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Abstract An efficient one-dimensional attapulgite
(ATP)-based photocatalyst, Ag3VO4/ATP nanocompos-
ite, was fabricated by a facile deposition precipitation
method with well-dispersed Ag3VO4 nanoparticles an-
chored on the surface of natural ATP fibers. X-ray
diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Fou-
rier transform infrared spectroscopy (FT-IR), X-ray pho-
toelectron spectroscopy (XPS), and UV-visible diffused
reflectance spectroscopy (UV-vis DRS) were employed
to investigate the morphologies, structure, and optical
property of the prepared photocatalysts. The photocata-
lytic experiments indicated that the Ag3VO4/ATP nano-
composites exhibited enhanced visible light-driven pho-
tocatalytic activity towards the degradation of rhoda-
mine B (RhB), methyl orange (MO), and tetracycline
hydrochloride (TCH), of which the 20 wt% Ag3VO4/
ATP sample showed superb photocatalytic perfor-
mance. As demonstrated by N2 adsorption-desorption,
photocurrentmeasurements, electrochemical impedance
spectroscopy (EIS), and photoluminescence (PL) spec-
tra analyses, the improved photocatalytic activity arose
from the enlarged surface area, the facilitated charge
transfer, and the suppressed recombination of

photogenerated charge carriers in Ag3VO4/ATP system.
Furthermore, radical scavengers trapping experiments
and recycling tests were also conducted. This work
gives a new insight into fabrication of highly efficient,
stable, and cost-effective visible light-driven
photocatalyst for practical application in wastewater
treatment and environmental remediation.
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Introduction

Stimulated by the global energy crisis and environmen-
tal contamination, photocatalysis has attracted tremen-
dous attention during past decades and various
photocatalysts, such as metal oxides, metal sulfides,
organic compounds, have been utilized in a wide range
of photocatalytic fields, including water splitting (Wang
et al. 2016), CO2 reduction (Sun et al. 2016), photocat-
alytic degradation of organic pollutants (Ma et al. 2013),
and organic group transformation (Chen et al. 2016).
Among them, TiO2 is the most widely studied
photocatalyst owing to its chemical stability, ready
availability, non-toxicity, and high photocatalytic activ-
ity (Pozio et al. 2016; Reddy et al. 2015; Reddy et al.
2011). However, the wide band gap of 3.2 eV makes it
just responsive to UV light, which limits its practical
application in solar light (Wang et al. 2016c). So, it is
still urgent to develop visible light-active photocatalysts
to satisfy social requirement. In recent years, studies
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found that most of the Ag-based semiconductors, such
as Ag3PO4 (Bi et al. 2011), AgX (X = Br, I) (Wang et al.
2008), Ag2S (Neelgund and Oki 2011), and Ag2CrO4

(Ouyang et al. 2008), could exhibit strong visible light
absorption and visible light catalytic activity due to their
narrow band gap energy, which showed great potential
in the field of photocatalysis. Based on previous reports,
monoclinic Ag3VO4, as an effective Ag-based
photocatalyst with a narrow band gap (2 eV), had ex-
hibited good photocatalyt ic performance in
decomposing organic pollutants and splitting water into
H2 and O2 (Konta et al. 2003; Ran et al. 2016; Wang
et al. 2014). However, the high electron-hole recombi-
nation rate and unstability limited its practical applica-
tion. To the best of our knowledge, much efforts had
been strived to coupling Ag3VO4 with other co-catalysts
to enhance the photocatalytic activity, such as ZnO/
Ag3VO4 (Kiantazh and Habibi-Yangjeh 2015),
CoFe2O4/Ag/Ag3VO4 (Jing et al. 2016), Ag3VO4/
WO3 (Yan et al. 2016), and BiOCl/Ag3VO4 (Wang
et al. 2016a). But as we know, the utilization of natural
minerals to enhance the photocatalytic activity of
Ag3VO4 is rare. Attapulgite (ATP), a kind of hydrated
magnesium aluminum natural silicate minerals with a
fibrous morphology, has large surface area exhibiting
excellent chemical adsorption property, which has been
widely applied in the fields of oil drilling, catalysts,
chemical sensors, etc. (Cao et al. 2008; Chen et al.
2011; Jin and Chen 2012; Stathatos et al. 2012). Zhang
et al. prepared Cu/TiO2/organo-ATP fiber nanocompos-
ite for the degradation of acetone in air, which showed
the optimal photocatalytic activity and 90.35% of ace-
tone was decomposed within 6 h (Zhang et al. 2016a, b).
Chen et al. adopted a one-pot hydrothermal carboniza-
tion process to synthesize ATP clay@carbon nanocom-
posite adsorbent with a high adsorption ability for
Cr(VI) and Pb(II) ions (Chen et al. 2011). As an eco-
nomically available raw material, it is of great signifi-
cance to explore the potentiality to endow these mate-
rials with a bright perspective in the wastewater
purification.

