degradation by the Pani/ZnO was �1.37 times higher than that
of ZnO under the same experimental conditions. These results
showed that the presence of Pani increased the activity of the
ZnO. Subsequently, wrapping the ZnO with Pani chains allowed
the excitation of the valence bond electrons of the photocatalyst
under visible irradiation, which produces active radicals to degrade
the phenolic compounds. Moreover, the insertion of Pani into ZnO
nanorods could produce effective charge separation of electron and
hole pairs, hindering rapid recombination of charge carriers, which
can also be seen in the PL spectra (Fig. 7d).

The degradation of phenol was further accelerated by adding Ag
nanoparticles to the Pani/ZnO. The AgNPs@Pani/ZnO photode-
graded henol by 74.43%, which is greater than pure ZnO or Pani/
Fig. 9. (a) Degradation percentage, (b) calculated kinetic rate, (c) apparent rate constant,
dosage for AgNPs@Pani/ZnO and (f) reusability of AgNPs@Pani/ZnO for four consecutive
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ZnO. The enhancement of phenol degradation by AgNPs@Pani/
ZnO is attributed to the formation of binary and ternary hetero-
junctions among ZnO, Pani, and Ag. Moreover, the SPR of Ag also
contributes in enhancing the charge carrier movements by reduc-
ing the charge recombination ratio. These results are also consis-
tent with the bandgap and PL analysis (Fig. 7b and d). The
apparent rate constant of AgNPs@Pani/ZnO was 0.17202 which
is, 1.53 and 3.69 times higher than Pani/ZnO and ZnO, respectively.

Role of environmental features
Influence of added H2O2 concentration on phenol photodegrada-
tion. The effects of adding H2O2 on phenol degradation were
tested. The addition of H2O2 could produce greater OH� concentra-
tions, which can enhance the mineralization of pollutants. There-
fore, ZnO, Pani/ZnO, and AgNPs@Pani/ZnO were tested using
H2O2 (25 mM/H2O2 30% concentration), and the results are shown
in Fig. 9d. The photocatalytic efficiency of the ZnO increased from
31.61 to 90.33%. This increase in the efficiency of ZnO after the
addition of H2O2 is attributed to the availability of more reactive
hydroxyl radicals that further hinder the charge recombination of
the charged particles (electrons and holes) [45]. Furthermore, in
the cases of Pani/ZnO and AgNPs@Pani/ZnO, the degradation of
phenol with the addition of H2O2 was measured to be 93.05 and
97.91%, respectively, under the same experimental conditions. In
summary, active radical sites can be produced by adding H2O2,
which eventually enhances the degradation phenomenon through
oxidation [46].

Role of catalyst dosage for phenol degradation. Catalyst dosage is
also a crucial factor to enhance or decrease photocatalytic effi-
ciency. Therefore, knowledge of the optimal amount of photocata-
lyst is essential to obtain the maximum degradation of the
pollutants. Light scattering and screening effects may reduce the
degradation efficiency once the catalyst dosage exceeds the opti-
mal value [47]. Therefore, a series of experiments were conducted
to determine the optimal dosage of AgNPs@Pani/ZnO for the max-
(d) effect of H2O2 for ZnO, Pani/ZnO, and AgNPs@Pani/ZnO, (e) effect of the catalyst
cycles.



Fig. 10. Three-dimensional (a) and two-dimensional contour RSM graphs for optimized catalyst dosage for AgNPs@Pani/ZnO (b).
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imum phenol degradation. The catalyst dosage was varied from 0.1
to 0.6 g with an interval of 0.1 g. The catalytic activity of AgNP-
s@Pani/ZnO (Fig. 9e) was found to increase with increased dosage
from 0.1 g to 0.4 g and was 81.39%. However, at dosages of the cat-
alyst over 0.4 g, the efficiency declined. Consequently, 0.5 and 0.6 g
doses of catalyst showed a decreasing trend in the efficiency of
AgNPs@Pani/ZnO. Therefore, 0.4 g was the optimal catalyst dosage,
with maximum degradation efficiency compared to 0.1 g, 0.2, 0.3,
0.5, and 0.6 g. These results also indicated the light-shielding effect
at higher dosages, that is, at 0.5 and 0.6 g. Moreover, the optimized
0.4 g concentration was used to check the cyclic reusability of
AgNPs@Pani/ZnO for four consecutive cycles (Fig. 9d). The catalytic
efficiency remained remained to be 80.75% after the fourth cycle.
These results indicated the potential usage of AgNPs@Pani/ZnO
for phenol degradation under visible light. The pH of the reaction
is also one the major factors which effect the photocatalytic effi-
ciency. The surface charge, size and morphology of the subjected
photocatalyst is affected by the change in pH which ultimately
affects the reaction efficiency [48]. The degradation efficiency of
AgNPs@Pani/ZnO investigated at different pH of 3, 5, 7, 9 and 11
showed increase in the photocatalytic phenol degradation with
the rise in pH from 3 to 9 and afterwards the degradation efficiency
decreased on further increase in pH to 11 (Supplementary Fig. S4).
The enhanced photocatalytic efficiency in alkaline pH is attributed
to the release of more hydroxyl groups [49] which ultimately
enhanced the photocatalytic efficiency of AgNPs@Pani/ZnO.
Response surface methodology

