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a  b  s  t  r  a  c  t

Photocatalytic  synthesis  using  visible  light  is  a desirable  chemical  process  because  of  its potential  to
utilize  sunlight.  A  heterostructured  MIL-125/Ag/g-C3N4 nanocomposite  was  implemented  as  an efficient
bifunctional  visible-light  response  catalyst  for the  photoreduction  of nitrocompounds  and  the  oxida-
tion  of  alcohols.  The  photocatalyst  was  prepared  via  an accessible  method  and characterized  by XRD,
SEM,  TEM,  XPS,  FT-IR,  N2 adsorption–desorption  isotherm,  UV–vis  DRS,  PL and  EIS.  The  reactive  effi-
ciency  of the  photocatalyst  depends  on  two  primary  factors,  one  is the  light  adsorption  of  catalysts,  Ag
nanoparticles  (NPs)  were  photodeposited  on  the  surface  of g-C3N4 and  MIL-125  to increase  visible-light
absorption  via the  surface  plasmon  resonance.  And  the other  is the separation  efficiency  of  the  photogen-
erated  charge  carrier.  As  an  electron-conduction  bridge  in  the  interface  between  MIL-125  and  g-C3N4,  Ag
NPs could  facilitate  the  direct  migration  of  photoinduced  electrons  from  g-C3N4 to  MIL-125  and  retard
the  recombination  of electron-holes.  Therefore,  the  MIL-125/Ag/g-C3N4 sample  shows  highest  photo-
catalytic  activity  compared  with  MIL-125,  g-C3N4, MIL-125/Ag  and MIL-125/g-C3N4. A corresponding
photocatalytic  mechanism  of these  reactions  was  discussed  in  detail.  Moreover,  the  photoreduction  of
nitrocompounds  and  oxidation  of the  alcohols  with  superior  conversions  and  selectivities  were  obtained,
and  the  catalyst  can  be  recycled  four  times.  It is  concluded  that  MIL-125/Ag/g-C3N4 would  be  a promising
visible  light  photocatalyst  in the  field  of selective  organic  transformations.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Metal organic frameworks (MOFs), also called porous coordina-
tion polymers (PCPs) are self-assemblies obtained via metal-oxide
units joined by organic linkers through coordination bonds [1]. It
was used for applications in H2 storage [2], carbon dioxide cap-
ture [3] catalysis [4,5], optical materials [6] et al. Recent researches
suggest that MOFs have the ability to behave as semiconductors
when exposed to light [7,8], making them unique platforms for
light harvesting and photoinduced catalysis [9–11] for hydrogen
evolution [6], carbon dioxide reduction [12], degradation of the
organic pollutants [9] and transformation of organic compounds
[13]. A case in point, MIL-125 (MIL = Materials of Institut Lavoisier)
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is composed of basic units of Ti8O8(OH)4-(O2C-C6H5-CO2)6, con-
structed from corner or edge sharing octahedral titanium units
and leaded to a porous three-dimensional quasi-cubic tetragonal
structure [14]. Nevertheless, pure MIL-125(Ti) has a bad gap within
ultraviolet region at about 3.6 eV. So it is related to the reduction
of Ti (IV) to Ti (III) under UV irradiation, which accounts for only
3–5% of the solar spectrum [15]. Therefore, it is extremely impor-
tant to develop the visible light responded MIL-125 based catalysts.
Numerous attempts have been dedicated to increasing the photo-
catalytic efficiency of MIL-125. For example, noble metal deposition
[16], coupled with inorganic semiconductor [17] and introduction
of organic chromophores, NH2, in the linker [18] et al. To date, the
heterostructures integrating MOFs with other functional materials
such as CdS [19], Fe3O4 [20], ZnO and C3N4 [21] etc acted as cat-
alysts show great advantages due to their synergism effect [22].
Especially, graphitic carbon nitride (g-C3N4) [23,24], a metal-free
polymer semiconductor, possesses stacked two-dimensional struc-

http://dx.doi.org/10.1016/j.apcatb.2016.12.012
0926-3373/© 2016 Elsevier B.V. All rights reserved.

