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ABSTRACT

Degrading organic pollutants from semiconductor photocatalysis technology is

an attractive alternative to other advanced oxidation technologies, thanks to its

green energy characteristics, mild reaction conditions, freedom from secondary

pollution and ability to produce rich free radical species. Herein, we demon-

strate the efficient degradation of several organic dyes and their mixture, which

is achieved over a double Z-scheme PANI/Ag3PO4/g-C3N4-O (CNO) hetero-

junction catalyst and driven by visible light. With this degradation, the apparent

degradation rate for RhB was up to 0.2668 min-1, which was approximately

1.31, 2.68, 5.28 and 17.12 times faster than those of PANI/Ag3PO4, Ag3PO4/

CNO, Ag3PO4 and CNO, respectively. It also exhibited excellent activity for

mixed dyes. Furthermore, the double Z-scheme heterojunction photocatalytic

system built around Ag3PO4, which was presented and confirmed by

researching the band structures of the three semiconductors and conducting

radical scavenging experiments, greatly accelerates the transfer of photogener-

ated electrons on the conduction band of Ag3PO4; thereinto, both PANI and

in situ grown AgNPs act as electron mediators, thereby improving the activity

and stability of Ag3PO4. This work puts forward a novel perspective for

heightening the activity and stability of perishable photocatalysts for organic

dye effluent and other organic pollutant treatments.
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Introduction

Modern society faces severe energy and environ-

mental problems. On the one hand, fossil energy

seriously pollutes the environment during exploita-

tion and utilization. On the other hand, enormous

fossil energy is consumed in the process of using

traditional technology to treat environmental pollu-

tion. Solar-powered semiconductor photocatalytic

technology is considered to be the most promising

method for mitigating the two aforementioned

problems because it can directly convert solar energy

into chemical energy to degrade environmental pol-

lutants and produce ‘‘green’’ energies, does not gen-

erate secondary pollution and is highly efficient [1, 2].

However, the short lifetime of photoproduced char-

ges and the poor solar light harvesting efficiency

hinder the practical application of this technology

due to the aforementioned problems [3–5]. In this

context, Ag3PO4 (AP), which exhibits a striking

quantum efficiency of 90% at 420 nm and can absorb

light with a wavelength shorter than 530 nm, is a

compelling candidate for visible-light-driven organic

contaminant decomposition and oxygen production

from water [6–8]. Nevertheless, its susceptibility to

photocorrosion, limited conduction band (CB) posi-

tion and high synthetic costs make its large-scale

application difficult [6, 9]. To minimize these draw-

backs, some researchers have exploited precious-

metal cocatalytic systems [10] and carbon nanoma-

terial heterojunction photocatalytic systems [11–13];

however, neither of these strategies substantially

reduces the excessively high cost of preparing the

catalyst. Moreover, although relatively low-cost tra-

ditional semiconductor heterojunction photocatalytic

systems, such as AP/Cr-SrTiO3 [14], AP/CeO2 [15]

and AP/LaFeO3 [16], can improve the activity of the

system by accelerating the transfer of photogenerated

charges on the AP surface, these systems do not

contribute to the photostability of AP and the

reducibility of photogenerated electrons on the CB of

AP. Furthermore, the formation of such heterojunc-

tions weakens the oxidizability of photoproduced

holes on the valence band (VB) of AP.

Fortunately, unlike the traditional heterojunction

photocatalytic systems, in Z-scheme heterojunction

photocatalytic systems, which include AP/WO3 [17],

AP/MoS2 [18] and AP/CuBi2O4 [19], the photogen-

erated electrons on AP, which have weak

reducibility, can undergo recombination with the

photogenerated holes on another semiconductor

(e.g., SnSe2 or MoS2), which have weak oxidizability,

leaving stronger photoproduced holes and electrons

[20, 21]. This system put forwards an efficient method

to overcome the shortcomings of the conventional

heterojunction photocatalytic systems. As a low-cost

graphene-like layered nanomaterial with high sta-

bility, no metal and visible light driven, g-C3N4 (CN)

