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ABSTRACT

Graphene oxide (GO)–AgIO4 nanocomposites with excellent photocatalytic per-

formance have been prepared through a facile ion-exchange method. The as-

prepared samples are characterized by X-ray diffraction, Fourier transform

infrared spectroscopy, scanning electron microscopy, and transmission electron

microscopy. The GO–AgIO4 nanocomposites exhibit an enhanced photocatalytic

activity in the degradation of organic pollutants as compared to bare AgIO4. It is

revealed that the introduction of GO can relieve the agglomeration of AgIO4

particles, enhance the light absorption of the materials, and promote the separa-

tion of photoexcited electron–hole pairs. In addition, the possible transfer and

separation behaviors of the charge carriers and the photocatalytic mechanism are

discussed in detail. The excellent photocatalytic performance makes the GO–

AgIO4 nanocomposites a promising photocatalyst for organic pollutant treatment.

Introduction

Advanced oxidation processes, including Fenton

[1–3] and photocatalytic oxidation [4], have been

considered as promising treatment technologies for

organic pollution removal because of their high

removal efficiency than conventional methods.

Among them, semiconductor photocatalysis was

found to be prominent and practicable method for

clean, economical, and environmentally friendly

treatment of various organic pollutants by using solar

energy [5–7]. Unfortunately, the most widely utilized

photocatalyst of TiO2 is only active under UV irra-

diation [8]. Therefore, exploiting novel and efficient

photocatalysts that can work under visible light is

necessary for practical wastewater treatment. Plenty

of efforts have been made to explore efficient visible-

light-driven catalysts for the degradation of organic

pollutants [9, 10]. However, the low photocatalytic

activity and poor stability of these photocatalysts are

the main problems that limit their practical applica-

tion [11–13]. Therefore, it is still a challenge to
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develop new visible-light-driven photocatalysts with

high photocatalytic activity and stability.

In recent years, graphene has been used as an ideal

supporting material for photocatalysts due to its

extraordinary properties such as super high surface

area and excellent electron mobility [14–16]. A variety

of graphene-based composite photocatalysts such as

Ag2CO3–graphene [17, 18], Ag3PO4–graphene

[19–21], AgX–graphene (X=Br, Cl), etc., have been

reported [22–26]. These investigations found that

graphene-based composite photocatalysts exhibit an

enhanced photocatalytic performance in the degra-

dation of organic pollutants as compared to their

individual components. Thus, the preparation of

graphene-based composite photocatalysts is a

promising way to obtain high-efficient photocatalytic

materials. Recently, Tang et al. [27] reported a novel

AgIO4 photocatalyst with excellent photocatalytic

activity. However, the graphene-based AgIO4 com-

posite photocatalysts have not been reported so far. It

is possible to further enhance the photocatalytic

activity of AgIO4 by combining it with graphene.

Herein, we report an effective ion-exchange

method to synthesize the composites of AgIO4 and

graphene oxide (GO). The as-synthesized GO–AgIO4

nanocomposites exhibit enhanced photocatalytic

performances compared to bare AgIO4 photocatalysts

under simulated solar light (SSL) irradiation. In

addition, the possible transfer and separation

behaviors of the charge carriers and the photocat-

alytic mechanism are discussed in detail.

Experimental section

Materials

Natural flake graphite with a particle size of 150 lm

(99.9% purity) was purchased from Qingdao Guyu

Graphite Co., Ltd. All of the other chemical reagents

employed in this study were obtained from Sino-

pharm Chemical Reagent Co., Ltd, which are of

analytical grade and used as received without further

purification. Graphite oxide was synthesized by a

modified Hummers method [28, 29].

Synthesis of the photocatalysts

In a typical synthesis, a certain amount of graphite

oxide was dispersed in 20 mL of distilled water by

ultrasonication to give a GO dispersion. Then,

2 mmol of AgNO3 dissolved in 10 mL of distilled

water was added into the GO dispersion. After the

mixture was vigorously stirred for 2 h, 10 mL of

Na2MoO4 (1 mmol) aqueous solution was dropwise

added into the above mixture under stirring. After

reacting for 30 min, 4 mmol of HIO4 was added and

the resulted mixture was stirred for 1 h. The GO–

AgIO4 product was collected by centrifugation,

washed with water and absolute ethanol, respec-

tively, and then dried at 45 �C in a vacuum oven. The

synthetic process of GO–AgIO4 nanocomposites is

illustrated in Fig. 1. To investigate the effect of the

amount of GO on the photocatalytic activity of GO–

AgIO4 composites, the GO–AgIO4 nanocomposites

with GO contents of 0, 2, 7, and 10 wt% were pre-

pared and denoted as AgIO4, 2%GO–AgIO4, 7%GO–

AgIO4, and 10%GO–AgIO4, respectively. For com-

parison, the sample of AgIO4 (Ref) was prepared by

the direct reaction of AgNO3 with HIO4 according to

the method reported in literature [27]. In addition,

partially reduced graphene oxide (pRGO)–AgIO4 and

RGO–AgIO4 photocatalysts were also prepared

according to the literature methods [30, 31].

