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ABSTRACT

One-dimensional ternary nanostructures, Ag,CO3 nanorod cores coated with an
intermediate layer of Ag nanoparticles (NPs) and a sheath of conducting polymer
polyaniline (PANID), Ag,CO;/Ag/PANI composite nanorods (CNRs), were
successfully prepared via a facile two-step method. Ag NPs were first uniformly
anchored onto the Ag,CO3 nanorods to form binary Ag,CO5;/Ag CNRs with an
in situ visible-light-induced reduction strategy, and then the Ag,CO3;/Ag CNRs
were coated with PANI of different contents through a simple chemisorption
approach. The as-obtained hybrids exhibit significantly enhanced photoelectro-
chemical current response and photoactivity in degrading methyl orange under
visible-light illumination (4 > 420 nm). The improved photoactivity was found
to be related to the intermediate Ag between Ag,CO; and PANI which facilitates
the separation efficiency of photogenerated carriers, and an optimal weight
percent of 2.0% PANI was observed. The origin of enhanced photoactivity was
further investigated by a radical-trapping test, and a Z-scheme mechanism was
proposed to explain the charge separation behaviors.

Introduction [1-5]. Fast recombination of photogenerated electron—
hole pairs is the major cause of low utilization rate of
In recent years, hetero-nanostructured photocatalysts solar light, and it is still a great challenge to obtain

have been widely examined from both fundamental ~ enhanced photocatalytic efficiency with currently
and practical perspectives such as in water treatments available photocatalysts. Conducting polymers,
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including polypyrrole (PPy), polythiophene (PTP),
polyaniline (PANI), and their derivatives, exhibit
good environmental stability and electrical conduc-
tivity, a wide range of visible-light absorption, and fast
charge carrier transfer ability, making them useful in
the field of photocatalysis [6-10]. Being relatively
cheap and easy to synthesize, PANI has been inten-
sively studied as one of the most promising conduct-
ing polymers [11]. Various reports have demonstrated
that semiconductor composite photocatalysts modi-
fied with PANI, such as PANI/CdS [12], PANI/TiO,
[13], PANI/BiVOy, [14], and PANI/ZnO [15], with a
higher separation efficiency of photogenerated elec-
tron-hole pairs, exhibit greatly improved photocat-
alytic performance in photodegrading organic
pollutants under visible-light irradiation.

Very recently, Ag-based compounds have been
regarded as a new family of high-efficiency visible-
light-driven photocatalytic materials [16-18], and
especially one-dimensional (1D) Ag-based heterostruc-
tured photocatalysts have attracted extensive atten-
tion because of their high aspect ratios and novel
physicochemical properties [19-21]. We have suc-
cessfully synthesized 1D binary MS-Ag (M = Ag, Pb,
Zn, Cd) hybrid nanotubes and Ag,CO;/Ag/AgBr
ternary composite nanorods (CNRs) using Ag,CO;
NRs as the template, which all exhibit significantly
enhanced visible-light-driven photoactivity for
organic pollutant degradation [22-24]. However,
some inherent limitations of Ag,CO; material, such as
incompatibility between various materials, usually
result in poor structural stability and uniformity of the
resulting nanocomposites. Therefore, it is of great
interest to develop suitable surface engineering
methods to synthesize Ag,CO3-based nanocomposites
and to inhibit their photocorrosion damage. Coating
Ag,CO3; NRs with a thin layer of PANI may be an
effective method to stabilize the surface and inhibit the
photocorrosion process. More importantly, the prop-
erties of the final product, such as optical and catalytic
properties, might also be altered by the modification of
PANI nanocoating.

In this work, we have designed another ternary
hybrid photocatalytic structure, 1D Ag,CO5;/Ag/
PANI CNRs, and herein report the preparation
method and improved photocatalytic performance.
The Ag,CO3;/Ag/PANI CNRs were prepared via a
facile in situ visible-light-induced reduction of Ag,.
CO; NRs followed by a simple chemisorption of
PANI As expected, the as-obtained 1D ternary
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Ag,CO3;/Ag/PANI CNRs exhibited significantly
enhanced photoelectrochemical current response and
photoactivity for the photodegradation of methyl
orange (MO) wunder visible-light illumination
(4 > 420 nm), and an optimal PANI weight percent
(2.0%) was observed. To understand the origin of the
observed enhanced photoactivity, a radical-trapping
test was also performed, and a Z-scheme charge
transfer mechanism was proposed to describe the
separation behaviors of photogenerated carriers. This
work demonstrates the synthesis of a visible-light-
responsive composite photocatalyst and its potential
in environmental remediation applications.