with a moderate band gap of approximately

2.31–2.86 eV is widely used in the photocatalytic

degradation of organic pollutants and the decompo-

sition of water to prepare hydrogen [22–24]. In par-

ticular, compared with AP, CN has a more negative

CB potential of approximately - 0.79 V to - 1.44 V,

which is related to its specific structure [25, 26]; that

is, it can easily utilize free oxygen adsorbed onto the

surface of the catalyst to produce more active species

to enhance the photocatalytic activity of the system

[27, 28]. Du et al. synthesized a direct Z-scheme AP-

based hybrid material modified with CN nanocrys-

tals (CN-NCs). Compared with pure AP and CN-

NCs, the AP/CN-NCs exhibit greater activity [29].

Similarly, CN can also form a direct

Z-scheme heterojunction with other semiconductors

to enhance their photocatalytic activity [30–32].

However, the phenomenon of slow charge transfer

at the interface of two semiconductors of a

Z-scheme heterojunction system formed by direct

contact is commonly observed; this slow charge

transfer greatly reduces the photocatalytic activity of

this system [33]. To minimize this disadvantage, an

electron mediator, such as a noble metal [34–37] or

carbon nanomaterial [38–40], can be introduced into

this system to accelerate the charge transfer.

Polyaniline (PANI) doped with a protonic acid is a

semiconductor polymer with high conductivity, good

stability and low cost [41, 42], making it one of the

most satisfactory electron mediators for accelerating

charge transfer in a binary direct Z-scheme photocat-

alytic system. However, to the best of our knowledge,

the literature contains no similar reports. In addition

to acting as an electron mediator, PANI can also

function as a catalyst in semiconductor heterojunc-

tion photocatalytic systems [43–45]. Notably, Hu

et al., for the first time, used the chemisorption

method to hybridize Ag2CO3 and PANI to obtain a

Z-scheme heterojunction photocatalyst; compared

with pure Ag2CO3, the Ag2CO3/PANI clearly

exhibited enhanced photocatalytic activity in the
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degradation of methyl orange (MO) under visible-

light illumination [46].

Here, we successfully prepared a double

Z-scheme heterojunction photocatalytic system con-

stituted of AP, PANI and g-C3N4-O (CNO) via a

temperate in situ precipitation method and assessed

its catalytic activity through decomposing Rho-

damine B (RhB), methylene blue (MB), MO and their

mixture under visible-light exposure. In particular,

PANI plays two roles in this system: It forms a

Z-scheme heterojunction with AP, and it functions as

an electronic mediator between the Z-scheme hetero-

junction formed by AP and CNO. Comparing the

photostabilities and photocatalytic activities of the

AP, AP/CNO and PANI/AP systems, those of the

PANI/AP/CNO system were heightened. The ame-

lioration was due to the efficient transfer of electrons

on the AP surface and the improvement of photo-

generated electron reducibility by a double

Z-scheme heterojunction photocatalytic mechanism,

which we presented and confirmed via researching

the band structures of the three semiconductors and

conducting radical scavenging experiments.

Experimental

Reagents

A 5% Nafion solution was purchased from the Alfa

Aesar Chemical Co., Ltd. Sulfosalicylic acid-doped

PANI was purchased from the Wuhan Yuancheng

Gongchuang Technology Co., Ltd. Other reagents

were purchased from the Chengdu Chron Chemical

Co., Ltd. All of the reagents were used as received

without further purification.