Characterization

The phases of the as-obtained products were char-

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

Advance diffractometer with Cu Ka radiation

(k = 1.5406 Å) at a scanning rate of 7� min-1. The

Raman spectra were acquired on a DXR Raman

spectrometer with a 532 nm wavelength incident

laser light at room temperature. The morphologies of

Figure 1 Synthesis process of GO–AgIO4 nanocomposites.
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the products were determined by scanning electron

microscopy (SEM, JSM-6480) and transmission elec-

tron microscopy (TEM, JEOL JEM-2100). The loading

amounts of AgIO4 in the GO/AgIO4 nanocomposites

were examined by an inductively coupled plasma-

optical emission spectrometer (ICP-OES, Vista-MXP,

Varian). Fourier transform infrared (FT-IR) spectra

were recorded on a Nicolet Nexus 470 spectropho-

tometer with KBr pellets in the 4000–400 cm-1 region.

Ultraviolet–visible (UV–Vis) absorption spectra were

recorded with a UV-1800PC UV–Vis spectropho-

tometer. UV–Vis diffuse reflectance spectra were

conducted with a UV-2450 UV–Vis spectrophotome-

ter. The photoluminescence properties of the samples

were measured with a photoluminescence (PL)

spectrometer (Varian Cary Eclipse).

Photocatalytic activity measurement

The photodegradation reaction was conducted in a

GHX-3 photochemical reactor (Science and Education

Equipment Co., Ltd, Yangzhou, China). A 250-W Xe

lamp serving as the SSL source was positioned at

ca.10 cm away from the reaction cell to trigger the

photocatalytic reaction. The output wavelength

spectrum of this lamp is shown in Fig. S1. There is a

water layer between the reaction system and the

lamp to remove the thermal effect of light. The pho-

tocatalytic activities of the samples were evaluated by

the photocatalytic degradation of three different

kinds of organic pollutants including methylene blue

(MB), rhodamine B (RhB), and methyl orange (MO)

under the SSL irradiation. Aqueous solutions

(100 mL, 10 mg L-1) of MB, RhB, and MO were,

respectively, used in the photodegradation processes.

In each experiment, 10 mg of photocatalyst was

added into the pollutant solution. Before illumina-

tion, the suspension was stirred in the dark for 1 h to

ensure the establishment of an adsorption–desorp-

tion equilibrium between the photocatalyst and the

pollutant. All the experiments were performed at

25 �C under constant stirring. At regular time inter-

vals, 4 mL of the suspension was taken out from the

reaction vessel and pipetted into a centrifuge tube.

After centrifuged at 12000 rpm for 3 min to separate

the remnant photocatalyst from the solution, the

supernatant was taken out to determine its concen-

tration by measuring its absorbance with an UV–Vis

spectrophotometer. The characteristic absorption

wavelengths of MB, RhB, and MO were 664, 554, and

464 nm, respectively. The photodegradation ratio

was calculated using the relative concentration (C/

C0) of the organic pollutants, where C0 is the calcu-

lated concentration of the organic pollutant after

adsorption equilibrium, and C is the residual con-

centration at different irradiation time. In the recycle

experiments, the photocatalyst was separated from

the solution, washed with ethanol and DI water, and

then re-dispersed in the dye solution for another

cycle.

Results and discussion

Characterization of the as-prepared
photocatalysts

X-ray diffraction (XRD) is used to investigate the

crystalline phases of the as-synthesized samples, and

the corresponding XRD patterns are shown in Fig. 2.