Here, we adopted a facile deposition precipitation
method to fabricate the 0D-1D Ag3VO4/ATP nanocom-
posite photocatalyst for the first time, in which Ag3VO4

nanoparticles with an average size of 7 nm distributed
on the platform of 1D ATP fibers evenly. With the
hybridization of natural ATP, the hybrid nanocompos-
ites showed much better photocatalytic performance
than pure Ag3VO4 on the photodegradation of

rhodamine B (RhB), methyl orange (MO), and tetracy-
cline hydrochloride (TCH) under visible light, which
not only decrease the consumption of noble metal, sil-
ver, but also remarkably enhance the stability during the
recycling runs. The highly efficient, stable, and cost-
effective visible light-driven nanocomposite
photocatalyst exhibits great potential for wide usage in
water treatment.

Materials and methods

Materials used

Silver nitrite (AgNO3) and sodium orthovanadate
dodecahydrate (Na3VO4·12H2O) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (PR China).
The ATP was obtained from XuYi, Jiangsu, PR China.
Deionized water was used for the preparation of all
solution. All chemicals were used without further
treatment.

Synthesis of photocatalysts

The Ag3VO4/ATP nanocomposites with the Ag3VO4

loading amount of 10, 20, and 30 wt% were fabricated
by a facile deposition precipitation method. In a typical
procedure, 0.176 g ATP was dispersed in 150 mL de-
ionized water with sonication for 30 min to get uniform-
ly dispersed suspension. Then 0.4 mmol AgNO3 added
for another 10 min sonication to make Ag+ anchored on
the surface of negative charged ATP uniformly. Finally,
20 mL 0.01 M Na3VO4 aqueous solution was slowly
dropped into the abovementioned mixture with contin-
uously magnetic stirring for another 4 h. The obtained
composite was centrifuged, washed with deionized wa-
ter and ethanol, and dried at 60 °C for 8 h, denoting as
20% Ag3VO4/ATP. With the adjustment of the dosage
of ATP, 10% Ag3VO4/ATP, 30% Ag3VO4/ATP, and
pure Ag3VO4 were also prepared.

Characterization

Powder X-ray diffraction (XRD) analyses were record-
ed on a D8 Advance diffractometer (Bruker, Germany)
at 40 kVand 40 mAwith monochromatic high intensity
Cu Kα radiation (λ = 1.5418 Å). Microstructure and
morphology information were obtained using a field
emission scanning electron microscope (FEI Quanta
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250F) at an acceleration voltage of 15.0 kVand a trans-
mission electron microscope (JEOL JEM-2100) with an
accelerating voltage of 200 kV. X-ray photoelectron
spectroscopy (XPS) was measured on a PHI Quantera
II SXM photoelectron spectrometer with a monochro-
matic Al Kα radiation (λ = 8.4 Å) as the exciting source
to explore the elements of the surface. Functional groups
in samples were detected by a Nicolet IS10 Fourier
transform infrared spectrometer. The optical properties
of the samples were measured using an Evolution 220
UV-vis spectrophotometer (Thermo Fisher, America)
from 200 to 800 nm. Solid-state photolumiscence mea-
surements (λ ex = 328 nm) were recorded from 350 to
550 nm on an FL3-TCSPC fluorescence spectropho-
tometer using 5-nm slit width. The photocurrent mea-
surements were carried out in a standard electrode
photoelectrochemical cell using an electrochemical
workstation (CHI-660E). The as-prepared sample, plat-
inum wire, and Ag/AgCl were used as the working,
counter, and reference electrodes, respectively. 0.5 M
sodium sulfate solution was used as the electrolyte.

