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ABSTRACT

The Z-Scheme Ag3PO4/Ag/g-C3N4 nanosheets composites are synthesised via

simple annealing and anion-exchange precipitation method. The obtained

samples are characterized by SEM, XRD, TEM, XPS, UV–Vis and PL, which

imply that the Z-Scheme Ag3PO4/Ag/g-C3N4 structure has been prepared

successfully. The photocatalytic activity of the as-prepared Ag3PO4/Ag/g-C3N4

nanosheets composites displays a remarkable enhancement after the Ag3PO4/

Ag nanoparticles being introduced by the hydrogen production under visible

light. Further, the Z-Scheme structure of the sample and the lamellar structure of

the C3N4 are considered as the main reasons for the enhancement.

Introduction

As an apinoid and almost infinite source, solar

energy has been explored by heaps of ways, such as

solar cells, solar water heater or simulate chlorophyll

[1, 2], especially the solar hydrogen production, with

the high combustion heat, non-pollution and directly

utilized properties of the H2, is considered as an ideal

way to take advantage of the solar energy. Since it

was first reported in 1972, lots of significant results

have been achieved [3–5]. In view of the high pro-

portion of the visible light in sunlight, in recent years,

most researchers have focused on visible light

hydrogen production photocatalyst, such as InVO4

[6], LaTiO2N [7] and CdS, and have obtained series of

achievements [8]. In those photocatalytic materials,

the graphitic carbon nitride (g-C3N4), with low cost

and physical–chemical stability, has been demon-

strated to be an especially promising photocatalyst

for the splitting of water into H2 and decomposing

organic pollutants using solar energy [9–11]. Com-

pared with most traditional materials, the g-C3N4

with unique electronic band structure could be syn-

thesized though simple and environment friendly

methods and has achieved prominent results [12–14].

As known, how to decrease the recombination rate of

photo-generated electron–hole pairs of g-C3N4 is one

of the most efficient ways to improve the photo-

catalysis. In view of this, lots of researchers have tried

a variety of attempts. As reported in early literatures,

loading with noble metals (Au, Pt) is a valid way, up
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to now, many synthetic methods for the fabrication of

noble metal/g-C3N4 photocatalysts have been

developed [15, 16]. However, the preparation cost

would be dearly for most minor enterprises, and

restrict those photocatalysts being used in practical

application. On the other hand, the heterojunction

modification is considered as another ideal way, and

lots of researches have been reported, such as Hao

et al. [17] have prepared macro/mesoporous g-C3N4/

TiO2 heterojunction for enhancing the visible light

photocatalysts, Karimi-Nazarabad et al. [18] have

prepared the semiconductor coupling g-C3N4/WO3

for solar light-driven photocatalysis, or others ways

as g-C3N4/SrTiO3 [19], g-C3N4/Bi2WO6 [20] and

g-C3N4/In2O3 [21]. For above studies, the hetero-

junction structure could promote the photon-gener-

ated carriers that separate and increase the

photocatalytic process efficiently, and indicate that

the suitable composite modification is an efficient

way in future researches.

In numerous materials, the Ag3PO4, with easy

preparation and unique band gap structure [22, 23], is

expected as a promising visible-light-active photocat-

alyst. Compared with Au or Pt, the preparation and

cost of the Ag3PO4 is easy and cheap [24]. After being

introduced into the C3N4 system, those could form a

heterojunction and promote the photon-generated

electron–hole pairs separating efficiently [25–27].

What is more, the surface of Ag3PO4 could decompose

to form a sparse Ag shell, which could make the

composites to generate a Z-Scheme structure to

quench the photon-generated electron (from the con-

ductive band of Ag3PO4) and hole (from the valence

band of the C3N4) quickly, that is much more efficient

than the traditional heterojunction, Lu et al. have

prepared the Z-Scheme WO3/Ag3PO4 composites

with enhanced visible light photocatalytic perfor-

mances [28], Fan et al. have obtained the Z-

Scheme visible-light-driven Ag3PO4/MoS2 nanocom-

posites [29], Dai groups have synthesized the

Z-Scheme Bi2MoO6/Ag3PO4 composites for enhanced

photocatalysis [30], and so on [31, 32]. In addition, the

sparse Ag shell on the surface of the Ag3PO4 could

prevent the degradation of the Ag3PO4 and improve

the photocatalytic stability, which is another advan-

tage for the Ag3PO4 modification [33, 34].

