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Abstract; AgNbO,/graphene nanocomposites were synthesized via the technique of solid-solid grinding and subse-
quent sintering process. Surface structures and optical properties of the prepared materials were characterized by
transmission electron microscopy and UV-Vis diffuse reflection spectroscopy. The results indicate that band-gap of
AgNbO, is lowered upon compositing with graphene nanoparticles, thereby giving an absorption in a large range of
wavelengths. Degradation of methyl orange (MO) is carried out to evaluate the photocatalytic activity of AgNbO,/gra-
phene nanocomposites under visible light irradiation. Compared with pure AgNbO,, AgNbO,/graphene composites
exhibit significantly enhanced photocatalytic activity for MO. Moreover, AgNbO,/graphene (2:1) obtained at 300 C

exhibits the highest degradation degree of MO after an irradiation of 120 min with apparent £, of 0. 034 min ™",

P

which is about 10 times than that of the pure AgNbO,. The tests of radical scavengers confirm that + O, and h* are

the main reactive species for the degradation of MO.
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1 Introduction

Over the past few years, much attention has
been paid to photocatalysis due to its potential appli-
cation in removing environmental pollutants and con-

'3°. Also, a number of photo-

verting solar energy’
catalysts with excellent photocatalytic efficiency and
good stability have been developed, such as doped
Ti0, ", Bi,WO,"", CaBi,0,"* and Ag-based
compounds®’.  Among this photocatalysts, silver
niobate ( AgNbO, ) discovered by Ye'*' and co-
workers is regarded as a significant breakthrough in
the field of visible light-driven photocatalyst. Al-
though it exhibits excellent photo-oxidative capability
for O, evolution from water splitting as well as highly
efficient organic molecule decomposition activity un-
11-13]

der visible light' , high photocatalytic activity for
decomposition of organic pollutants still has not been
achieved. It constitutes a challenge: how to improve
the photocatalytic activity of AgNbO,.

Graphene, a new crystalline form of carbon,
not only possesses stable structure but also exhibits
high specific surface area, and excellent electronic

[14-17]

conductivity . It has attracted tremendous scien-

tific interest in many area, such as catalysis, lumi-

118207 Recently, there

nescence and energy storage
have been extensively studies in the use of metal ox-
ides/ grapheme nanocomposites at photocatalysis and

(2123 Therefore, it is de-

performed high activities
sirable to explore a simple and effective approach for
constructing AgNbO,/graphene composites and ex-
amine their practical application in photocatalytic
degradation organic pollutants.

Herein, a facile strategy was developed to fab-
ricate the AgNbO,/graphene nanostructure compos-
ites by a solid method. On testing them in photoca-
talysis, our data demonstrated that the AgNbO,/

graphene materials exhibited excellent photocatalytic

) AR AgNDO,/ A1 S8 MEAKATRL ATUOLHELL ; Beff; TR

efficiency for the degradation of methyl orange
(MO) under visible light irradiation. Especially,
the AgNbO,/graphene (2:1) composite obtained at
300 °C showed the highest photocatalytic degradation
performance for MO (CR) ( >98% ), which should
be attributed to the extended optical absorption in
visible light region. Moreover, the possible mechanism
for dyes degradation over AgNbO,/ graphene composite
was proposed. It can be predicted that this organic-
inorganic hybrid material will have promising appli-

cation in the photocatalysis filed in the future.

2 Experiments

2.1 Materials

All the chemicals were of analytical grade and
used without further purification. Potassium perman-
ganate ( KMnO, ), hydrogen peroxide ( H,0, ),
concentrated sulfuric acid ( H,SO, ), hydrochloric
acid (HCl), hydrazine, silver nitrate ( AgNO, ),
phosphorus pentoxide (P,0;), potassium persulfate
(K,S,0q4) , niobium pentoxide (Nb,Oy), the dei-
onized water used throughout the whole experiments.
2.2 Synthesis of AgNbQO,/Graphene Nanocom-

posites

The AgNbO, was prepared by grinding the mix-
ture of AgNO, (0. 169 g, 1. 0 mmol) and Nb,O,
(0.133 g, 0. 5 mmol ) for 30 min with an agate
mortar and pestle at room temperature first and then
sintering at 880 °C for 5 h in a muffle furnace. The
graphene oxide was obtained according to the method
of Hummers'*' .