Synthesis of PANI/AP/CNO

As shown in Scheme 1, first, bulk CN (b-CN) was

prepared via the thermal condensation of melamine

(550 �C, 240 min, 2 �C/min) [47]. Second, multilayer

CNO was synthesized by the oxidative cutting of the

prepared b-CN (550 �C, 140 min, 5 �C/min). The

success of this cutting process was indicated by a

gradient change of the sample colour from yellow to

light yellow. Additionally, AP was prepared accord-

ing to a literature procedure with minor modifica-

tions [6], and the PANI/AP/CNO was prepared by a

similar in situ precipitation method. As shown in

Fig. S1, by changing the contents of CNO and PANI

in the composites, we found that PANI/AP/CNO

has the highest photocatalytic activity when the mass

ratio of PANI, AP and CNO is 5:100:30. The following

is the preparation method of PANI/AP/CNO in this

ratio: AgNO3 (1.5 mmol), PANI (10.5 mg) and CNO

(62.8 mg) were dissolved in 30 mL of water in a

100-mL three-necked flask, and the resultant mixture

was ultrasonicated in conjunction with mechanical

agitation for 30 min at room temperature. The ultra-

sonicator was then turned off, and vigorous stirring

was continued for 2 h. Both the rich oxygen-con-

taining functional groups on the surface of CNO

(Fig. 1q, Fig. S2) [48] and the lone pairs of electrons

on the outer N atoms of PANI can electrostatically

attract Ag? ions [45, 49]. The Ag? ions adsorbed onto

the CNO and PANI were subsequently precipitated

and underwent in situ growth by the dropwise

addition of 10 mL of Na2HPO4 (0.1 M) aqueous

solution, followed by stirring for 1 h to form PANI/

AP/CNO ternary composites in which AP was

encapsulated by CNO and PANI. The PANI, AP and

CNO actual contents were determined to be

7.99 wt%, 71.27 wt% and 20.74 wt% by inductively

coupled plasma optical emission spectrometry (ICP-

OES), respectively. In addition, PANI/AP and AP/

CNO composites were prepared using the same

method but without CNO and PANI, respectively.

Characterizations

Powder X-ray diffraction (XRD) patterns of the as-

prepared samples were determined with a PANa-

lytical X’Pert Pro MPD diffractometer equipped with

a Cu-Ka radiation source operated at 40 kV and

20 mA. Raman spectroscopy of PANI/AP/CNO was

performed with a Renishaw inVia laser confocal

Raman spectrometer. Fourier transform infrared (FT-

IR) spectra were recorded on a WQF-520 spectrome-

ter in the wave number range from 400 to 4000 cm-1

with a resolution of 2 cm-1 and using KBr as the

beam splitter. The morphologies of the as-prepared

samples were observed by field-emission scanning

electron microscopy (FE-SEM, SU8010) and trans-

mission electron microscopy (TEM, Tecnai G2 F20

S-TWIN). X-ray photoelectron spectroscopy (XPS)

was conducted on an ESCALAB 250XI (Thermo

Fisher) with an Al-Ka source (the measurement error

was within ± 0.2 eV), and energy-dispersive spec-

troscopy (EDS, SU8010) was utilized to characterize
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the chemical constituents and elemental valence

states of the PANI/AP/CNO. Analysis of the true

content of each component in the PANI/AP/CNO

was conducted with an Agilent ICPOES730 ICP-OES.

UV–Vis diffuse reflectance spectroscopy (UV–Vis

DRS) of the as-prepared samples was conducted with

a Lambda850 UV–Vis spectrophotometer using

BaSO4 as the baseline. The photoluminescence (PL)

spectra (FluoroLog-3, Jobin–Yvon) were used to

assess the lifetimes of the photoinduced charge car-

riers of the as-prepared samples. Electron paramag-

netic resonance (EPR) spectra were obtained on a

Bruker A300-10/12 electron paramagnetic resonance

spectrometer. Photoelectrochemistry measurements

were carried out using a CS350 electrochemical

workstation (Corrtest Instruments Corp., Ltd.,

Wuhan) with a standard three-electrode system. The

preparation of the working electrode is described in

the Supporting Information, along with the methods

used to construct the transient photocurrent response

spectrum, the Mott–Schottky curve and the Nyquist

diagram from the electrochemical impedance spec-

troscopy (EIS).

Photocatalytic performance

Photocatalytic reactions were conducted at room

temperature in a beaker (covered with aluminium

foil), which was exposed to a 200 W LED mining

lamp (B 16000 lm, HX-200 W) with a 420 nm cut-off

filter. Typically, PANI/AP/CNO and an organic dye

[RhB (20 mg/L), MB (20 mg/L), MO (10 mg/L) or

their mixture (RhB:MB:MO = 6 mg/L:6 mg/L:3 mg/

L)] solution were added to the beaker and stirred

under a dark environment to accomplish an adsorp-

tion–desorption equilibrium. The reaction mixture

was subsequently placed under light illumination

(the distance between the white LED light and the

reactor was 25 cm) and stirred. Three-millilitre ali-

quots were sampled and filtered through a 0.22 lm
Nylon syringe filter and then analysed with a UV–Vis

spectrophotometer (UV-1800, Shimadzu).