Experimental section

The reagents utilized in this work, purchased from the
Shanghai Chemical Reagent Factory, were all of ana-
lytical grade and used as received without further
purification. The Ag,CO3;/Ag/PANI CNRs were pre-
pared via a two-step strategy, in which Ag,CO;/Ag
CNRs were first obtained and then PANI was coated.

Synthesis of 1D binary Ag,CO;/Ag CNRs

To obtain Ag,CO3/Ag CNRs, Ag,CO3; NRs were first
prepared by a simple precipitation process. Briefly,
0.5 mol of AgNO; and 1.0 g of polyvinylpyrrolidone
(PVP) were dissolved in 20 mL of distilled water to
obtain a clear solution, and 20 mL of pre-prepared
NaHCO; aqueous solution (0.05 M) was then drop-
wise added. After several minutes of precipitation,
the solution turned gray, indicating the formation of
Ag,CO3; NRs. Then, the as-prepared Ag,CO; NRs
were collected by centrifugation, washed with dis-
tilled water and ethanol for several times, and dried
at 60 °C for 6 h in a vacuum oven. The Ag,CO; NRs
were dispersed in water and irradiated with visible
light (A > 420 nm) for about 1 h to produce 1D binary
Ag,CO3/Ag CNRs [24].

Synthesis of 1D ternary Ag,CO3/Ag/PANI
CNRs

PANI was first prepared via a typical process [25],
started with dispersing 10 mL of aniline in 200 mL of
HCI (1 M) to form a hazel-colored transparent solu-
tion. 20 g of (NH4)S,0g was dissolved in 200 mL of
1 M HCI and then mixed with the hazel solution. The
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mixture was stirred until a brown slurry was
obtained and then kept at 0 °C for 5 h to allow the
polymerization reaction to complete. The obtained
suspension was centrifuged, washed several times
with distilled water and ethanol, and then dissolved
in 100 mL of 0.1 M NHj3-H,O by stirring for 24 h to
produce PANI. The resulting PANI was collected by
centrifugation, washed with distilled water and
ethanol for several times, and dried at 60 °C for 8 hin
a vacuum oven. Finally, Ag,CO3;/Ag/PANI hybrid
photocatalysts were prepared by dispersing the as-
prepared Ag,CO;/Ag binary CNRs and PANI in
20 mL of tetrahydrofuran (THF) and stirring for 12 h,
and the collected products were washed with dis-
tilled water and ethanol three times before being
dried at 60 °C for 8 h. To investigate the effect of
PANI on the formation of 1D ternary Ag,CO5;/Ag/
PANI composite photocatalysts, 50 mg of Ag,CO5/
Ag CNRs were mixed with different amounts of
PANI to obtain a series of products with different
weight percents of PANI, 0.5, 1.0, 2.0, 3.0, and 5.0%,
which are denoted as samples CNR-0.5, CNR-1,
CNR-2, CNR-3, and CNR-5, respectively.

Characterizations

Scanning electron microscopy (SEM) characterization
was performed with a Hitachi 5-4800 scanning elec-
tron micro-analyzer with an accelerating voltage of
15 kV, and powder X-ray diffraction (XRD) mea-
surements were performed with a Philips PW3040/
60 X-ray diffractometer using Cu Ko radiation at a
scanning rate of 0.06 s~'. A PerkinElmer Lambda
900 UV-Vis spectrophotometer was used to acquire
absorption spectra at room temperature, and Fourier
transform infrared (FT-IR) spectra were recorded on
a Nicolet NEXUS 670 FI-IR spectrometer using KBr
pellets. Transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy
(HRTEM) were conducted using a JEM-2100F field
emission TEM. Further evidence for the composition
of the products was obtained from X-ray photoelec-
tron spectroscopy (XPS) measurements using a Kra-
tos Axis ULTRA X-ray photoelectron spectrometer
with Al Ko X-ray as the excitation source. Electro-
chemical impedance spectroscopy (EIS) spectra were
acquired by employing an AC voltage of 10 mV
amplitude in the frequency range of 0.1 Hz to
100 kHz in a three-electrode system with a
5 mM K;[Fe(CN)g] and 1 M KCl aqueous mixture.
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Photocatalytic test