For the AgIO4 sample, the peaks at 2h of 18.1�, 29.6�,
33.3�, 38.1�, 47.9�, 56.2�, 61.3�, and 62.9� can be,

respectively, indexed to (101), (004), (200), (211),

(220), (312), (008), and (321) reflections of AgIO4

(JCPDS No. 10-0368). No any peaks from impurities

can be observed in the XRD pattern, indicating that

the AgIO4 sample is highly pure. It is interesting to

note that the AgIO4 (Ref) prepared by the direct

reaction of AgNO3 with HIO4 possesses a quite dif-

ferent crystal structure [27], which cannot be indexed

to the AgIO4 standard card of JCPDS No. 10-0368. As

usual, graphite oxide shows an intense diffraction

peak at around 12�, corresponding to its (002)

reflection [32]. The XRD pattern of 7%GO-AgIO4

nanocomposite is similar to that of AgIO4 sample,

and no discernible diffraction peaks from graphite

oxide are observed, which can be attributed to the

low content of GO in these composites and/or the

forestalled stack of GO sheets due to the attachment

of inorganic units on them [33–35]. In addition, no

observable shift in any of the AgIO4 reflections after

combination with GO. These findings demonstrate

that AgIO4 was not substituted into the position of

oxide in GO, but rather presented as a discrete (pre-

dominantly) AgIO4 phase dispersed on the GO sur-

face [4]. Raman spectroscopy is a powerful and

nondestructive technique to investigate the structure

of carbon-based materials. Figure 2b shows the

Raman spectra of as-prepared AgIO4 and 7%GO–

AgIO4 nanocomposite. It can be seen that besides the

6102 J Mater Sci (2017) 52:6100–6110



peaks from AgIO4, two prominent characteristic

peaks can be observed in the Raman spectrum of

7%GO–AgIO4 nanocomposite, which are attributed

to the well-documented D and G bands of GO. This

further confirms the formation of GO–AgIO4

nanocomposite. Moreover, the AgIO4 peaks in

7%GO–AgIO4 show no appreciable shifts relative to

those of pure AgIO4, further indicating negligible

AgIO4 substitution into the position of oxide in GO.

FT-IR spectra were further used to analyze the

compositions and structures of the as-synthesized

samples. As shown in Fig. 3, in the FT-IR spectrum of

graphite oxide, the broad band at 3250–3500 cm-1 is

attributed to the stretching vibration of O–H groups

[36], and the peak at 1375 cm-1 corresponds to the C–

H bending [37]. In addition, the band corresponding

to C=O stretching of –COOH groups is at around

1730 cm-1 and the band corresponding to O–H

bending vibration appears at 1620 cm-1 [38, 39]. In

the IR spectrum of 7%GO–AgIO4, except for the

peaks from graphite oxide, other absorption peaks

are similar to those of pure AgIO4. This result implies

that the GO–AgIO4 nanocomposite has been suc-

cessfully prepared.

The particle size and microstructure of the as-pre-

pared AgIO4 and GO–AgIO4 nanocomposite were

examined by SEM and TEM. Figure 4a, b shows the

SEM image of pure AgIO4. The AgIO4 particles show

big size and irregular morphology due to the severe

agglomeration. As shown in the TEM images of GO–

AgIO4 nanocomposites (Fig. 4c and Fig. S2), the

transparent GO nanosheets are fully coated by AgIO4

particles, and AgIO4 particles exclusively anchor on

GO nanosheets, suggesting the good combination of

AgIO4 and GO. The mean particle sizes of the deco-

rated AgIO4 in 2%GO–AgIO4, 7%GO–AgIO4, and

10%GO–AgIO4 nanocomposites are about 654, 514,

and 353 nm, respectively. Notably, the diameter of

the AgIO4 particles becomes much smaller than the

pure AgIO4 particles. It is because GO nanosheets

with large surface area can provide a great number of

deposition sites for AgIO4 particles and thus prevent

their agglomeration [35]. In order to determine the

exact compositions of GO–AgIO4 nanocomposites,

ICP-OES analysis was carried out. The GO contents

in 2%GO–AgIO4, 7%GO–AgIO4, and 10%GO–AgIO4
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nanocomposites were determined to be about 1.8, 6.6,

and 9.5 wt%, respectively.

The optical absorption properties of the as-prepared

photocatalysts are investigated by UV–Vis diffuse

reflectance spectroscopy. As can be seen from Fig. 5a,

compared to bare AgIO4, the 7%GO–AgIO4 nanocom-

posite shows much enhanced light absorption and a

significant absorption-edge redshift, demonstrating that

the introduction of GO into AgIO4 can largely improve

the light absorption of the AgIO4 photocatalyst. Fur-

thermore, the dynamics of separation and recombina-

tion of photoinduced electrons and holes of pure AgIO4

and 7%GO–AgIO4 nanocomposite was evaluated by PL

spectroscopy. As shown in Fig. 5b, there are two main

peaks at around 510 and 558 nm. Compared with those

of GO and pure AgIO4, the intensities of the two peaks

in the PL spectrum of 7%GO–AgIO4 nanocomposite

obviously decrease, indicating lower recombination rate

of photoinduced electrons and holes. The result sug-

gests that the photoinduced electrons of pure AgIO4

could migrate to the GO nanosheets to reduce the sub-

sequent electron–hole recombination [8]. In brief, after

combining with GO, the charge separation of AgIO4 can

be effectively improved, which could favor the

enhancement of photocatalytic activity.