Herein, we prepared the Z-Scheme Ag3PO4/Ag/g-

C3N4 nanosheets photocatalysts by simple annealing

and anion-exchange precipitation methods. The as-

prepared Z-Scheme Ag3PO4/Ag/g-C3N4 nanosheets

composites exhibit an obvious enhancement of

hydrogen production under visible light irradiation.

Further, the visible light hydrogen production

mechanism of the Z-Scheme Ag3PO4/Ag/g-C3N4

composites is discussed.

Experimental

Materials

All the chemicals were analytical grade and used

without further purification. Silver nitrate (AgNO3),

sodium phosphate dibasic dodecahydrate (Na2

HPO4�12H2O) and melamine (C3H6N6) were pur-

chased from Sigma-Aldrich. The deionized water was

produced from a Millipore Milli-Q water purification

system and used throughout the whole experiments.

Synthesis

The bulk g-C3N4 was synthesized by thermal poly-

condensation of melamine. Typically, 10 g of mela-

mine powder was put into an alumina crucible with a

cover and heated to 550 �C at a rate of 5 �C/min and

maintained for 4 h. The resultant yellow product was

collected and milled into powder. Then, the as-pre-

pared bulk g-C3N4 (1 g) was mixed with 10 mL of

H2SO4 (98 wt%) in a 50-mL flask and stirred for 8 h at

room temperature. Then, the mixture was poured

into 100 mL of deionized water slowly and sonicated

for exfoliation. In this process, the temperature

increased rapidly and the color changed from yellow

to light yellow. The obtained suspension was then

subjected to 10 min of centrifugation at 3000 rpm to

remove any un-exfoliated g-C3N4. The obtained light

yellow suspension was centrifuged, washed thor-

oughly with deionized water to remove the residual

acid, and finally dried at 80 �C in air for 12 h.

The Z-Scheme Ag3PO4/g-C3N4 nanosheets com-

posites were prepared by a facile chemisorption

method. In brief, 10 mg g-C3N4 nanosheets was dis-

persed into deionized water (20 mL) with sonication

for 1 h, and then 0.03 M AgNO3 (0, 5, 10, 15 ml) was

added into the g-C3N4 dispersion to obtain a homo-

geneous phase after stirring for 60 min at room

temperature. The electrostatically driven assembly of

positively charged Ag? ions on the negatively

charged g-C3N4 sheets was achieved. And then

0.05 M Na2HPO4�12H2O (0, 7.5, 15, 22.5 ml) was
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added dropwise into the Ag?/g-C3N4 dispersion,

under magnetic stirring for 60 min, then generating a

yellow–brown precipitate. All the processes proceed

on the illumination, so parts of Ag3PO4 decomposed

to the Ag and deposited on the surface to generate a

sparse Ag shell. The obtained Z-Scheme Ag3PO4/

Ag/g-C3N4 composites were washed with distilled

water and absolute ethanol for three times, and

finally dried at 60 �C for 8 h. Then, the samples with

different concentration of Ag3PO4/Ag were denoted

as Ag-CN-0(0 ml AgNO3 ? 0 ml Na2HPO4�12H2O),

Ag-CN-1(5 ml AgNO3 ? 7.5 ml Na2HPO4�12H2O),

Ag-CN-2(10 ml AgNO3 ? 15 ml Na2HPO4�12H2O)

and Ag-CN-3(15 ml AgNO3 ? 22.5 ml Na2HPO4�
12H2O).