The photocatalytic activity of the Ag,CO;/Ag/PANI
hybrid products was evaluated by the degradation of
MO dyes (analytical grade) under visible-light illumi-
nation. The light source is a 500 W Xe lamp with a
420-nm cut-on filter. All experiments were conducted at
room temperature in air. In a typical process, 10 mg of
the as-prepared Ag,CO;/Ag/PANI sample was added
into 20 mL of MO solution (concentration of 5 mg/L),
dispersed in an ultrasonic bath for 5 min, and then stir-
red for 2 h in the dark to reach adsorption equilibrium
between the catalyst and the solution. The mixture was
then exposed to visible-light irradiation for photocat-
alytic test, and the suspension was removed by cen-
trifugation at given time intervals before measuring the
absorption spectra of MO using UV-Vis spectroscopy.

Radical-trapping experiment

In order to identify the major active species in the
degrading MO, radical-trapping experiments were
conducted using three chemicals, i.e., benzoquinone
(BQ, a superoxide anion radical scavenger, Oz),
sodium bicarbonate (NaHCO3, a hole scavenger), and
isopropanol (IPA, an-OH radical scavenger) [26, 27].
Similar to photocatalytic test, 10 mg of the as-pre-
pared samples, together with the scavengers, were
added into 20 mL of MO solution (concentration of
5 mg/L), dispersed in an ultrasonic bath for 5 min,
and stirred for 2 h in the dark to reach adsorption
equilibrium. After being irradiated with visible light
for given time intervals, the catalyst was removed by
centrifugation and the absorption spectra of MO were
measured using UV-Vis spectroscopy.

Photoelectrochemical characterization

The photoelectrochemical response was measured
using a CHI840C electrochemical workstation with
conventional three-electrode setup under visible-light
illumination. The as-prepared sample paste was
coated onto a slice of ITO glass with an area of
1x1cm® and then dried at room temperature,
which was employed as the working electrode. A
platinum wire and Ag/AgCl were used as the
counter and reference electrodes, respectively, and a
0.02 M Na,SO4 aqueous solution was used as an
electrolyte. A 500 W Xe lamp with a 420-nm cut-on
filter was utilized as the visible-light source.

@ Springer
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Scheme 1 Schematic

illustration of the conversion  ' & hV
processes from Ag,CO3; NRs
to 1D ternary Ag,CO3/Ag/
PANI CNRs.
A92C°3 NRs

Results and discussion

This simple two-step preparation strategy for the 1D
ternary Ag,CO;/Ag/PANI CNRs is schematically
depicted in Scheme 1. First, 1D binary Ag,CO3;/Ag
CNRs were prepared via a facile in situ visible-light-
induced reduction of Ag,CO3 NRs, through which a
conformal Ag NPs layer is uniformly deposited onto
the Ag,CO3; NRs. Second, a simple chemisorption
approach was used to obtain a series of PANI-mod-
ified Ag,CO3/Ag nanocomposites, i.e., ternary Ag,.
CO3/Ag/PANI CNRs. The crystallographic structure
and phase purity of the as-prepared photocatalysts
were first examined by XRD. The typical XRD pat-
terns of the as-prepared pristine PANI, Ag,CO5; NRs,
Ag,CO3/Ag CNRs, and CNR-2 are depicted in
Fig. 1a. For the Ag,CO3/Ag CNRs and CNR-2, most
of the diffraction peaks can be indexed as the
hexagonal phase of Ag,CO; (JCPDS No. 31-1236,
a="b=9180 A, c = 6.485 A) and cubic Ag (JCPDS
No. 04-0738, a=b=c=4.086A). Nevertheless,
some unindexed peaks are also observed, which may
correspond to the monoclinic Ag,CO; structure
(JCPDS No. 26-0339 and 70-2184). The pristine PANI
displays a broad peak at 20 of approximately 20-25"
[30], but no such diffraction peak can be observed in
the sample CNR-2 because the loading amount is too
small, suggesting that the modified PANI layer is
very thin and well dispersed [28]. To reveal the
existence of PANI layer at the surface of Ag,CO3;/Ag
CNRs, the FT-IR measurement on sample CNR-2 was
further carried out. As displayed in Fig. 1b, the peaks
at 1376, 1449, 881, and 704 cm ™! can be assigned to
the stretching vibrations of carbonate, and the peaks
at 1572 and 1490 cm™' can be attributed to the C=C
benzenoid rings and stretching of quinonoid,
respectively [29, 30]. The characteristic peak around
1225 cm ™' represents the benzenoid C-N stretching
vibration, while the peaks around 824 and 1158 cm™"
can be indexed to the C-H out-of-plane bending and
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in-plane bending modes, respectively [31, 32]. This
result confirms that PANI was successfully coated
onto the surface of Ag,CO;/Ag CNRs.

