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ABSTRACT

Cu,0/Cu/C/Ag porous composite was synthesized by heat-treatment and wet-chemical method using a typical metal-organic
framework (Cu-BTC) as precursor. The samples were characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM), energy dispersive spectrometry (EDS) and ultraviolet-visible spectroscopy (UV-vis). The results showed that the original
structure of Cu-BTC was retained by high temperature calcination in nitrogen atmosphere. Uniform doping of Cu, C and Ag
provided a triple trapping of photogenerated electron hole pairs and the Cu,0/Cu/C/Ag exhibited an enhanced photocatalytic
activity for degradation of Congo Red under visible light irradiation. Heat-treatment of the MOFs with high temperature is a

facile and effective way for preparation of photocatalytic composite with desirable properties.
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1. Introduction

In recent years, the study of metal organic framework com-
pounds (MOFs)' has caught increasing attention. With porous
structure and large specific surface area, the MOFs have impor-
tant application potential in the fields of separation, sensing,
catalysis and bio-pharmaceutics.”* As a kind of typical MOFs
material, Cu-BTC was for the first time hydrothermally synthe-
sized by Chui et al. using copper nitrate and benzene-
tricarboxylic acid as raw materials. Cu-BTC has the advantages
of traditional MOFs materials such as a three-dimensional pore
structure, large specific surface area (1500 m* g') and metal
active site.’ Since the Cu-BTC was reported, the applications of
Cu-BTC in hydrogen and carbon dioxide adsorption, separation
of methane mixed gas, carbon dioxide and catalytic reaction
have been widely studied. Because of the high dispersion of
metal ions in the MOF materials, many studies have prepared
metal oxides with MOFs as the precursor.* "

Cuprous oxide (Cu,O), a kind of typical metal absence of
p-type semiconductor, of which theband gapisfrom2.0to2.2eV
and the hole mobility can reach 50 cm*V™'s™,"" P is a kind of ideal
visible light response photocatalyst''*and can be used to induce
the photocatalytic reaction under the irradiation of sunlight. Itis
found that Cu,O has good stability and it can be used repeatedly.
To improve the photocatalytic activity of the cuprous oxide
further, the cuprous oxide-based composite materials have been
designed and synthesized to promote the separation of photo-
generated electron hole pairs.'*"” It is an effective method of
doping metal materials,** non-metal materials** and other
semiconductor materials®* to improve the photocatalytic activ-
ity of the photocatalyst. Doping by replacing the metal atoms in
the lattice or in surface, or any other ways to broaden the scope
of material spectral response improvesits photocatalytic activity.
In addition, the doping metal can improve the trapping of
photogenerated electron hole pairs and reduce the recombina-
tion probability of photo-generated electrons and holes.” It has
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been believed that Cu,0 has a good application prospect in
photocatalytic degradation of organic pollutants, and it is
expected to be a new generation of semiconductor photocatalyst
after TiO,. %

Cu-BTC is a common MOF which is cheap with a wide variety
of sources, but its thermal stability and reuse property is not
satisfactory. In this study, a new type of photocatalytic material,
Cu,0/Cu/C/Ag was obtained using Cu-BTC as the precursor
coupled with high temperature heat treatment in nitrogen
atmosphere. Due to the high dispersion of metal ions in MOF
materials, Cu,0/Cu/C/Ag with Cu,O as the main body, uni-
formly doping of Cu and C, and Ag loading, the photocatalytic
material exhibited an enhanced photocatalytic activity under
the visible light irradiation.

2. Experimental

2.1. Synthesis of Cu-BTC, Cu,0/Cu/C and Cu,0/Cu/Ag/C

Cu-BTC was prepared by the hydrothermal method. In a
typical process, 0.869 g Cu(NO,),"3H,0 was dissolved in 12 mL of
distilled water and 0.426 g benzenetricarboxylic acid (H,BTC)
was dissolved in 12 mL anhydrous ethanol, then they were
mixed by stirring. The resulting mixture was transferred into a
40 mL Teflon-lined stainless steel autoclave and keptat 120 °C for
12 h. After cooling to room temperature, the obtained sample
was rinsed thoroughly with deionized water and ethanol for
several times, and finally dried at room temperature. As a result,
the violet Cu-BTC was obtained.

Cu,0/Cu/C (CC) were obtained by calcination of the Cu-BTC
in a tubular furnace at 330 °C for 2 h under the nitrogen atmo-
sphere.

Cu,O/Cu/C/Ag were obtained by the following two different
processes described at below:

1) The 0.2 g CC was immersed in 100 mL 0.001 mol L™ AgNO;
solution with magnetic stirring coupled with 500 W mercury
lamp irradation for 2 h. Then the materials were washed
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with deionized water for three times and dried at room
temperature. The resulting samples were marked as CCAT.

2) The 0.2 g Cu-BTC was immersed in 100 mL 0.001 mol L™
AgNO; solution with stirring for 2 h. Then the materials were
collected and calcinated in a tubular furnace at 330 °C for 2 h
under the nitrogen atmosphere. The obtained samples were
marked as CCA2. All chemicals were of analytical grade and
used without further purfication.