AgNPs

PANI

CNO

Ag+

Bulk CN 

AP

Melamine 

Scheme 1 Schematic of the synthetic process to form PANI/AP/CNO.
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Results and discussion

Characterization of PANI/AP/CNO

Figure 1a shows that all of the diffraction peaks of AP

in the XRD pattern of PANI/AP/CNO are consistent

with the standard pattern (JCPDS No. 06-0505) [50].

The (002) peak of CN at 27.55� is attributed to the

interlayer stacking reflection [22], and the intensities

of the (002) peak of CNO became weaker (Fig. S3). In

the pattern of PANI/AP/CNO, the (002) peak of

CNO was observed, which means that CNO was

present in the composite; meanwhile, the Raman and

the FT-IR characteristic peaks located at 706, 780, and

1223 cm-1 [51] (Fig. 1b) as well as 1324 cm-1 [52]

(Fig. S2), respectively, and the O 1s XPS spectrum [53]

(Fig. 1q) can also confirm this result. Interestingly,

(c)(a)

(b)

(g) (h) (i) (j) (k)

(n) (o) (p) (q)

(d)

(f)(e)

(l) (m)

Figure 1 XRD pattern, Raman spectra and representative FE-

SEM, TEM and HRTEM images, EDS maps and XPS spectra of

PANI/AP/CNO: a XRD pattern; b Raman spectrum; c, g FE-SEM

images; d, e TEM images; f HRTEM image; h–m EDS elemental

maps of Ag, P, C, N, O and S; and XPS spectra: n Ag 3d, o C 1s,

p N 1s and q O 1s.
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compared with the (002) peak of CN at 27.55�, those
of CNO and PANI/AP/CNO shift to 27.80� and

28.06�, respectively, suggesting that the CN can be

further planarized by loading AP onto its surface or

by continued heating to oxidize its edges to produce

a large number of oxygen-containing functional

groups [54, 55]. As shown in Fig. 1b, the character-

istic Raman peaks at 1165 cm-1, 1517 cm-1 and

1575 cm-1 correspond to the C–H bending of the

quinoid ring, the stretching of C=N in the quinoid

ring and the stretching of C–C of the para-distributed

benzenoid ring of PANI, respectively [41]. The pres-

ence of PANI was further confirmed by the S

2p spectra (Fig. S5c) and N 1s spectra, which show a

peak at 399.64 eV that corresponds to –NH– in the

PANI backbone [41] (Fig. 1p), as well as the EDS

elemental map (Fig. 1m).

The FE-SEM image of the pristine AP in Fig. S4a

shows that it consists of irregular, smooth-surfaced

nanoparticles that are almost interconnected and are

200–800 nm in diameter; some of the nanoparticles

are spherical. Compared with the pure AP, AP in the

composite exhibited a smaller crystallite size and a

rougher surface (Fig. 1c). TEM micrographs of

PANI/AP/CNO (Fig. 1d) reveal that, on the one

hand, PANI organic films are uniformly coated on

the surface of the AP crystallites [44]; on the other

hand, lamelliform CNO is closely attached to the

surface of the AP wrapped by PANI, and the three

together form a novel AP–PANI–CNO structure. In

agreement with these observations, the lattice fringes

of 0.166 nm and 0.397 nm in the HRTEM images of

PANI/AP/CNO in Fig. 1f are attributed to the (320)

and (002) interplanar distances of AP and CNO [22],

respectively. Moreover, EDS elemental maps in the

FE-SEM show that the PANI/AP/CNO consists of

six elements; the silver, phosphorus and oxygen ele-

ments constituting the AP are mainly distributed in

the spherical region of Fig. 1g, whereas the carbon,

nitrogen and sulphur elements constituting CNO or

PANI are uniformly dispersed throughout the area

(Fig. 1h–m), which is consistent with TEM observa-

tions. Compared with the point-contact structure of

conventional composites [14, 16, 19], this novel cross-

linked structure creates a tight and large contact

interface among AP, PANI and CNO. Notably, PANI,

which is highly conductive, and CNO, which exhibits

a huge specific surface area, not only accelerate the

separation and migration of photogenerated elec-

tron–hole pairs on the AP surface but also provide

more active sites for the degradation reaction [42, 54].