A series of solid AgNbO,/graphene nanocom-
posites were prepared according to the following
method: AgNbO, (0. 124 g, 0.5 mmol) and gra-
phene oxide (0. 062 g) were mixed together and
grinding for 30 min at room temperature. Then, a
black product named AgNbO,/graphene oxide-2
(the initial molar ratio of AgNbO, to graphene oxide
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is 2: 1) was obtained. The other AgNbO,/graphene
oxides were also prepared as the same method but
with different initial molar ratios of AgNbO; to gra-
phene oxide. The AgNbO,/graphene composites
were obtained by sintering the AgNbO,/ graphene ox-
ide-2 at different temperature for 5 h. All the materi-
als obtained before analysis were kept in a vacuum
desiccator over activated silica gel.
2.3 Photocatalysis of AgNbQO,/Graphene Nano-
composites

MO degradation measurements were performed
in the presence of different AgNbO,/graphene com-
posites. AgNbO,/graphene composite (40. 0 mg)
was added to the MO solution (40 mL, 40.00 mg -
L™" in distilled water) and magnetically stirred in
the dark for 1. 0 h to ensure the adsorption/desorp-
tion equilibrium of the solution with the photocata-
lyst. Subsequently, the solution was placed in an in-
ternal-irradiation quartz reaction cell (50.0 mL),
and irradiated under visible light for 2 h. And then,
for each 30 min interval, the top solution (4.5 mL)
was collected for the measurement of UV-Vis spec-
troscopy with a wavelength range from 190 to 700 nm
to determine the content of MO in the solution.
2.4 Instruments and Measurements

Transmission Electron microscopy (TEM) ima-
ges were recorded by using a Jeol JEM-2100F micro-
scope. UV-Vis diffuse reflection spectroscopy ( DRS)
of the samples were determined with a Shimadzu
UV-3600 spectro photometer. UV-Vis absorption
spectra were taken on a TU-1901 spectrometer over the
wavelength range from 190 to 700 nm, using quartz

cells with a 1 c¢m optical path at room temperature.

3 Results and Discussion

3.1 TEM

The morphology and microstructure of the as-
prepared composites were characterized by TEM as
shown in Fig. 1. As seen from TEM images, two
kinds of AgNbO,/graphene (2:1) nanocomposites
obtained at 300 and 500 °C were successfully fabri-
cated using a solid-solid procedure. From Fig. 1(a) ,
it can be seen that after sintering at 300 °C, the Ag-
NbO, nanoparticles with the size of about 10 =20 nm

were uniformly distributed on 2D graphene sheets.
The AgNbO, nanoparticles, acting as spacers, can
efficiently prevent the closely restacking of graphene
sheets on the surface, avoiding the loss of their high
active surface. In comparison with the nanocompos-
ite obtained at 300 °C, the size of AgNbO, nanopar-
ticles in the AgNbO,/graphene nanocomposite (2:
1, 500 C) had increased to large sizes of 30 — 50
nm. At the same time, the AgNbO, nanoparticles
tend to agglomerate to larger cluster, which may af-
fect the performance of the composite. It is likely
that 300 °C seems to be the optimum temperature for
the formation of the nanocomposite, DRS analysis of

the material supports this point.