Photocatalytic experiments

The photocatalytic activity of the as-prepared sam-
ples was evaluated by decomposing rhodamine B
(10 mg L−1), methyl orange (10 mg L−1), and TCH
(50 mg L−1) under visible light irradiation in a pho-
toreaction apparatus. Visible light was generated by a
300-W Xe lamp with a 400-nm cutoff filter to remove
light of λ < 400 nm. 0.4 g/L of each of photocatalyst
was added to the aqueous solution of RhB (MO or
TCH) in a Pyrex photocatalytic reactor, which was
cooled by recycled water to weaken the effect of
thermal catalytic. Before illumination, the suspen-
sions were magnetically stirred for 1 h to reach
adsorption-desorption equilibrium in the dark. Dur-
ing the adsorption and photoreaction process, at giv-
en time intervals of visible light irradiation, about
3 mL of the suspension was collected from each
sample and centrifuged to remove catalyst particles.
The concentration was analyzed by measuring the
maximum absorbance at 553 nm for RhB (464 nm
for MO, 357 nm for TCH) using a UV-vis spectrom-
eter (UV-1801). To demonstrate the stability of the
Ag3VO4/ATP composites, recycling experiment was
performed with the photodegradation of RhB under
visible light irradiation.

Results and discussion

XRD analysis

The XRD patterns of ATP, Ag3VO4, and Ag3VO4/ATP
nanocomposites with different mass ratios are presented
in Fig. 1. For free ATP nanofibers, the diffraction peaks
are perfectly indexed as monoclinic ATP (JCPDS No.
21-0958) at 2θ 8.5°, 13.9°, 19.8°, 27.6°, and 35.1°,
which correspond to the primary diffraction of the (1 1
0), (2 0 0), (0 4 0), (2 3 1), and (− 1 6 1) planes of ATP.
The (110) diffraction peak is ascribed to the basal plane
of the ATP structure (Cao et al. 1996). As can be seen
from the result, ATP clay exhibits a high degree of
crystallinity, in which only quartz impurities exist at
2θ = 26.7°. The observed diffraction peaks of pure
Ag3VO4 nanoparticles in Fig. 1 are completely in ac-
cordance with the monoclinic Ag3VO4 (JCPDS No. 43-
0542). The typical diffraction peaks located at 2θ 19.1°,
30.9°, 32.3°, 35.1°, and 35.9° agree well with the pri-
mary reflections of the (011), (− 121), (121), (301), and
(202) planes of the Ag3VO4, respectively. With the
hybridization of ATP, both the main characteristic dif-
fraction peaks of Ag3VO4 and ATP have no obvious
change and the characteristic peaks of Ag3VO4 are
predominant, while the intensity of the main peak at
2θ = 8.5° of ATP becomes stronger as the content of
ATP increases. It is obvious that the main diffraction
peaks of Ag3VO4 at 2θ 30.9° and 32.3° become broader;
according to the Scherrer equation, the grain size of the
Ag3VO4/ATP nanocomposites is smaller than that of the
bare Ag3VO4. Among them, the 20% Ag3VO4/ATP

Fig. 1 XRD patterns of ATP, Ag3VO4, and Ag3VO4/ATP
nanocomposites
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exhibits the broadest peaks, which indicate the existence
of small Ag3VO4 nanoparticles. The XRD results verify
the co-existence of ATP and Ag3VO4 in the Ag3VO4/
ATP hybrid system.

FT-IR analysis

Figure 2 displays the FT-IR spectra of raw ATP,
Ag3VO4, and 20% Ag3VO4/ATP nanocomposite be-
tween 4000 and 500 cm−1. For bare ATP, the band at
3615 cm−1 is ascribed to the stretching vibrations of Al-
OH-Al groups. The absorption bands located at 3543
and 3363 cm−1 are due to the stretching vibration of
bound water molecules, including zeolitic water and
surface-adsorbed water in ATP (Suárez and García-
Romero 2006; Yan et al. 2012). The 1640 cm−1 band
co r re sponds to the bend ing modes of the
abovementioned water molecules (Frost et al. 1998;
Liu et al. 2012). The band at 1194 cm−1 is commonly
considered as the exclusive absorbance band of fibrous
structure minerals (Sánchez del Río et al. 2009; Xu et al.
2011). Two characteristic absorption peaks located at
1,025,972 cm−1 are due to the asymmetric stretching
vibration of Si–O bonds while the band at 786 cm−1 is
ascribed to the symmetric stretching vibration of Si–O–
Si bonds (Chang et al. 2009; Tang et al. 2015). Regard-
ing Ag3VO4, the peaks at 706 and 850 cm−1 are
assigned to the symmetry stretching vibration of V–O–
Vunits and V=O double bond vibration, while the peak
located at 914 cm−1 is ascribed to the VO3 groups of the
VO4