Characterizations

The phase structures of the samples were character-

ized by X-ray diffraction (XRD) on a Bruker D8

diffractometer (1.5406 Å, 40 kV and 40 mA). The

morphology of the samples was characterized by the

field-emission scanning electron microscope (FESEM,

Hitachi S-4800). The crystal structures were charac-

terized by the transmission electron microscopic

(TEM) images (JEM-2100 microscope, 200 kV). X-ray

photoelectron spectra (XPS) were measured by a

Kratos Axis Ultra system (ESCALAB250).

Photocatalytic performance measurements

The photocatalytic hydrogen evolution was per-

formed in Labsolar III system (Beijing Perfectlight

Technology Co. Ltd.). An outer irradiation-type

photoreactor (Pyrex reaction vessel) was connected to

a closed gas circulation and an evacuation system.

The evolved gases were analyzed by an online gas

chromatograph (GC) equipped with a thermal con-

ductivity detector (TCD) and molecular sieve (5 Å

pore size). High purity Ar was used as the carrier gas.

In the experiment, 50 mg of photocatalyst was dis-

persed into 100 mL deionized water containing sac-

rificial reagent (20 ml triethanolamine, TEOA). Before

reaction, the whole system was pumped out to

remove the dissolved air. A 300-W Xe lamp, equip-

ped with a UV cutoff filter, was used as the visible

light source ([ 420 nm). A circulation of water with

an external cooling coil was conducted to maintain

the temperature of suspension at about 25 �C.

Results and discussion

Figure 1 is the morphology of the as-prepared g-C3N4

nanosheets and Ag3PO4/Ag/g-C3N4 nanosheets

composites. Figure 1a is the SEM of the pure C3N4

(Ag-CN-0). As seen, the as-prepared C3N4 is lamel-

late, which could provide large surface area for the

growth of the Ag3PO4/Ag nanoparticles and the

reaction interfaces for photocatalysis. As shown in

Fig. 1b–d, it is obvious that the Ag3PO4/Ag

nanoparticles, with the diameter about 300 nm, are

introduced and deposit on the surfaces of the C3N4

nanosheets successfully, and which increase with the

solution concentration.

Further, the crystal structures of the Ag3PO4/Ag/

g-C3N4 nanosheets composites are characterized by

TEM and shown in Fig. 2. As revealed, the C3N4

nanosheets are thin, and the Ag3PO4/Ag nanoparti-

cles with diameter of about 300 nm deposit on it,

which is corresponded to the SEM. Figure 2b and c is

the HRTEM of the Ag3PO4 and g-C3N4. As shown,

the lattice spacing of 0.241 and 0.328 nm is ascribed to

the (211) plane of the Ag3PO4 and (002) plane of the

C3N4 [35]. Restricted by the crystallinity and thick-

ness of the Ag shell, the HRTEM of the Ag shell could

not be provided, which would be proved in XRD and

XPS.

The phase structure of the as-prepared Ag3PO4/

Ag/g-C3N4 composites with different concentration

of Ag3PO4/Ag is characterized by XRD and shown in

Fig. 3. As displayed, all of the samples exhibit a

distinct diffraction peak at 27.7�, which can be

indexed to the (002) plane of the g-C3N4 (JCPDS-87-

1526). With the Ag3PO4/Ag nanoparticles being

introduced, the samples exhibit obvious diffraction

peaks at 2h = 20.8�, 29.7�, 33.3�, 36.6�, 42.5�, 47.8�,
52.7�, 55.1�, 57.3�, 61.7�, 69.9�, 71.9�, and 73.8�, which

could be indexed to the (110), (200), (210), (211), (300),

(310), (222), (320), (321), (400), (420), (421) and (332)

planes of the Ag3PO4 phase (JCPDS-02-0931), and

increase with the concentration of the reaction solu-

tion. What is more, the diffraction peak of Ag at 38.1�
could be observed and indexed to (111) plane of the

Ag (PDF-04-0783) [35]. Limited by the crystallinity,

the diffraction peak of Ag is weak, while increases

with the reaction solution, that is similar to the Ag3-

PO4. Those above indicate that the Ag may adhere to

the Ag3PO4.