Fig.1 TEM images of the obtained AgNbhO,/graphene (2:
1) nanocomposites obtained at 300 C (a) and 500
C (b)

3.2 DRS

It is well known that optical absorption property,
a key factor in determining the photocatalytic perform-
ance of the catalyst, can exhibit the absorbed spectrum
range of the catalyst'®!. To examine the optical ab-
sorption properties of AgNbO,/graphene (2: 1)
nanocomposites as well as AgNbO,, we performed
UV-Vis diffuse reflectance spectrum experiments
(DRS). Fig.2(A) shows the DRS of AgNbO, and
AgNbO,/graphene (2:1) nanocomposites obtained
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after sintering at 300, 400, 500, and 700 °C. The
obtained AgNbO, exhibited photo-absorption up to
450 nm, implying its visible light induced photocata-
lytic activity. Compared to the pure AgNbO,, all of
the composites showed stronger photo-absorption
abilities in the visible light region, with the obvious
longer wavelength shift of the absorption edges, indi-
cating the more produced electron-hole pairs under
the same visible light irradiation, which could result
in higher photocatalytic performance. Meanwhile,
the photo-absorption intensities of the composites
were found to gradually decrease with the increasing
sintering temperatures. It also suggested that the
presence of graphene may be used as a means to re-
duce the band-gap of AgNbO,, thereby giving an

absorption in a large range of wavelengths.

(A)

Absorbance/a. u.

I | 1 Il
200 300 400 500 600 700

A/nm

(ahv)'?/eV*?

hv/eV

Fig.2  (A) DRS spectra of AgNbO, (a) and AgNbO,/gra-
phene (2:1) nanocomposites obtained at 300, 400,
500, and 700 C (b, ¢, d, and ). (B) (ahv)'?

versus hv plots of the materials.

According to the Kubelka-Munk function'”!,

the relation between absorption coefficient and the
band-gap energy of a crystalline semiconductor can
be described using the formula (1) .

ahv = AChv - E,)"*, (1)

where @, v, E, and A are the absorption coefficient,

light frequency, band-gap energy, and a constant,
respectively. The band-gap energies (E,) of AgNbO,
and AgNbO,/graphene nanocomposites could be es-

12
)2 versus hv, as shown

timated from a plot of (ahv
in Fig.2(B). E, of the pure AgNbO, was estimated
to be 2.77 eV using the formula, which was similar

to the reported value .

were about2.62,2.58,2.32, and 2. 11 €V for Ag-
NbO,/graphene (2: 1) nanocomposites obtained at
500, 700, 400, and 300 °C, respectively. The rela-
tively narrow band-gap energy observed for AgNbO,/

In addition, F, values

graphene (2:1) nanocomposites may be ascribed to
the strong interaction in the hybrid structure™’
which made the utilization of the solar energy more
efficiently. Based on the results of the DRS and E,
values, we think that 300 °C is the optimum temper-
ature for the formation of the AgNbO,/graphene (2:
1) nanocomposites.

3.3 Photocatalytic Activity

The photocatalytic activities of the AgNbO,/
graphene composites were investigated by degrading
MO in an aqueous solution under visible light irradi-
ation. Fig.3(a) revealed the variation of MO con-
centration ( C/C,) in the present of AgNbO,/gra-
phene oxide (GO) composites containing different
concentrations of GO as well as pure AgNbO, during
the same photodegradation time. All the AgNbO,/
GO composites exhibited higher photocatalytic activi-
ties than that of pure AgNbO,. Further, with the in-
crease of the content of GO from 20% to 50% , the
photocatalytic activities of the MO solutions en-
hanced gradually and then decreased. The highest
photocatalytic activity was achieved in the present of
the AgNbO,/GO (2:1) composite. That is why we
choose the AgNbO,/GO (2:1) composite as the
precursor to obtain AgNbO,/graphene (2:1) com-
posite.