Interestingly, some metallic silver nanoparticles

(AgNPs) with a diameter of only approximately

50 nm are distributed at the interface between the AP

particles and the PANI film (Fig. 1d, e). These AgNPs

likely stem from the lone pair of electrons on the

outer N atom of PANI easily adsorbing Ag? ions and

restoring them to AgNPs [49]. Evidence of this pro-

cess is provided by the metal Ag diffraction peaks

(JCPDS No. 04-0783) at 38.14� in the XRD patterns of

PANI/AP and PANI/AP/CNO [45] and by the dis-

tinct characteristic peaks of AgNPs at 369.62 eV and

375.72 eV in the Ag 3d XPS spectrum [56] (Fig. 1n).

These AgNPs distributed at the AP and PANI inter-

faces accelerate the separation and transfer of pho-

togenerated electron–hole pairs between AP and

PANI and between AP and CNO.

In agreement with the EDS elemental mapping

results, the XPS survey spectrum (Fig. S5a) also

shows that the PANI/AP/CNO consists of six ele-

ments. In the C 1s XPS spectrum of PANI/AP/CNO

(Fig. 1o), the peaks at the binding energies of

286.34 eV and 289.72 eV demonstrate the rich oxy-

gen-containing functional groups on the CNO surface

[53]. In particular, compared with the Ag 3d, P 2p and

O 1s peaks in the spectrum of pure AP, those in the

spectrum of PANI/AP/CNO are shifted to higher

binding energies (Fig. 1n, Fig. S5b and Fig. 1q),

indicating a strong interaction between Ag3PO4,

PANI and CNO [18], which is consistent with the

XRD and HRTEM results.

Performance of PANI/AP/CNO

We used RhB as a target pollutant to investigate the

photocatalytic activity of PANI/AP/CNO. As shown

in Fig. 2a, RhB itself exhibits good light stability, and

compared with other samples, the PANI/AP/CNO

exhibits greater visible-light catalytic activity (99.34%

under identical conditions). This degradation process

conforms to the pseudo-first-order kinetic model [18],

and the apparent rate constant of each sample was

calculated according to the kinetic fitting curve

(Fig. 2b). Among the investigated samples, PANI/

AP/CNO has the largest kinetic constant of

0.2688 min-1, which is 1.31, 2.68, 5.28 and 17.12 times

greater than those of PANI/AP, AP/CNO, AP and

CNO, respectively. As shown in Figs. 2c, d and 3, for

the purposes of enlarging the application range of

PANI/AP/CNO, we conducted contaminant
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development experiments by degrading MB and MO

as well as their mixture with RhB. The PANI/AP/

CNO not only exhibited excellent photocatalytic

activity towards MB, MO and RhB but also excellent

activity for their mixture. Meanwhile, we further

confirmed this result by measuring the total organic

carbon (TOC) content during the degradation process

of mixed dyes; specifically, the TOC removal effi-

ciency was as high as 85.24% after 180 min, which

indicates that PANI/AP/CNO also has strong pho-

tocatalytic degradation activity for colourless organic

pollutants. In addition, as shown in Table S1, we

compared the degradation properties of PANI/AP/

CNO with other Ag3PO4-based photocatalysts under

visible light for organic pollutants and listed their

advantages and disadvantages.