dx.doi.org/10.1016/j.apcatb.2016.12.012
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2016.12.012&domain=pdf
mailto:yangzw@nwnu.edu.cn
mailto:leizq@nwnu.edu.cn
dx.doi.org/10.1016/j.apcatb.2016.12.012


Z. Yang et al. / Applied Catalysis B: Environmental 205 (2017) 42–54 43

ture, with tris-triazine building units connected with planar amino
groups in each layer and weak van der Waals force between lay-
ers. It has attracted a focus of attention for photocatalytic reactions,
because this material is cheap, easy to synthesize, and environmen-
tal friendly [25,26]. It is more important that g-C3N4 owns relatively
narrow band gap of 2.45 eV and the energy position of CB and VB
is at -0.85 and 1.6 eV vs normal hydrogen electrode (NHE), respec-
tively [27]. More recently, Hou W and his colleagues was  reported
that g-C3N4/MIL-125 heterostructured photocatalyst exhibited an
improved photocatalytic performance for the degradation of Rho-
damine B under visible-light irradiation [28]. Nonetheless, bulk
g-C3N4 suffers the predicament of limited photocatalytic activity
due to low quantum yield and high recombination rate of photo-
generated charges [29]. Recent research shows that layer g-C3N4
nanosheets with high specific surface area exhibit many intrigu-
ing properties different from bulk g-C3N4. Therefore, the g-C3N4
nanosheets could effectively improve the photocatalytic activity.

Besides, it is well-known that for semiconductor-based photo-
catalysts, the separation efficiency of the photogenerated charge
carriers is an important factor in determining their photocatalytic
performance [30]. To further overcome the fast recombination
process of the photocatalyst, considerable researches have been
carried out using a noble metallic combination of semiconductors
[31,32]. Ag nanoparticles (Ag NPs) can act as efficient electrons
traps to suppress photoinduced electron-hole recombination at
a certain extent. In addition, Ag NPs formed on the surface of
semiconductors could strongly absorb visible light because of the
surface plasmon resonance of Ag atom [22,33,34].

Based on the above discussion, to improve the photocatalytic
activity of the MIL-125, herein we report a new hybrid photocata-
lyst made by heterostructured MIL-125/Ag/g-C3N4 nanocomposite.
It was primarily focused on its dual applications in the photocat-
alytic synthesis including the reduction of nitrocompounds into
aromatic amine and the selective oxidation of alcohols.

The green chemistry involving photocatalytic synthesis, where
photon is used as one of the reactants of chemical reactions,
is a growing field. Moreover, the photocatalytic oxidation and
reduction progress have carried out using the mild experimen-
tal conditions [35,36]. For example, photocatalytic reduction of
nitrobenzene into aniline using photocatalytic technology has
been reported in some literatures [37,38]. Theoretically, when the
conduction band (CB) potential of photocatalyst is lower than
-0.486 V, nitrobenzene (NB) can be photocatalytically reduced
into aniline (AN) (E (C6H5NO2/C6H5NH2) = -0.486 V, vs NHE), the
methanol or isopropyl alcohol provide the proton and the pho-
toinduced electrons were used as the reducing agent, so the
whole process is eco-friendly and economical. Moreover, aromatic
nitro-compounds reduction will produce aromatic amines that are
valuable intermediate materials for production of dyes, pharma-
ceuticals, agro-chemicals, cosmetics, and chelating agents [39].
Therefore, photocatalytic reduction of nitrobenzene into aniline
is significant. Again for instance, aromatic aldehydes and their
derivatives are important fine chemical intermediate. Nowadays,
photocatalytic aerobic alcohols to the aldehydes or ketones with
molecular oxygen as oxidant have caused the extensive concern.
Because, its providing of an economical and green way for this type
of transformation [18,40].

According the experimental results, it was  found that the
MIL-125/Ag/g-C3N4 composite has exhibited much higher photo-
catalytic activity for reduction of nitrobenzene into aniline and
aerobic alcohols to the aldehydes or ketones than the bare MIL-
125 or g-C3N4 under visible-light irradiation ( > 400 nm), distinctly
demonstrating that the existence of a synergistic effect among Ag,
g-C3N4 and MIL-125. The low recombination of the photoinduced
electron-holes of the prepared MIL-125/Ag/g-C3N4 nanocompsites
was confirmed based on a photoluminescence (PL) and electro-

chemical impedance spectroscopy (EIS) technique. In addition, the
possible photocatalysis mechanism of MIL-125/Ag/g-C3N4 under
visible light was  also discussed.