Photocatalytic activity

The photocatalytic activities of the as-prepared GO–

AgIO4 nanocomposites were firstly evaluated by the

Figure 4 a, b SEM images of pure AgIO4; c TEM image of 7%GO–AgIO4 nanocomposite; d the size distribution of AgIO4 nanoparticles

in the nanocomposite.
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degradation of MB under SSL irradiation at room

temperature. As shown in Fig. 6, the blank test

without any catalyst reveals that the self-photolysis of

MB is negligible. The GO shows a poor photocatalytic

activity. For pure AgIO4 catalyst, the degradation

ratio of MB reaches 89.14% after 40 min of irradia-

tion. However, only 41.25% of MB could be degraded

by AgIO4 (Ref) within the same time. This suggests

that a new AgIO4 photocatalyst with better photo-

catalytic activity is developed as compared to the

reported AgIO4 (Ref) photocatalyst. The as-prepared

GO–AgIO4 nanocomposite catalysts can exhibit fur-

ther enhanced photocatalytic activities compared to

bare AgIO4. With irradiation time of 40 min, the

degradation ratios of 77.4, 97, and 94.7% can be

achieved for 2%GO–AgIO4, 7%GO–AgIO4, and

10%GO–AgIO4, respectively. Therefore, the 7%GO–

AgIO4 nanocomposite displays the highest photo-

catalytic activity. The photocatalytic performance of

7%GO–AgIO4 is also comparable to or even higher

than that of previously reported GO-based photo-

catalysts such as GO/Ag@AgCl [31], GO/AgBr [23],

GO/Ag/TiO2 [40], and Ag3PO4/graphene [20]. The

dramatically enhanced photocatalytic activities of the

GO–AgIO4 photocatalysts can be ascribed to the

synergistic effect between GO and AgIO4. It is

because GO nanosheets could effectively promote the

charge carriers separation and transfer, which plays

an important role in improving the photocatalytic

activity [41, 42]. However, introduction of an exces-

sive amount of GO may lead to covering the active

sites on the surface of AgIO4, leading to a decrease in

the photocatalytic activity, as evidenced by the

7%GO–AgIO4 and 10%GO–AgIO4 nanocomposites.

Thus, the GO content has a significant influence on

the photocatalytic activities of GO–AgIO4 composite

photocatalysts.

The stability of the 7%GO–AgIO4 nanocomposite

was investigated through the degradation of MB

under the same condition for three successive cycles.

The corresponding results are shown in Fig. 7a. After

three recycling runs of the photodegradation of MB,

the photocatalytic activity of 7%GO–AgIO4

nanocomposite shows only a little loss, and the

photocatalytic degradation efficiency is still as high

as 90.5% after reacting for 40 min, indicating the GO–

AgIO4 nanocomposites possess good photocatalytic

200 300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2
(a)

Wavelength (nm)

A
bs

or
ba

nc
e 

(a
.u

.)

AgIO4
7%GO-AgIO4

510 540 570 600 630 660 690

(b)

Wavelength (nm)

In
te

ns
ity

 (a
.u

.)

AgIO4
7%GO-AgIO4

Figure 5 a UV–Vis diffuse reflectance spectra of the obtained

pure AgIO4 and 7%GO–AgIO4 nanocomposite; b PL spectra of

the obtained pure AgIO4 and 7%GO–AgIO4 with an excitation

wavelength of 468 nm.
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stability. As shown in Fig. 7b, the XRD pattern of the

7%GO–AgIO4 nanocomposites before and after pho-

tocatalytic reaction also shows that the crystal struc-

ture of AgIO4 has no obvious changes after the

photocatalytic reaction. In addition, the structural

stability of the photocatalysts after the catalytic

reactions was also checked by TEM observation. As

shown in Fig. S3, the morphology of the 7%GO–

AgIO4 photocatalyst does not display noticeable

changes after catalysis. The mean size of AgIO4

nanoparticles is 521 nm, which is consistent with the

size before photocatalytic reaction. This further con-

firms the high stability of our prepared GO–AgIO4

nanocomposite.