Furthermore, the components and surface proper-

ties of the Ag3PO4/Ag/g-C3N4 nanosheets
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Figure 1 The SEM of as-prepared g-C3N4 nanosheets and Ag3PO4/Ag/g-C3N4 nanosheets composites with different ratio.

Figure 2 The TEM of

Ag3PO4/Ag/g-C3N4

nanosheets composites, a the

TEM of the sample, b the

HRTEM of the Ag3PO4 and

c the HRTEM of the C3N4.
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composites (Ag-CN-2) are characterized by XPS.

Figure 4 is the XPS spectra of the as-prepared Ag3

PO4/Ag/g-C3N4 nanosheets composites. Figure 4a is

the full survey spectrum, which indicates the pres-

ence of phosphorus (P 2p), carbon (C 1s), silver (Ag

3d, 3 g), nitrogen (N 1s) and oxygen (O 1s) in the

Ag3PO4/Ag/g-C3N4 nanosheets composites. Fig-

ure 4b is the high-resolution Ag 3d spectrum. As

revealed, two distinct peaks at 368.3 eV (Ag 3d5/2)

and 374.4 eV (Ag 3d3/2) could be ascribed to the Ag

in the composites. Further, the Ag 3d5/2 peak could

be divided into two peaks at 368.1 and 368.8 eV,

while the Ag 3d3/2 peak could be divided into two

peaks at 374.1 and 374.8 eV, respectively. As shown,

the peaks of 368.1 and 374.1 eV could be assigned to

Ag?, while the peaks of 368.8 and 374.8 eV could be

attributed to metallic Ag(Ag0), which is correspond-

ing to previous literatures [36]. Figure 5c is the high-

resolution C 1s spectrum. As revealed, the curve

could be fitted into two peaks, the peaks located at

284.8 eV could be ascribed corresponding to the C–C

bond with sp2 orbital, and the peak located at

288.4 eV could be assigned to the carbon atoms in

Figure 3 The XRD of the samples with different concentration of

Ag3PO4/Ag.

Figure 4 The XPS spectra of the Ag3PO4/Ag/g-C3N4 nanosheets composites, a full survey, b Ag 3d spectrum, c C 1s spectrum and d N

1s spectrum.
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N-containing aromatic rings [37]. Moreover, as

shown in Fig. 4d, the N 1s spectrum could be divided

into three different nitrogen species, namely the

peaks located at 398.8, 399.8 and 400.8 eV could be

assigned to the C=N–C, N–(C)3 and C–N–H, respec-

tively [37]. Compared with the unmodified pure

g-C3N4 (shown in ESI Fig. S1), the 0.2 eV of the peak

shift (N 1s) indicates that the modification has formed

[38]. The results of XPS indicate the existence of the

Ag3PO4, metal Ag and g-C3N4 units, which are the

elementary building blocks of Ag3PO4/Ag/g-C3N4

and correspond to the XRD.

All the above results manifest that the Ag3PO4/Ag

nanoparticles have deposited on the surfaces of

g-C3N4 nanosheets.

The photocatalytic performances for hydrogen

production of the different Ag3PO4/Ag/g-C3N4

nanosheets composites are displayed in Fig. 5. All

experiments are carried out under visible light irra-

diation ([ 420 nm), and the TEOA aqueous solution

is employed as the sacrificial agent. As revealed, the

pure g-C3N4 nanosheets exhibit a weaker hydrogen

production of (* 0.84 lmol/g�h), which could be

ascribed to the intrinsic hydrogen production prop-

erty of the g-C3N4. It is obvious that the hydrogen

production increases with the ratio of Ag3PO4/Ag,

and get an optimal value at the Ag-CN-2

(* 4.1 lmol/g�h), then decreases. By calculating, the

hydrogen production of the Ag3PO4/Ag/g-C3N4 is

about five times of the pure g-C3N4. As a control

group, the Ag3PO4/Ag nanoparticles and g-C3N4

nanosheets are simply mixed in solution and labeled

as Ag-CN-X (the ratio is the same as the Ag-CN-2).