2. Experimental

2.1. Materials

All the used reagents and solvents were analytical grade
and received from commercial sources without further purifica-
tion. Titanium isopropoxide (Ti(O-iPr)4), 1,4-benzenedicarboxylic
acid (H2BDC), benzyl alcohol, 4-methoxybenzyl alcohol were
obtained from Aladdin Reagent Co., Ltd. N,N-dimethylformamide
(DMF), melamine (C3H6N6), concentrated hydrochloric acid (HCl,
36.0-38.0%), polyethylene glycol (PEG2000) and silver nitrate
(AgNO3) were obtained from Shanghai Fine Chemical Materi-
als Research Institution. 4-Nitrobenzyl alcohol, 2-methylbenzyl
alcohol, 4-chlorobenzyl alcohol 2-methoxybenzyl alcohol, 4-
hydroxybenzyl alcohol, benzhydrol, 4-chlorobenzhydrol, and
4-methoxybenzhydrol were obtained from the Beijing J&K Sci-
entific Co. Ltd. 4-Methylbenzyl alcohol, 4, 4′-dimethylbenzhydrol,
4, 4′-dimethoxylbenzhydrol and 4, 4′-dichlorobenzhydrol were
obtained from Alfa Aesar Co. Ltd. Nitrobenzene and its derivatives
were obtained from Aladdin Reagent Co., Ltd. or Beijing J&K Scien-
tific Co., Ltd.

2.2. Preparation of photocatalysts

2.2.1. Synthesis of MIL-125
MIL-125 was  synthesized according to the literature [41]. In

a typical synthesis procedure, a mixture of Ti(O-iPr)4 (1.60 mL),
H2BDC (3.00 g), 6 mL of CH3OH and 56 mL  of DMF  were stirred
at room temperature until it become a clear solution, then it was
transferred into a 100 mL  Teflon liner. After that, it was sealed in a
stainless steel autoclave and heated at 150 ◦C for 48 h. The resultant
suspension was  filtered, washed with DMF  and C2H5OH, respec-
tively. The white powder was  collected by filtering and drying
under vacuum at 100 ◦C for 12 h.

2.2.2. Synthesis of g-C3N4 nanosheets
Graphite-like C3N4 (g-C3N4) were synthesized on the basis of

a procedure reported [33,42]. Specifically, 5.0 g of melamine was
heated from room temperature to 550 ◦C with a heating rate of
3 ◦C/min and then calcined at 550 ◦C for 4 h in a N2 furnace. The
obtained yellow agglomerate was ground into powder. 1.0 g of the
above powder was  dispersed in 60 mL  of 6 M HCl solution string
for 1 h for protonation of g-C3N4. Then the suspension was trans-
ferred into a 100 mL  Teflon liner. Then it was sealed in a stainless
steel autoclave and heated at 120 ◦C for 8 h. After cooled down to
the room temperature, the suspension was filtered, washed with
deionized water until the filtrate was  close to neutral conditions.
The collected g-C3N4 was  dried at 100 ◦C in vacuum for 4 h. In
order to conveniently use of the as-prepared g-C3N4 subsequently,
100 mg  of the protonated g-C3N4 was ultrasonically dispersed in
100 mL  of deionized water for 4 h to form a stable suspension of
g-C3N4 nanosheets.

2.2.3. Synthesis of MIL-125/Ag/g-C3N4 nanocomposite
A series of MIL-125/Ag/g-C3N4 nanocomposite with different

mass ratios of MIL-125 vs g-C3N4 nanosheets were synthesized by a
facile method as follows, the as-prepared MIL-125 power (200 mg)
was mixed with 100 mL  of deionized water by ultrasonication for
30 min. Then 1.0 mL of 5% PEG2000 was added and the dispersion
was stirred for another 30 min. To deposit the Ag NPs on the sur-
face of the MIL-125, a photodeposition method was applied. Firstly,
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