The photocatalytic performances of the as-synthe-

sized samples were also studied for the degradation

of RhB and MO, and the results are shown in Fig. 8a,

b, respectively. The blank tests indicate that the self-

photolysis of RhB and MO can be ignored. GO also

shows poor photocatalytic activity in the degradation

of RhB and MO. It can be seen from Fig. 8a that with

40 min irradiation, 96.8% of RhB is degraded by

7%GO–AgIO4 catalyst, while for pure AgIO4, the

degradation efficiency is only 87.2%, demonstrating

the enhanced catalytic performance of 7%GO–AgIO4

for RhB degradation. A similar result is also found in

the MO degradation. As shown in Fig. 8b, the pho-

tocatalytic activity of 7%GO–AgIO4 (79.4%) is much

higher than that of bare AgIO4 (51.2%) in the MO

degradation. It is worth noting that the GO–AgIO4
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catalyst shows much better photocatalytic perfor-

mance for the degradation of cationic dyes (MB and

RhB) than the anionic dye (MO), which is probably

due to the negative surface of GO nanosheets, which

can easily adsorb the cationic dyes by the electrostatic

force and effectively promote the charge carriers

separation and transfer [43]. Therefore, on the basis of

the photocatalytic degradation results, it could be

concluded that the introduction of GO efficiently

improves the photocatalytic activity of the AgIO4

photocatalyst. In addition, we also investigated the

effect of the reduction degree of GO on the photo-

catalytic properties. As shown in Fig. S4, the AgIO4

supported on GO shows a higher photocatalytic

activity than that supported on pRGO and RGO. The

reduced photocatalytic performance can be attributed

to the inevitably reduction of AgIO4 to Ag under the

reduction process. The metal Ag on the surface of

AgIO4 nanoparticles could cause a light shielding

effect to prevent AgIO4 from absorbing light and also

hinder the contact of MB molecules with AgIO4, thus

decreasing their photocatalytic efficiency. Moreover,

because oxygen atoms have a larger electronegativity

than carbon atoms, GO could become a p-type

material. After reduction, RGO only behaves as an

electron conductor and does not contribute to the

generation of electrons and holes by the absorption of

light [31]. Thus, the photocatalytic activities of the

7%pRGO–AgIO4 and 7%RGO–AgIO4 nanocompos-

ites are relatively lower than that of 7%GO–AgIO4.

Possible photocatalytic mechanism

As we known, organic dyes are photooxidized

mainly by active species such as hydroxyl radicals

(�OH), holes (h?) and superoxide radicals (O2
�-) [44].

To understand the photocatalytic reaction mecha-

nism, we employed isopropanol (IPA), disodium

ethylenediaminetetraacetate (Na2EDTA), and p-ben-

zoquinone (BZQ) acting as �OH, h? and O2
�- scav-

enger, respectively, in separate experiments. The

results are shown in Fig. 9. It can be seen that when

10 mM IPA was added into MB solution, there is little

effect on the photocatalytic activity of the GO–AgIO4

catalyst, while the addition of 1 mM of BZQ or 1 mM

of Na2EDTA results in the fast deactivation of the

catalyst. In particular, Na2EDTA can almost com-

pletely deactivate the catalytic process. The above

results mean that h? and O2
�- contribute mostly to the

photocatalytic process of the GO–AgIO4

nanocomposites.

Based on the above analysis, we propose the pos-

sible photocatalytic mechanism. As shown in Fig. 10,

under light irradiation, the electrons (e-) at the

valence band (VB) of AgIO4 are excited to the con-

duction band (CB), causing the formation of holes

(h?) in the VB. Then, the electrons can reduce O2 into

O2
�- as the active species [45]; meanwhile, the holes

can directly oxidize organic dyes. However, when

AgIO4 particles are dispersed on the surface of GO

nanosheets, these electrons on the CB of AgIO4 tend

to transfer to GO nanosheets, leading to the hole–

electron pairs to be separated more efficiently [35].

Thus, more electrons and holes can be utilized in the

photodegradation process and the photocatalytic

activity is improved.
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Figure 9 Photocatalytic degradation of MB by 7%GO–AgIO4

nanocomposite in the presence of different scavengers under SSL

irradiation.

Figure 10 Proposed photocatalytic mechanism for GO–AgIO4

nanocomposites under SSL irradiation.
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Conclusion

In summary, a facile ion-exchange method has been

developed for the synthesis of GO–AgIO4 compos-

ites. The GO–AgIO4 composites exhibit a significantly

enhanced photocatalytic activity in the degradation

of organic pollutants under SSL irradiation compared

to the bare AgIO4. It is revealed that the content of

GO has a significant influence on the photocatalytic

performance of the GO–AgIO4 composites. The

introduction of GO nanosheets could decrease the

particle size of AgIO4, increase light absorption, and

promote the effective separation of photoexcited

electron–hole pairs. The graphene-based AgIO4

photocatalysts with excellent photocatalytic activity

promise potential application in organic pollutant

treatment.
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