However, the hydrogen production of the Ag-CN-X

is similar as the pure g-C3N4, and which is helpful to

explain the mechanism of the Z-Scheme structure. It

is obvious that the suitable concentration of the

Ag3PO4/Ag and the unique structure of the Ag3PO4/

Ag/g-C3N4 could increase the hydrogen production

efficiently.

Figure 6 shows the UV–visible absorption spectra

of Ag3PO4/Ag/g-C3N4 composites with different

amount of Ag3PO4/Ag. As shown, the absorption

band of pure g-C3N4 locates at approximately

460 nm, which is ascribed to the intrinsic band gap of

the g-C3N4. Then, the absorption of the composites

displays an obviously red-shift and increasing with

the increasing concentration of the Ag3PO4/Ag in

visible light area, which could be attributed to the

band gap of the Ag3PO4 (2.4 eV) [39]. These red-shift

Figure 5 Visible light hydrogen production activity a different ratio of Ag PO4/Ag/g-C3N4 composites, b the histogram of the samples.

Figure 6 The UV–visible absorption spectra of Ag3PO4/Ag/

g-C3N4 composites with different amount of Ag3PO4/Ag.
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and absorption enhancement are benefitted for the

visible light hydrogen production.

Based on the above results, the mechanism of the

photocatalytic hydrogen production is proposed as

Fig. 7. Unlike the mechanism of the conventional

heterojunctions, the ternary system of Ag3PO4/Ag/g-

C3N4 composites could form unique Z-Scheme struc-

ture. Under visible illumination, the Ag shell could

immediately construct a cross-linking bridge between

two semiconductors and promote the recombination

of electrons from the CB of Ag3PO4 and holes from the

VB of g-C3N4, which could increase the lifetime of the

remaining holes on the VB of Ag3PO4 and electrons in

the CB of g-C3N4 [37], that could be proved by the

photoluminescence of the pure g-C3N4 and Ag3PO4/

Ag/g-C3N4 (the PL is shown in ESI Fig. S2). Compared

with other samples, the Ag-CN-X is simply mixed with

Ag3PO4/Ag and has not formed the Z-Scheme struc-

ture, so the photocatalytic activity is similar as the pure

g-C3N4, which proves the Z-Scheme again and is

considered as the main reason for the enhancement of

the visible light hydrogen production. It is interesting

that the sample of Ag-CN-3 exhibits a decrease, which

could be ascribed to that the Ag3PO4/Ag would result

in a competition for visible light absorption in spite of

itself having no hydrogen production ability [40].

Additionally, the lamellar structure of the g-C3N4 is

considered as another important reason, which could

provide large surface area for the growth of the Ag3

PO4/Ag and the photocatalytic hydrogen production.

What is more, the Ag0 covers on the surface of the

Ag3PO4 can trap the photo-generated electrons and

thus inhibit the further decomposition of Ag3PO4,

which could enhance the stability of photocatalytic

hydrogen production [36, 41, 42].

Combined with the above advantages, the Ag3

PO4/Ag/g-C3N4 composites show the excellent

photocatalytic hydrogen production activity.

Conclusion

We have successfully prepared the Ag3PO4/Ag/

g-C3N4 nanosheets composites through simple pro-

cesses and proved its excellent visible light photo-

catalytic property in hydrogen production. The main

reason could be attributed to the Z-Scheme structure

of the Ag3PO4/Ag/g-C3N4, because the Ag shell

could act as recombination center to quench the

photo-generated electrons (from the CB of Ag3PO4)

and holes (from the VB of g-C3N4), which could

increase the lifetime of the remaining holes (on the

VB of Ag3PO4) and electrons (in the CB of g-C3N4) to

promote the separation of the photo-generated elec-

tron–hole pairs for increasing the photocatalytic

hydrogen production property. In addition, the

lamellar structure of the g-C3N4 could provide plenty

of reactive sites and the sparse Ag shell on the sur-

faces could prevent the degradation of the Ag3PO4

for improving the stability of the photocatalysis are

also significant reasons.

These Ag3PO4/Ag/g-C3N4 nanosheets composites

with excellent visible light hydrogen production

property are expected as the candidates in energy

and environmental applications.
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