The morphology and structure of the as-prepared
samples were characterized by SEM images. It can be
observed from Fig. 1c that the as-prepared pristine
PANI is completely composed of some irregular
sheet-like agglomerates. The panoramic SEM images
of the samples Ag,CO3; NRs, Ag,CO;3/Ag CNRs, and
CNR-2 are shown in Fig. 1d—{, revealing that all the
samples are made up of well-defined nanorods with
a nearly uniform size of ca. 200 nm in diameter and
1 um in length. No pristine PANI morphology can be
observed in the CNR-2 sample, indicating that PANI
layer is coated onto the Ag,CO;/Ag CNRs. In addi-
tion, the SEM images of other samples with different
contents of PANI are shown in Fig. 2, indicating that
all the samples display the same rod morphology as
CNR-2 and no obvious difference can be seen, except
that the surface becomes slightly smooth as the con-
tent of PANI increases. The core-shell structure and
the thicknesses of PANI layer of the as-prepared
CNRs are further elucidated by TEM and HRTEM, as
shown in Fig. 3. It can be clearly seen that all the
samples display 1D nanostructures and obvious
PANI shell layers. The thickness of PANI layer ran-
ges from 1.0 to 8.0 nm with the increase of the PANI
content (from 0.5 to 5.0%).

XPS spectra were examined to analyze the ele-
mental composition and chemical states of the as-
prepared sample CNR-2. As shown in Fig. 4a, the
high-resolution spectrum of Ag 3d exhibits two
individual peaks at 367.4 and 373.3 eV, correspond-
ing to the binding energies of Ag 3ds,, and 3ds,,
respectively. Especially, each peak can be resolved
further into two peaks, indicating the presence of
different chemical states: the peaks at 369.4 and
375.4 eV originate from Ag” [33], while the peaks at
367.4 and 373.3 eV are attributed to the Ag™ species
[34]. The high-resolution spectrum of N 1s is also
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displayed in Fig. 4b, with three peaks at 398.1, 399.1,
and 400.8 eV, which can be attributed to the quinoid
imine (-N=), benzenoid amine (-NH-), and cationic
nitrogen (-N"-) atoms, respectively, clearly con-
firming the existence of PANI in the product [35].
The photocatalytic activities of the as-prepared 1D
ternary Ag,CO3/Ag/PANI CNRs were evaluated by
photodegradation experiments of organic dye MO in
an aqueous solution driven by visible-light irradia-
tion (1 > 420 nm). Figure 5a presents the time profile
of photodegradation using different samples, in
terms of C/Cy, where C is the concentration of MO at a
given illumination time and C, is the initial concen-
tration of MO at dark adsorption equilibrium. It can
be seen that, after 60 min of illumination, the degra-
dation fractions for different photocatalysts are 21.9%
(AgrCO3/Ag binary CNRs), 25.1% (sample CNR-0.5),
45.5% (sample CNR-1), 71.9% (sample CNR-2), 52.2%