In addition to catalyst dosage optimization, Design-Expert soft-
ware was also used to predict the degradation efficiency of AgNP-
s@Pani/ZnO. For this purpose, the catalyst dosage was chosen as
the variable (0–0.6 g) concerning irradiation time. A total of 13
experiments was run randomly to predict the degradation of phe-
nol. This random test run reduced the systematic bias caused by
the catalyst dosage to the irradiation time. The following equation
was obtained to predict the phenol degradation by changing the
Table 1
ANOVA model through RSM for AgNPs@Pani/ZnO.

Source Sum of Squares df Mean Squar

Model 4557.104646 5 911.42092
A-Catalyst dosage 124.4889807 1 124.48898
B-Irradiation time 3248.570582 1 3248.57058
AB 57.95365805 1 57.95365
A2 1100.231154 1 1100.23115
B2 0.511752047 1 0.51175
Residual 39.87623506 7 5.69660
Lack of Fit 39.87623506 3 13.29207
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catalyst dosage and irradiation time of AgNPs@Pani/ZnO under
the set experimental conditions.

Degradation ¼ �14:06289ð Þ þ 141:4058 � Catalystdosageð Þ
þ 3:56996 � Irradiationtimeð Þ
þ 3:80636 � Catalystdosage � Irradiationtimeð Þ
� ð201:21756 � Catalystdosage2Þ þ ð:016952
� Irradiationtime2

Moreover, the detail of each designed experiment and their rel-
evant degradation of phenol is documented in Table S3 (Supple-
mentary Information). Furthermore, the ANOVA model was
applied to check and test the designed hypotheses for phenol
degradation using AgNPs@Pani/ZnO. The results are documented
in Table 1, and the F-value was around 159.99, which indicated
that the model is significant with a chance of 0.01%.
Photocatalytic hydrogen production

A catalyst dosage of 0.4 g resulted in the maximum phenol
degradation; therefore, this dosage was used for the hydrogen pro-
duction experiment. The hydrogen production of ZnO was
(Fig. 11a) 985.3 lmol g�1, and this low hydrogen production is
attributed to the high charge recombination ratio and short exciton
diffusion of semiconductors with a wide bandgap [50]. However,
Pani/ZnO had hydrogen production of 1702.1 lmol g�1, i.e. 1.72
times higher than ZnO. This enhancement is attributed to the p-
p* transition, which reduces the bandgap, lowers the charge
recombination ratio, and increases the charge carrier mobility
[51]. The hydrogen production was further increased by adding
Ag and was around 1.58 and 2.74 times higher than that of Pani/
ZnO and ZnO, respectively. These results indicate the positive role
of Ag in enhancing hydrogen production. The SPR of Ag helped in
delaying the recombination ratio while increasing the formation
ratio of the charge carriers, thereby reducing the bandgap [52],
as confirmed by optical observations shown in Fig. 7. Fig. 11b
e F-Value p-value Prob > F

91 159.9937 < 0.0001 significant
07 21.85319 0.0023
2 570.2643 < 0.0001
805 10.17337 0.0153
4 193.138 < 0.0001
2047 0.089835 0.7731
5008
835



Fig. 11. (a) Hydrogen production and (b) reaction rate of ZnO, Pani/ZnO, and AgNPs@Pani/ZnO,
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shows the hydrogen production rates for ZnO, Pani/ZnO, and AgNP-
s@Pani/ZnO.