The severe photocorrosion of pure AP remains one

of the largest problems impeding its practical appli-

cation. Therefore, we constructed this novel hetero-

junction system to not only improve the

photocatalytic activity of AP but, more importantly,

to enhance its photostability. To study the anti-

Figure 2 a Time profiles of visible-light-driven degradation,

b pseudo-first-order kinetic model of visible-light-driven

degradation kinetic fitting curves of RhB over PANI, CNO and

AP as well as the AP/CNO, PANI/AP and PANI/AP/CNO

composites; c time profiles of the visible-light-driven

degradation of MB; d time profiles of the visible-light-driven

degradation of MO.
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photocorrosion of PANI/AP/CNO, we carried out

cyclic degradation experiments using it and several

comparative materials under the same degradation

conditions (Fig. 4a). The PANI/AP/CNO exhibits

superior activity to other photocatalysts after three

degradation cycles (Fig. 4b). Nevertheless, as shown

in Fig. 4c, after three uses, a stronger characteristic

peak of metallic silver appears in the XRD pattern of

PANI/AP/CNO compared with that in the pattern of

AP. Combined with the results of the aforementioned

cyclic degradation experiments, these results indicate

that, during the process of material preparation and

photocatalytic degradation, the AgNPs in PANI/AP/

CNO, due to the reducibility of PANI films wrapped

on the surface of the Ag3PO4, grow in situ at the

interface between PANI and AP, whereas the metallic

silver in AP is due to the free Ag? on the surface of

AP being reduced by photogenerated electrons that

have not been transferred in time [9]. The AgNPs in

the former case can function as electron mediators,

Figure 3 a UV–Vis spectroscopic spectra of pure RhB, pure MB

and pure MO and the visible-light-driven degradation of their

mixture over PANI/AP/CNO; b time profiles of the visible-light-

driven degradation and TOC removal of mixed dyes over PANI/

AP/CNO; and c pseudo-first-order kinetic model of visible-light-

driven degradation kinetic curves of mixed dyes over PANI/AP/

CNO.
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thereby enabling the faster separation and transfer of

photogenerated electrons on the AP surface. In the

latter case, due to their irregular growth, the AgNPs

not only can not promote the transfer of electrons but

actually hinder the degradation reaction.

To further study the relationship between the

photocatalytic activity of PANI/AP/CNO and its

structure, we separately performed the PL, transient

photocurrent response and EIS Nyquist tests

[29, 38, 59] (Fig. 5). The three test results consistently

show that PANI/AP/CNO exhibits a better

separation efficiency of photogenerated charge car-

riers than the other three materials. Combined with

the aforementioned photocatalytic activity results

(Fig. 2a), these results clearly indicate that this novel

AP–PANI–CNO structure improves the photocat-

alytic activity by enhancing the separation efficiency

of the photogenerated charge carriers of AP.

Figure 4 a Time profiles of cyclic visible-light-driven

degradation of RhB over AP and the AP/CNO, PANI/AP and

PANI/AP/CNO composites; b kinetic constants of the cyclic

visible-light-driven degradation of RhB over AP as well as the AP/

CNO, PANI/AP and PANI/AP/CNO composites; c XRD patterns

of AP and PANI/AP/CNO before and after three cycles of the

visible-light-driven degradation of RhB.
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Double Z-scheme heterojunction
photocatalytic mechanism of PANI/AP/CNO

To further investigate how the PANI/AP/CNO sys-

tem with a novel structure efficiently separates and

transfers photogenerated electron–hole pairs of AP,

we analysed the band structures of the three semi-

conductors in the PANI/AP/CNO heterojunction

catalyst. As expected, the visible-light absorption

performances of the three composites are improved

compared with those of the three individual semi-

conductors (Fig. 6a). Among them, PANI/AP/CNO

exhibits the best visible-light-harvesting perfor-

mance; namely, it can more fully utilize solar radia-

tion. Notably, the PANI also exhibits good visible-

light-harvesting efficiency. However, employing the

Kubelka–Munk equation: ahm = A (hm - Eg)
n/2 [24],

we calculated a forbidden band energy (Eg) of PANI

to be only 1.81 eV using plots of (ahm)1/2 versus

energy (hm) [44] (Fig. 6b); that is, its photogenerated

electron–hole pairs easily recombine. Similarly, we

calculated the Eg values of AP and CNO to be 2.35 eV

and 3.04 eV using plots of (ahm)1/2 versus energy (hm)
[57] and (ahm)2 versus energy (hm) [31], respectively