(sample CNR-3), and 29.8% (sample CNR-5). The
binary Ag,CO5;/Ag CNRs exhibit the lowest degra-
dation efficiency, and the photocatalytic activities of

the as-prepared ternary CNRs are obviously
enhanced. Meanwhile, it is noteworthy that the
photocatalytic activity of the Ag,CO3;/Ag/PANI
CNRs does not improve monotonously with the
increasing PANI content, and sample CNR-2 shows
the best performance. Thus, there should be an
optimal thickness of the PANI layer [36]. Specifically,
the PANI polymer layer can enhance the adsorption
capability of organic dyes, which can enrich the dye
molecules on the surface of Ag,COj, thus resulting in
the acceleration of photocatalytic reactions. However,
a thick and dense PANI layer (>2.0 wt%) may reduce
the inherent optical absorption of Ag,CO; and result
in a rapid decrease in photogenerated charges, ulti-
mately reducing the photocatalytic activity. In this
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Figure 2 SEM images of the
as-prepared 1D Ag,CO5/Ag/
PANI ternary CNRs obtained
with different weight percents
of PANI: a CNR-0.5, b CNR-
1, ¢ CNR-3, and d CNR-5.

particular case, sample CNR-2 has the ideal PANI
content that balances the effect of charge separation
with carrier generation and results in the most
favorable photoactivity. When the pollutant concen-
tration is in the millimolar range, the photodegrada-
tion rate can generally be described by the Langmuir—
Hinshelwood model in terms of pseudo first-order
kinetics (Eq. 1) [37]:

In C; = —kt + In Co, (1)

where C, is the initial dye concentration, C; is the
degraded concentration, t is the degradation time,
and k is the apparent first-order rate constant [38].
The kinetic plots of the photodegradation profile for
different catalyst samples are depicted in Fig. 5b, and
it can be observed that the rate constant of sample
CNR-2 is 0.0175 min~', which is significantly higher
than those of the other samples. We have further
studied the stability and reusability of the as-pre-
pared CNR-2 photocatalyst by collecting and reusing
the photocatalyst for six cycles, and the results are
shown in Fig. 5c. Only insignificant loss of the pho-
tocatalytic performance is observed, which might be
partly caused by the loss of the photocatalysts during
collection and rinsing steps, suggesting that sample
CNR-2 possesses excellent repeatability.
Radical-trapping experiments were conducted
with sample CNR-2 to identify the major active
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species in the photodegrading MO, and the results
are shown in Fig. 5d. After irradiation for 60 min,
with the use of 1 mM of NaHCO;, the original MO
concentration changed slightly, indicating that pho-
togenerated holes are the dominant oxidizing species
in the photocatalytic reaction with this ternary hybrid
system. In the presence of IPA, the MO degradation
changed drastically, which may be attributed to the
partial hole reaction with MO directly rather than
reacting with H,O to produce -OH radicals [39]. We
can therefore conclude that the role of -OH radicals is
negligible in this photocatalysis process. In addition,
the MO degradation also changed gently in the
presence of BQ, suggesting that the O; radicals also
are the primary reactive species contributing to the
degradation of MO.

Transient photocurrent response has been regar-
ded as a reliable criterion to evaluate the separation
efficiency of the photogenerated electrons and holes
[40]. As displayed in Fig. 6a, it can be seen that the as-
obtained sample CNR-2 presents a higher photocur-
rent density than those of the binary Ag,CO;/Ag
CNRs and CNR-0.5 samples under visible-light illu-
mination. The remarkable photocurrent enhancement
of the sample CNR-2 indicates a higher separation
efficiency and a lower recombination rate of the
photoinduced electron-hole pairs in such hybrid
system. In addition, the EIS Nyquist plots were
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Figure 3 TEM and HRTEM images of the as-obtained 1D
AgyCO3/Ag/PANI ternary CNRs: a, b CNR-0.5, ¢, d CNR-1, e,
f CNR-2, g, h CNR-3, and i, j CNR-5.

further carried out to investigate the charge transfer
resistance and the carrier separation efficiency of the
as-prepared samples (Fig. 6b) [41]. Compared with
the binary Ag,CO;/Ag CNRs and CNR-0.5, the
sample CNR-2 exhibits a smaller circular radius,
indicating a higher electron mobility. This result is
consistent with the photocurrent response analysis,
which confirms that the sample CNR-2 has the ideal
PANI content that balances the effect of charge sep-
aration with carrier generation to obtain optimal
photoactivity.