3− tetrahedral (Murugesan et al. 2007). The
1396 cm−1 band is according to the Ag–O stretching
vibration. Meanwhile, the broad band around 3600 and

1640 cm−1 are also ascribed to the adsorbed water
molecules. With regard to the spectra of 20% Ag3VO4/
ATP nanocomposite, both of the main peaks belong to
ATP and Ag3VO4 can be clearly observed without shift,
which is in accordance with the result of XRD. Based on
the analysis mentioned above, the conclusion that the
Ag3VO4/ATP nanocomposite includes both Ag3VO4

and ATP can be drawn.

Morphology analysis

To further analyze the microscopic morphology and
structure of the samples, the SEM and TEM analyses
are performed. As can be seen from Fig. 3a, b, the
natural ATP clay exhibits nanorod morphology with a
diameter about 40 nm. The surfaces are smooth and the
length varies from hundreds of nanometers to several
micrometers. Figure 3c is the TEM image of pure
Ag3VO4. Owing to the huge surface energy, the
Ag3VO4 nanoparticles aggregate into big size, which
reduce the surface area dramatically. From Fig. 3d, e, it
is clearly observed that some nanoparticles with diame-
ters approximately 7 nm are dispersed on the fibrous
surface of ATP without aggregation in the 20%
Ag3VO4/ATP sample, which correspond to the Ag3VO4

particles. HRTEM image of the 20% Ag3VO4/ATP
sample (Fig. 3f) exhibits the characteristic lattice fringes
with crystal plane distances of 0.29, 0.27, and 0.26 nm,
which can be indexed to the spacing of the (− 1 2 1), (1 2
1), and (3 0 1) planes in monoclinic Ag3VO4. Mean-
while, FESEM, EDS, and elemental mapping images of
the 20% Ag3VO4/ATP are displayed in Fig. S1. The
20% Ag3VO4/ATP sample still keeps the fibrous
morphology, indicating the coexistence of Ag3VO4

nanoparticles and the fibrous ATP. It is obvious the
introduction of ATP has efficiently restricted the aggre-
gation of Ag3VO4 naoparticles; at the same time, the
small particle will make a big contribution to inhibiting
the bulk recombination of the photogenerated charge
carriers, thus enhancing the photocatalytic activity.

XPS analysis

XPS measurements are conducted to analyze the surface
elements and chemical states of the 20% Ag3VO4/ATP
composites. Figure 4a shows the survey spectrum of the
20% Ag3VO4/ATP composites, which shows the coex-
istence of Si, Al, Mg, Fe, Ag, V, and O elements without
other impurities. The Si, Al, Mg, Fe, and O elementsFig. 2 FTIR spectra of ATP, Ag3VO4, and 20% Ag3VO4/ATP
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were derived from the surface of the ATP clay fibers.
Figure 4b exhibits two strong peaks at 367.7 and
373.7 eV, which corresponded to Ag3d5/2 and Ag3d3/2.
In addition, no peaks have been observed at 369.2 and
375.8 eV, revealing that no Ag0 was formed during the
preparation process (Cao et al. 2012). In Fig. 4c, the
peaks at 516.2 and 523.4 eV for the 20% Ag3VO4/ATP
composite correspond to V2p3/2 and V2p1/2, respectively
(Jing et al. 2016). The O1s high-resolution XPS spec-
trum is shown in Fig. 4d, O 1s peak at 531.7 eV,
assigned to O2− in the sample.

Optical properties

To investigate the optical absorption ability of the as-
prepared photocatalysts, UV-vis diffuse reflectance
spectra were measured as displayed in Fig. 5. It was
observed that bare Ag3VO4 samples absorbed both ul-
traviolet and visible light, while ATP was just sensitive
to the photons with λ < 450 nm. For 20% Ag3VO4/ATP
nanocomposite, the absorption edge prolonged to visi-
ble light region exhibiting an obvious red shift com-
pared to pure ATP, which agreed with the color change

Fig. 3 SEM image of ATP (a),
TEM images of ATP (b), Ag3VO4

(c), 20% Ag3VO4/ATP (d, e), and
HRTEM image of 20% Ag3VO4/
ATP (f)
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of samples. The optical band gap energies of the sam-
ples can be estimated from the diffuse reflection spectra
by using the following equation:

αhν ¼ A hν−Eg

� �n=2

where α, h, v, A, and Eg are the absorption coefficient,
Planck constant, incident light frequency, constant, and
band gap energy, respectively. The value of n describes
the type of the transition in a semiconductor, n = 1 for
direct transition, while n = 4 for indirect transition.
Therefore, the values of Ag3VO4 and ATP are 1
(Zhang et al. 2016a, b; Xu et al. 2010). According to
the inset of Fig. 5, the energy band gaps of ATP and
Ag3VO4 from the plots of (αhν)2 versus hν can be
estimated to be 3.8 and 2 eV, respectively.

N2 adsorption-desorption analysis

The nitrogen adsorption-desorption isotherms of ATP,
Ag3VO4, and 20%Ag3VO4/ATP are displayed in Fig. 6.

It can be seen that all these three samples exhibit III
isotherms with the hysteresis loop of H3 type, according
to the IUPAC classification (Yang et al. 2002). The BET
surface areas of ATP, Ag3VO4, and 20% Ag3VO4/ATP
are 121, 10.7, and 185.8 m2/g, respectively. It is appar-
ent that the introduction of ATP has validly restricted the
aggregation of Ag3VO4 particles and greatly enhanced
the surface area of Ag3VO4, thus improving the adsorp-
tion property of the nanocomposite photocatalyst and
supplying more active sites in the photocatalytic degra-
dation process.

Photocatalytic activity and stability

The environmental issues have attracted much consid-
eration in past decades. Various techniques have been
adopted in the water purification, in which the
photocatalysis has shown great potential (Chitpong
and Husson 2017; Reddy et al. 2016; Reddy et al.
2010; Reddy et al. 2011; Showkat et al. 2007).

Fig. 4 XPS spectra (a) and the high-resolution XPS spectra of Ag 3d (b), V 2p (c), and O 1s (d) of the 20% Ag3VO4/ATP nanocomposite
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Figure 7 exhibits the photocatalytic activity in degrada-
tion of RhB, MO, and TCH over Ag3VO4/ATP nano-
composites with different contents of Ag3VO4 under
visible light irradiation. The adsorption-desorption bal-
ance has been achieved between the catalyst and organic
compounds for 60 min absorption process. From
Fig. 7a, c, it can be seen that the photolysis of RhB
and MO is negligible without catalysts, indicating that
RhB andMO are stable under visible light. The ATP and
P25 display good adsorption capacity over the organic
dyes, while just exhibit limited photocatalytic activity,
which is in accordance with their large specific surface

area and the weak absorption capacity of visible light. It
is obvious that the photocatalytic performance of
Ag3VO4/ATP composites is higher than that of pure
Ag3VO4, which is mainly ascribed to the fast recombi-
nation rate of photogenerated charge carriers of pure
Ag3VO4. For Ag3VO4/ATP nanocomposites, the 20-
wt% Ag3VO4/ATP photocatalyst exhibits the highest
photocatalytic activity, which degrades 10 mg/L RhB
solution completely in 15 min and decomposes MO
solution of 10 mg/L in 80 min under visible light irra-
diation. What’s more, the photocatalytic activity of the
mixture of ATP and Ag3VO4 with a mass ratio of 4:1 is
much lower than the 20% Ag3VO4/ATP nanocompos-
ites, which clarified the formation of composites. Obvi-
ously, with the addition of ATP, the degradation effi-
ciency improved a lot and the usage of noble metal,
silver, has been decreased dramatically. The temporal
absorption spectra of RhB solution treated by 20%
Ag3VO4/ATP are shown in Fig. 7b, in which the absor-
bance at 554 nm for RhB decreases rapidly. It is note-
worthy that the absorption decreases at wavelength of
554 nm for RhB solution accompanied by a blue shift,
which had proved to be derived from the formation of a
series of N-deethylated intermediates of RhB (Hu et al.
2006).