Based on the above results, the photocatalytic
properties of AgNbO,/graphene (2:1) nanocompos-
ites obtained at 200, 300, 400, and 500 °C were
evaluated and illustrated in Fig. 3(b). Initially, the
photocatalytic activity quickly increased with the in-
crease of the sintering temperatures from 200 to 300

°C. Subsequently, as the sintering temperatures
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increases further, the photocatalytic activity of the
composites decreased slightly. The highest photocat-
alytic activity was achieved in the present of the Ag-
NbO,/graphene (2:1) nanocomposite (300 C ), at
which 98.7% of MO was decomposed after 120 min
irradiation. These data provided strong evidence that
the photocatalytic activity of the AgNbO,/graphene
composite was not only mediated by the presence of
graphene oxide, but also directly related to the sinte-
ring temperature of the composite. This result sug-
gested an important clue to the possible significance
of doped graphene in modifying the photocatalytic
behavior of the AgNbO,.

1.0
(a)
0.8 Light off
0.6/ S
< 4:1
O
0.4 \ 11
021 \2;\1*
O 1 L 1 Il L L
260 30 0 30 60 90 120
t/min
1.0
0.8 ) 200 °C
< 0.6r ,@t on x..éaljb .
S o4k \ 500 (|
0.2F %
. | ,.300 C,

-60 —:;0 6 3b 60 90 120
t/min

Fig. 3 (a) Photocatalytic activities of AgNbO,and AgNbO,/

GO composites on the degradation of MO under visi-

ble light irradiation. (b) Photocatalytic activities of

AgNbO, and AgNbO,/graphene composites obtained

at 200, 300, 400, and 500 C on the degradation of

MO under visible light irradiation.

It is well known that photocatalytic oxidation of
organic pollutants follows first-order kinetics .
The linear relationship between In ( C,/C) and ¢
shown in Fig. 4 confirms that the photocatalytic deg-
radation process of MO followed the apparent pseu-
do-first-order model expressed as Eq. (2) %!,

In(C,/C) =kt (2)

Where C, is the initial concentration of MO solution
(mg - L™'), € is MO concentration at time ¢ (mg -
L"), k&
constant (min~"). Clearly, AgNbO,/graphene (2:1)

ap 15 the apparent pseudo-first-order rate
nanocomposite (300 °C) possessed the fastest degrada-
tion rate for MO with £, value of 0. 034 min ~"and was
10 times that of pure AgNbO, (k =0.003 min~'),
which further confirmed the activity enhancement of
AgNbO,/graphene (2:1) nanocomposite (300 °C).
The present results further support the fact that 300
°C is the optimum temperature for the formation of

the nanocomposite.

1.6 2:
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Fig.4 (a) Linear transform In(C,/C) =f(¢t) of the kinetic
curves of AgNbO,and AgNbO,/GO composites. (b)
Linear transform In ( C,/C) = f(t) of the kinetic
curves of AgNbO, and AgNbO,/graphene composites
obtained at 200, 300, 400, and 500 °C on the degra-
dation of MO.

Furthermore, the absorption curves of MO in
aqueous solutions kept for 2 h under visible light ir-
radiation were displayed in Fig. 5. MO dye has its
own maximum absorbance at 466 nm, which is in a-
greement with the literature *'). Apparently, the in-
troduction of AgNbO,/graphene nanoparticles (2: 1,
300 °C ) leads to more obviously decrease of the in-

tensity of the maximum absorption peaks than pure



170 K ot

S 4

37 &

AgNbO, catalyst after visible light irradiation, indi-
cating that the AgNbO,/graphene composite exhibi-
ted excellent photocatalytic activity for MO decompo-
sition under visible light. This result was similar to

the DRS analysis above.

(a)
0

30 min
60 min
90 min
120 min

Absorbance/a. u.

Il 1 L L
200 300 400 500 600 700
A/nm

30 min
60 min
90 min
120 min

Absorbance/a. u.