Based on the experimental results and electronic
band structures of Ag,CO3; and PANI, we propose a
Z-scheme charge transfer model to explain the sig-
nificantly improved photoactivity and photostability
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of the 1D ternary Ag,COs3/Ag/PANI hybrid system.
A schematic diagram representing charge transfer
process in the ternary Ag,CO;/Ag/PANI CNRs
system is illustrated in Scheme 2. In this case, the
photogenerated electrons in the valence band (VB) of
Ag,CO; and the highest occupied molecular orbital
(HOMO) of PANI could be excited to the corre-
sponding conduction band (CB) and the lowest
unoccupied molecular orbital (LUMO) by visible-
light illumination. The electrons generated in the CB
of Ag,COj; could not reduce O, to generate O3 active
species because the CB potential of Ag,CO; (0.37 eV
vs. SHE) is more positive than the reduction potential
of oxygen E® (0,/05) (-0.046 eV vs. SHE) [42].
Electrons cannot transfer directly from PANI to
Ag,CO; according to the traditional model in this
hybrid system. The electrons in the CB of Ag,COj; can
migrate into the metallic Ag through the Schottky
barrier, and electron transfer is faster than the elec-
tron-hole recombination process, leading to effective
separation of the photogenerated carriers. On the
other hand, because the Fermi energy level of
metallic Ag is above the HOMO of PAN]I, holes in the
HOMO of PANI can also flow easily into the Ag, and
this process is also faster than the electron-hole
recombination in PANI [43]. The metallic Ag in this
Ag,CO3;/Ag/PANI hybrid system plays a very
important role in charge separation, which selectively
allows the transmission of photogenerated electrons
in Ag,CO;5 and holes in PANI and leads to the neu-
tralization of these charges. The carrier transfer pro-
cess facilitated by the metal Ag NPs reduces charge
recombination in respective Ag,CO3; and PANI, and
enhances charge separation, which results in the
increase of the yield of holes in Ag,CO; and electrons
in PANI The photogenerated holes with strong oxi-
dation power stay in Ag,COj; and can directly oxidize
dye molecule, and the electrons in PANI with strong
reduction power (-1.9 eV vs. SHE) can reduce O, to
form O; radicals [44], which promotes the degra-
dation of dyes in the Ag,COs;/Ag/PANI hybrid
system as what have proved in the other hybrid
system reported elsewhere [45-47]. In this hybrid
system, photoinduced electrons are neutralized with
the aid of the metallic Ag rather than being trans-
ferred to Ag,COs; to react with Ag™ ions there [48]. As
a result, the photocorrosion of Ag,CO3 nanorods can
be inhibited, further resulting in the improved
activity and stability of the Ag,CO3;/Ag/PANI tern-
ary CNRs.
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Figure 4 XPS spectra of the
as-prepared sample CNR-2:
aAg3dand b N Is.

J Mater Sci (2017) 52:4521-4531
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Conclusions optimal PANI weight percent (2.0%) is observed for

In summary, we have developed a facile route to
synthesize 1D Ag,COz;/Ag/PANI ternary CNRs,
namely a visible-light-induced reduction approach
followed by simple chemisorption. Compared with
Ag,CO3/Ag binary CNRs, the as-prepared Ag,CO3/
Ag/PANI CNRs exhibit obviously enhanced photo-
electrochemical current response and photocatalytic
activity in degrading MO under visible-light illumi-
nation. It has been found that PANI modification
does not affect the Ag,CO;/Ag structure and an
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the best photocatalytic performance. The enhanced
visible-light-driven photocatalytic activity may be
attributed to a synergistic effect between Ag,CO; and
PANI with Ag NPs, and a Z-scheme charge transfer
model is also proposed to understand the charge
separation behaviors. Due to the introduction of Ag
NPs in such a ternary CNR system, the inhibition of
Ag,COj3; photocorrosion and the effective separation
of photogenerated electrons and holes can be real-
ized, and the photostability of the products can be
greatly improved. We believe that the synthetic
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