(Fig. 6c, d). In addition, for the purpose of deter-

mining the exact VB and CB positions of PANI, AP

and CNO, we calculated the flat band potential (Ufb)

values, which are used to approximate the CB of

n-type semiconductors (CB & Ufb - 0.2 V) [58, 60],

with values of - 0.57 V, 0.25 V and - 1.04 V versus

SCE found, respectively, according to the intercept of

the Mott–Schottky plot with the horizontal axis [61]

(Fig. 6e–g). Additionally, the positive slope of the

plots for PANI, AP and CNO showed their n-type

nature, and thus, the CB potentials of PANI, Ag3PO4

and CNO were confirmed to be - 0.53 V, 0.29 V and

Figure 5 a Transient photocurrent response spectra; b EIS Nyquist plot; c photoluminescence spectra of AP as well as the AP/CNO,

PANI/AP and PANI/AP/CNO composites.
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- 1.00 V versus normal hydrogen electrode (NHE,

NHE = SCE ? 0.24 V), and the values of VB were

1.28 V, 2.64 V and 2.04 V versus NHE, respectively.

We also carried out a series of free radical trapping

experiments to explore the main active species pro-

duced by PANI/AP/CNO under visible-light expo-

sure. As shown in Fig. 7a, after the addition of 1 mM

Figure 6 a UV–Vis DRS of PANI, CN, CNO and AP as well as the AP/CNO, PANI/AP and PANI/AP/CNO composites; Kubelka–Munk

curves of b PANI, c AP and d CN and CNO; Mott–Schottky plots of e PANI, f AP and g CNO.
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ethylenediaminetetraacetic acid disodium salt

(EDTA-2Na functions as a trapping agent for h? [62])

and 1 mM 1,4-benzoquinone (BQ functions as a

trapping agent for �O2
- [63]), the rate of the degra-

dation reaction decreased substantially, indicating

that both h? and �O2
- are main active substances

produced by PANI/AP/CNO. Additionally, the

generation of �O2
- is further confirmed by the EPR

results. As shown in Fig. 7b, some characteristic

peaks of DMPO-�O2
- were observed in methanol

dispersions of PANI/AP/CNO composites under

visible-light irradiation. However, after the addition

of 10 mM isopropanol (IPA functions as a trapping

agent for �OH [64]), the rate of the degradation reac-

tion did not substantially decrease; thus, �OH was not

the main active substance produced by PANI/AP/

CNO.

On the basis of these results, in combination with

the aforementioned analyses of the band structures of

the three semiconductors and the results of the free

radical trapping tests, we propose a double

Z-scheme heterojunction photocatalytic mechanism

suitable for the PANI/AP/CNO system (Fig. 8). This

mechanism is a good illustration of the process of the

high-efficiency separation and transfer of photogen-

erated electron–hole pairs in a PANI/AP/CNO sys-

tem with a novel structure. To further verify the

rationality of the double Z-scheme heterojunction

photocatalytic mechanism, we first assume that the

system conforms to the conventional heterojunction

photocatalytic mechanism (Fig. 9a). According to this

mechanism, the photoproduced electrons and holes

Figure 7 a Time profiles of the visible-light-driven degradation of

RhB with the addition of scavengers over PANI/AP/CNO; b ESR

spectra of �O2
- trapped by DMPO in the PANI/AP/CNO methanol

dispersion under both the dark and visible-light irradiation

([ 420 nm, 300 W xenon lamp) conditions.