Il 1 | L
200 300 400 500 600 700
A/nm

Fig.5 UV-Vis spectra of the MO aqueous solution under

visible light irradiation in the presence of AgNbO,
and AgNbO,/graphene (2:1, 300 C ) nanocompos-

ite catalysts

3.4 Discussion of Photocatalytic Mechanism
3.4.1 Reactive Species Involved in The Photocata-
lytic Process

The effect of various radical scavengers on the
degradation of MO over AgNbO,/graphene (2: 1,
300 °C) under visible light irradiation was performed
to investigate the underlying photo-degradation
mechanism. In the photocatalytic process, superox-
ide radicals ( + O, ), hydroxyl radicals ( - OH)
and active holes (h* ) are often believed to be re-
sponsible for the photodegradation of organic pollu-

12351 " In order to study which of these species

tants
are involved in MO degradation, it is necessary to
clarify main active species for the photodegradation
of MO. The radical scavengers isopropanol (IPA),

benzoquinone ( BQ ), ammonium oxalate ( AO),

calalase ( CAT) and NO, ions were respectively

used as the scavengers of + OH, -0, , h*, H,0,
and e, , respectively.

From the results shown in Fig. 6, it can be seen
that different scavengers may produce different
effects on the photocatalytic property of MO. It is
clearly that the degradation ratio of MO was marked-
ly reduced to 16. 0% by the addition of AO, fol-
lowed by BQ (24.0% ) and IPA (61.2% ), re-
spectively. These degradation ratios were on average
3.88, 2.60, and 1.02-fold smaller than the result
obtained in the absence of any scavenge. Unlike AO
scavenger, the CAT or NO; scavengers indicated a
slight increase of the degradation ratios of MO.
Therefore, we suggested that + OH, ™ and - O, ,
especially h* , played crucial roles in the MO degra-

dation process.

90

5r

60H

45H

307

Degradation/ %

15H

0
no scavenger AQ BQ CAT IPA  NO;

Scavenger
Fig.6  Effects of different scavengers on the degradation of
MO over AgNbO,/graphene (2:1, 300 °C) nano-

composite under visible light irradiation

3.4.2 Origin of Reactive Species for MO Degradation

In addition, based on the above discussion of
reactive species involved in the MO degradation, a
possible pathway for the photocatalytic degradation of
MO can be proposed as following Eqgs. (3) - (12) ;

Catalyst + hv — e, + h, , (3)
e, + 0, > -0;, (4)

e ++0; +2H" — H,0,, (5)
H,0, + e, — -OH + OH™, (6)
H,0, + ho — 2 -OH, (7)
H,0 + h,*— -OH + H", (8)
OH™ + h,;—-OH, (9)

MO +-O0H — products, (10)
MO + -0, — products, (11)
MO + h,,— products. (12)
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Here, we would like to present a possible deg-
radation process of the dye to explain the improved
photocatalytic activity in terms of our data. As illus-
trated in Fig. 7, under visible light irradiation, the
AgNbO, in the composite was photo-excited to gener-
ate electrons in the conduction band (CB) and holes
in the valence band (VB, Eq. (3)). The exited va-
lence electrons quickly transferred to graphene from
AgNbO,, thereby causing electron accumulation at
graphene interfaces. This process was beneficial to
the separation of electron-hole pairs. Highly active
- 0, and
from oxygen by the photo-induced electrons on the
graphene (Eqgs. (4) — (6)). Meanwhile, the holes
can further reacted with the adsorbed H,O or OH "~
on the surface of catalyst to form - OH (Eqgs. (7) -

oxidants such as - OH were produced

(9)). The dye molecules were reacted with the ac-
tive + O, , * OH and 2" and degraded into s mall

OH

coon

Fig.7  Proposed mechanism for the photodegradation of organic
molecules on the surface of AgNbO,/graphene nano-

composile
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radation rate of 98. 7% after 120 min irradiation,
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in electron transfer, the strong adsorption ability of
graphene and the relative narrow band-gap of the
composite. Overall, this work represents an impor-
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ite materials and the development of controllable
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