Tetracycline, as very noted broad-spectrum antibac-
terial agents, has been widely used in livestock feed and
for disease control for several decades (He et al. 2014).
However, the non-biodegradation makes it difficult to

Fig. 5 UV-vis diffuse reflectance
spectra of ATP, Ag3VO4, and
20% Ag3VO4/ATP

Fig. 6 N2 sorption-desorption isotherms of ATP, Ag3VO4, and
20% Ag3VO4/ATP

J Nanopart Res (2017) 19: 385 Page 7 of 13 385



remove TC from aquatic environments. Both ATP and
Ag3VO4 have been reported in photocatalytic degrada-
tion of TCH (Shi et al. 2016; Yan et al. 2016). Figure 7d
displays the photocatalytic degradation of TCHwith the
as-synthesized samples under visible light irradiation. It
is apparent that TCH is stable under visible light while
pure ATP and Ag3VO4 exhibit low photocatalytic activ-
ity in the degradation process. The photocatalytic per-
formance has been efficiently enhanced with the
Ag3VO4/ATP nanocomposites. Among all the samples,
the 20% Ag3VO4/ATP sample shows the highest pho-
tocatalytic performance, which is in accordance with the
photocatalytic degradation process of RhB and MO.
Within 40 min irradiation, 70% of TCH has been de-
graded. From Fig. 7, the content of Ag3VO4 has a
significant influence on photocatalytic activity. For the
10% Ag3VO4/ATP, the content of Ag3VO4 is very low,

while for the 30% Ag3VO4/ATP, the Ag3VO4 nanopar-
ticles exhibit an apparent aggregation, as illustrated in
Fig. S2. Fig. S3 displays the temporal evolution of the
UV-vis spectral variations during TCH degradation over
the 20% Ag3VO4/ATP sample under visible light irra-
diation. Obviously, the absorbance at 357 nm decreases
rapidly as the time increased, while the absorption peak
at 270 nm increases showing a blue shift. This result
reveals that some of TCH has been mineralized to small
molecules such as CO2 and H2O which could absorb
UV light (Shi et al. 2016; Wu et al. 2012).

Cycling experiments were performed to investigate the
stability and reusability of the 20% Ag3VO4/ATP com-
posite over RhB degradation under visible light irradia-
tion, as shown in Fig. 8. After four cycles, the degradation
efficiency is still as high as 90%,while Ag3VO4 decreased
from 90% for the first time to 65% for the fourth time. The

Fig. 7 Photocatalytic degradation of RhB (a), MO (c), and TCH (d) with as-prepared samples; time-dependent UV-vis absorption spectra of
RhB solution in the presence of 20% Ag3VO4/ATP (b)
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enhanced stability is due to the co-existence of iron,
magnesium, and aluminum cations in the ATP, which
have been proven to capture excited electrons and effi-
ciently restrain the reduction of Ag+, thus enhancing the
stability of the ATP-based photocatalysts (Luo et al. 2017;
Ma et al. 2014). The results demonstrated the high activity
and stability of the 20% Ag3VO4/ATP nanocomposite for
repeated RhB degradation.

The above results confirm that the 20% Ag3VO4/
ATP composite shows high photocatalytic activity to-
wards colored and colorless pollutants. Especially, it
degrades RhB solution of 10 mg/L completely within
15 min and exhibits pretty high stability during the
recycling experiments. This work shows that the 20%
Ag3VO4/ATP composite photocatalyst is high-efficient,
stable, and cost-effective, which shows great potential in
wastewater treatment and environmental remediation.

Photocurrent and PL analysis

Photocurrent measurement and electrochemical imped-
ance spectroscopy (EIS) were carried out to investigate
the photogenerated electron-hole pair separation and
transfer efficiency of the obtained photocatalysts, as
shown in Fig. 9. The transient photocurrent responses
of ATP, Ag3VO4, and 20% Ag3VO4/ATP were recorded
with several on-off cycles of intermittent visible light
irradiation. As can be seen in Fig. 9a, it is clear that the
photocurrent responses of 20% Ag3VO4/ATP were in-
creased significantly compared with that of pure
Ag3VO4 and ATP, indicating a higher separation effi-
ciency of the photogenerated electron-hole pairs and
hence higher photocatalytic activity. The EIS Nyquist
plots of ATP, Ag3VO4, and 20% Ag3VO4/ATP are
presented in Fig. 9b. Comparing with ATP and pure
Ag3VO4, 20% Ag3VO4/ATP exhibited much smaller

Fig. 8 Four cycling runs of 20% Ag3VO4/ATP composite for
RhB degradation under visible light irradiation

Fig. 9 a Transient photocurrent response and b Nyquist plots of EIS for ATP, Ag3VO4, and 20% Ag3VO4/ATP

Fig. 10 PL spectra of ATP, Ag3VO4, and 20% Ag3VO4/ATP

J Nanopart Res (2017) 19: 385 Page 9 of 13 385



semicircles, revealing a dramatic decrease of charge
transfer resistance in the 20% Ag3VO4/ATP composite.