The rate of hydrogen production can be adjusted by adjusting
the pH of the reaction media. The charge on the catalyst is pH
dependent and thus the change in pH may alter the valence and
conduction bands level during the redox reaction [53,54]. The
AgNPs@Pani/ZnO shows (supplementary Fig. S5) the change in
hydrogen production with the change in pH which ranged from
3371.81 to 4713.09 lmol g�1 at 3 and 9 pH respectively. Thus, it
Fig. 12. Proposed photocatalytic mechanisms: (a-b) the formation of possible b
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can be concluded that the volume of produced hydrogen can be
easily controlled by adjusting the reaction pH [53].

Proposed photocatalytic mechanism

The proposed mechanism for the degradation of phenol by
AgNPs@Pani/ZnO is shown in Fig. 12. There seems three different
possibilities for the formation of binary and ternary heterojunc-
tions with ZnO. Considering the binary heterojunction of ZnO
inary heterojunctions and (c) ternary heterojunctions of AgNPs@Pani/ZnO.
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and Pani (Fig. 12a), the energy level of the highest occupied molec-
ular orbital for Pani is between the CB and VB of ZnO. Upon the
irradiation of Pani/ZnO with visible light, ZnO transfers the holes
to Pani, and consequently, the electrons are transported to the con-
duction band of ZnO. Furthermore, the excess holes in Pani reacts
with the phenol, and oxidation results in the degradation of phe-
nol. Moreover, the generated electron reacts with the dissolved
oxygen, contributing to the degradation of the phenol. In the case
of an Ag@ZnO binary heterojunction (Fig. 12b), the difference in
the work functions of ZnO (5.2 eV) and Ag (4.26 eV) leads to the
transport of electrons from ZnO to the CB of the Ag [55]. This indi-
cates the role of Ag as electron storage, which further reduces the
charge recombination ratio by producing the Schottky barrier and
enhances the photocatalytic degradation under visible light [56]. In
addition to these factors, the SPR of Ag also promotes electron
movement by harvesting photons, thus helping in the enhance-
ment of photocatalytic activity. For the formation of ternary
heterojunctions in AgNPs@Pani/ZnO (Fig. 12c), it can be hypothe-
sized that holes move to Pani, which transfers electrons to the con-
duction band of ZnO, and ZnO will eventually transfer electrons to
the conduction band of Ag, where they accelerate the oxidation
and reduction processes to produce free radicals. These radicals
are captured by the phenol, resulting in the degradation process.
However, several other factors also affect the photocatalytic degra-
dation process, such as grain size, morphology, and chemical state
interactions of the photocatalyst.

XPS analysis showed increase in oxygen vacancies, which pro-
vided attractive sites to capture the phenolic compounds during
the degradation process. Moreover, the interaction bonding of
O=C–N and C–O and the SPR of Ag enhanced the efficiency of AgNP-
s@Pani/ZnO for phenol degradation.
Conclusion

In this research, the hydrogen production and the photocat-
alytic activity of AgNPs@Pani/ZnO were successfully compared
with those of Pani/ZnO and ZnO. Structural, surface chemical state,
and optical conduction were investigated to understand the
enhanced phenol degradation and hydrogen production with
AgNPs@Pani/ZnO. The Ag and Pani affected the movement of the
charge carrier by reducing the bandgap from 3.24 eV to 3.13 eV.
XPS analysis revealed the potential of C–C, C–O, C–N, O–C=O, and
–N+ functional groups to contribute to the phenol degradation
and hydrogen production process. Diffraction analysis confirmed
the variation in grain size without changing the preferred crystal
orientation. More interestingly, environmental features such as
catalyst dosage, irradiation time, and pH affect the rate of phenol
degradation by AgNPs@Pani/ZnO.

The RSM was used to design and predict phenol degradation
equations by varying the experimental conditions and ANOVA
results were found to be statistically significant. Finally, a proposed
mechanism for the degradation of phenol through AgNPs@Pani/
ZnO involves the transfer of holes from ZnO to Pani, eventually
causing the electrons to transfer from Pani to ZnO and finally toAg
from the ZnO with supporting SPR. This mechanism accelerates the
oxidation and reduction processes to produce free radicals, which
are desirable for the enhanced degradation of phenol. Based on this
study, the use of metals and polymers over metal oxides can reme-
diate environmental issues in an easy and precise way.
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