Figure 8 Double Z-scheme heterojunction photocatalytic

mechanism of the PANI/AP/CNO composite under visible-light

exposure.
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gather on the CB of AP and the VB of PANI and

CNO, respectively. Nevertheless, the photoproduced

electrons on the CB of AP (? 0.29 V vs. NHE) cannot

reduce the free oxygen adsorbed onto the surface of

PANI/AP/CNO to �O2
- (E0(O2/

�O2
-) = - 0.046 V

vs. NHE [28, 40]), which is conflicting with the results

of the aforementioned scavenging experiments. Quite

to the contrary, for the double Z-scheme heterojunc-

tion photocatalytic mechanism [65] (Fig. 8), the pho-

toproduced holes on the VB of PANI and CNO

recombine with the photoproduced electrons on the

CB of AP, leading to holes gathering on the VB of AP

(? 2.64 V vs. NHE), These holes can not only oxidize

hydroxyl ions adsorbed onto the surface of PANI/

AP/CNO to �OH (E0(OH-/�OH) = ? 2.40 V vs. NHE

[19, 66]) but, more importantly, can immediately

degrade dye contaminants, such as RhB, MO and

MB, and eventually mineralize them into H2O and

CO2. Simultaneously, the electrons gathering on the

CB of PANI (- 0.53 V vs. NHE) and CNO (- 1.00 V

vs. NHE), respectively, can easily reduce oxygen to
�O2

-, which is consistent with the results of the

aforementioned capture experiments. Similarly, the

generated �O2
- and �OH can also directly participate

in the degradation of dye contaminants and eventu-

ally mineralize them into H2O and CO2. Notably, as

shown in Fig. 2a, the degradation efficiency of

PANI/AP/CNO is substantially higher than that of

AP/CNO, which is likely the reason why the PANI

organic film and the AgNPs generated in situ on its

surface act as electron mediators between AP and

CNO (Fig. 9c), effectively accelerating the electron

transfer of the direct AP/CNO

Z-scheme heterojunction (Fig. 9b), as indicated by the

TEM image (Fig. 1d) and PL emission spectra

(Fig. 5c). Additionally, PANI also functions as a

photocatalyst in this system, and AgNPs generated

in situ on its surface act as electron mediators [67] to

accelerate the transfer of photogenerated electrons

between PANI and AP (Fig. 9d). In short, the double

Z-scheme heterojunction photocatalytic mechanism

dramatically enhanced the lifetime of the photogen-

erated electron–hole pairs of AP, which was con-

ducive to its activity and stability. The overall double

Z-scheme heterojunction photocatalytic mechanism

can be depicted as follows:

PANI;AP;CNOþ hm ! e� PANI; AP; CNOð Þ
þ hþ PANI;AP;CNOð Þ

e� APð Þ þ hþ PANIð Þ �!AgNPs
AP þ PANI

e� APð Þ þ hþ CNOð Þ �!PANIþAgNPs
AP þ CNO

e� PANI; CNOð Þ þ O2 ! PANI; CNO þ �O�
2

hþ APð Þ þOH� ! AP þ �OH

hþ; �O�
2 ;

�OHþ dye contaminants �!mineralization
H2Oþ CO2

Conclusions

In conclusion, an AP material heterojunction with

PANI and CNO exhibited outstanding activity in the

visible-light-driven degradation of organic dye con-

taminants. With this catalyst, the degradation effi-

ciency for RhB reached 98.54% in only 18 min, and

the TOC removal efficiency for the mixture of RhB,

(a) (b) (c) (d)

Figure 9 Diagrams of a the conventional heterojunction

photocatalytic mechanism, b the direct Z-scheme heterojunction

photocatalytic mechanism without PANI, c the all-solid

Z-scheme heterojunction photocatalytic mechanism in which

PANI and its surface in situ grown AgNPs act as electron

mediators and d the all-solid Z-scheme photocatalytic mechanism

in which PANI surface and its surface in situ grown AgNPs act as

electron mediators.
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MB and MO also reached 85.24% in 180 min. Some

characterizations, such as TEM and PL spectroscopy,

were used to demonstrate this novel AP–PANI–CNO

structure; in particular, both PANI and its surface

in situ grown AgNPs in this system act as electron

mediators, which suppress the formation of irregular

metallic silver on the surface of AP and the recom-

bination of photogenerated current carriers, ulti-

mately improving the activity of the catalyst. Then,

by researching the band structures of the three

semiconductors and analysing the results of free

radical trapping experiments, we proposed and

confirmed a double Z-scheme heterojunction photo-

catalytic mechanism suitable for this system. This

work provides a novel approach to degrading

organic dyestuff with high activity and stability,

particularly with clean and sustainable light energy.
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