The photoluminescence spectra were employed to
further study the photogenerated electron-hole pair
transfer and separation properties of the system
(Liqiang et al. 2006). The relative spectra are exhibited
in Fig. 10 under the excitation wavelength of 328 nm.
Obviously, the emission intensity of Ag3VO4 signifi-
cantly decreased after the hybridization of ATP, imply-
ing that the recombination efficiency of photogenerated
electron-hole pairs in 20% Ag3VO4/ATP was greatly
inhibited.

Possible photocatalytic mechanism

In order to explore the photocatalytic mechanism of
RhB degradation, various trapping experiments were
conducted. The results of the introduction of different
radical scavengers during the degradation of RhB over
the 20%Ag3VO4/ATP photocatalysts under visible light
irradiation are depicted in Fig. 11 (Li et al. 2016; Shan
et al. 2016). When TEOA (a hole radical (h+) quencher)
was added into the photocatalytic system, the
photodegradation efficiency was decreased remarkably
compared to the reaction without radical scavengers,
indicating that the photogenerated holes were the pre-
dominant active species during the photodegradation
process. By contrast, when the controlled experiment
was conducted under the N2 atmosphere, the RhB deg-
radation was close to the reaction in the absence of
radical scavengers, suggesting that ˙O2

− made very
small contribution to the photocatalytic reaction. Fur-
thermore, with the addition of IPA (a hydroxyl radical
(˙OH) quencher), the degradation rates of RhB de-
creased from 100 to 80%. Thus, the results explicitly
indicated that the photodegradation of RhB over the 20-
wt% Ag3VO4/ATP mainly occurred through the syner-
getic effect of h+ and ˙OH.

Furthermore, on the basis of the results of Mott–
Schottky plots, as shown in Fig. 12, the flat-band po-
tentials (Efb) were estimated to be − 0.54 V for ATP and
0.13 V for Ag3VO4 (Gelderman et al. 2007). When Ag/
AgCl electrode was used as a reference electrode, the
conduction band potentials of ATP and Ag3VO4 were
approximately located at − 0.34 and 0.33 V, respective-
ly.Moreover, by analyzing these data combinedwith the
band gap values obtained from the UV-vis diffuse re-
flectance spectra, the VB potential of ATP and Ag3VO4

could be calculated to be 3.46 and 2.33 V. Apparently,
the CB level of Ag3VO4 is less negative than the redox
potential of·O2

−/O2 (ca. − 0.33 V), so it is difficult to

Fig. 11 Trapping experiment of active species during the photo-
catalytic degradation of RhB over 20% Ag3VO4/ATP sample
under visible light irradiation

Fig. 12 Mott–Schottky plots of a pure ATP and b Ag3VO4
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reduce absorbed O2 to produce ˙O2
− in the

photodegradation process (Deng et al. 2016; Hong
et al. 2016). The results are in good agreement with
the trapping experiments. A possible mechanism was
proposed for the degradation of RhB over 20-wt%
Ag3VO4/ATP, as illustrated in Fig. 13. The small
Ag3VO4 nanoparticles were deposited on the platform
of the ATP nanofibers. Under visible light irradiation,
Ag3VO4 nanoparticles were excited to generate e− and
h+, and the holes could directly affect the organic com-
pounds to produce CO2, H2O, and other products.
Meanwhile, the h+ could also oxide H2O to generate
˙OH radicals, which could effectively decompose or-
ganics as well.

Conclusion

In this work, the natural one-dimensional ATP clay was
used as a carrier for Ag3VO4 nanoparticles, and the
resultant Ag3VO4/ATP hybrid photocatalyst exhibited
enhanced photocatalytic activity and stability both in the
degradation of azo dyes, RhB and MO, and antibiotic,
TCH, of which the 20 wt% Ag3VO4/ATP nanocompos-
ite displayed optimal photocatalytic performance under
visible light irradiation. The synergistic effect, strong
light absorption ability, fast transfer, and valid separa-
tion of electron-hole pairs were beneficial for the im-
proved photocatalytic activity. This work provides a
plausible strategy to design high-efficiency, low cost,
and extremely stable photocatalysts for the wastewater
treatment and environmental remediation.
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