2.2. Characterization

XRD patterns of as-prepared samples were analyzed using a
Rigaku D X-ray diffractometer equipped with Cu Ka irradiation
(A = 0.154 nm) at 40 kV and 40 mA. The crystallite morphological
micrograph was obtained on a FEI Quanta 450 scanning electron
microscope. EDS was performed on an INCA Energy X-MAX 50
scanning electron microscope. UV-vis diffused spectroscopy of
the samples was recorded using a Lambda 950 (Pekin Elmer)
operating between 800 nm and 200 nm wavelength, using BaSO,
asareference.” Photocatalytic performance was tested using the
XPA-7-G8 photochemical reaction instrument.

2.3. Photocatalytic Activity Test

The photocatalytic activities of as-prepared samples were
performed by the photodegradation of Congo Red under a
250 W Xenon lamp with a 420 nm cut-off filter. The distance
between the lamp and tube is 6 cm. In the experiment, 3 mg of
the as-prepared samples was added in 50 mL of Congo Red
aqueous solution (40 mg L™). The mixture was stirred in the
dark for 2 h to achieve the adsorption/desorption equilibrium
before illumination. During the photoreaction, the samples
were collected at regular intervals (20 min). The supernatant
solution was analyzed using an UV-visible spectrophotometer
(UV-2450, Shimadzu) at 500 nm. The remaining Congo Red
percentage (%) after various intervals could be evaluated via
Equation 1:

% CR =C/C, x 100 % )

where C,is the initial concentration of Congo Red aqueous solu-
tion, while C is the concentration at t min.

In recycling tests, the used photocatalysts were collected and
washed with ethanol and distilled water for three times. Before
being reused, the photocatalysts was dried at 105 °C for 12 h.*!
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Figure 1 XRD patterns of (a) Cu-BTC, (b) CCA1, CCA2, CC.

3. Results and Discussion

3.1. XRD Patterns

Figure 1 shows X-ray diffraction patterns of the as-prepared
samples. The diffraction peaks of prepared Cu-BTC are nearly
consistent with that of the standard Cu-BTC from 26 of 5° to 25 °
and there is only a slight difference in the peak intensity (Fig. 1a).
It indicated that the Cu-BTC was prepared successfully. As
observed in Fig. 1b, pattern of CC mainly consist of Cu,O and Cu
diffraction peaks. The diffraction peaks appearing at 29.6 ° (110),
36.5 ° (111), 42.4 ° (200), 61.5 ° (220), 73.7 ° (311), 77.5 ° (222) are
attributed to the Cu,O (PDF#65-3288), and 43.3 ° (111), 50.4 °
(200) are attributed to the Cu (PDF# 04-0836). The patterns of
CCALl and CCA2 consist of Cu,O, Cu and Ag diffraction peaks.
The characteristic peaks located at 38.1 ° (111), 44.3 ° (200) and
64.4 ° (220) are attributed to Ag (PDF# 04-0783). Compared with
CCALl, the diffraction peak intensity of Ag is stronger than that of
CCA2, which indicates that the loaded amount of Agin CCA2is
more than that of CCAl. The proportion of Cu,O and Cu in
CCALl and CCA2 can be calculated according to Equation 2,

wt _ Icuyo0 XKeuyo
Cuz0 ICuzO x KCuzO +1Icy X Key (2)

— ICu ><KCu
Loy XKy +lcu, 0 XKeuy 0

Wt

where I, ¢ is the integrated intensity of Cu,0O, I, is the inte-
grated intensity of Cu, K, is the relative intensity ratio for
diffraction line of Cu,O, the value is 8.63, and K, is the relative
intensity ratio for diffraction line of Cu, the value is 6.72.% The
proportion of Cu,O and Cuin CCAl is about 5:3 and the propor-
tion of Cu,O and Cu in CCA2 is about 4:1. The content of Cu,O
in CCA2 is more than that in CCAl. There is no peak of the
amorphous carbon when the 2 theta is equal to 26-28 ° and the
EDS analysis of CCA1, CCA2 shows the presence of a certain
amount of carbon (Fig. 2c and Fig. 2d), suggesting that the
carbon in the sample exists in amorphous phase, which is
produced by the thermal decomposition of the ligand (BTC) in
the nitrogen atmosphere.

3.2. SEM of the Material
Figure 2 shows the SEM images of the prepared samples. It can
be seen in Fig. 2a that Cu-BTC is of typical octahedral structure.
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Figure 2 SEM images of the prepared samples. (a) Cu-BTC, (b) CC, (c) CCA1, (d) CCA2.

After calcination at 330 °C under nitrogen atmosphere, the basic
octahedral skeleton structure was kept, which can be observed
in Fig. 2b. The SEM images of Cu,O/Cu/C/Ag prepared with two
different methods were shown in Fig. 2c and Fig. 2d. It can be
observed obviously that the amount of loaded Ag in CCA2 is
more than that in CCA1, which is consistent with the results of
EDS and XRD. The EDS analysis shows that the loaded amount
of Agin CCA2is twice of thatin CCA1. Due to the higher surface
area, the Cu-BTC adsorbed more Ag ions on its surface. How-
ever, with the lower surface area, the CC adsorbed less Ag ions
on its surface (photo-reduction). At the same time, a certain
amount of carbon appears in CCAl and CCA2 according to
the EDS analysis. The carbon content in CCA2 is significantly
higher than that of CCA1 from the EDS results. Therefore, the
difference of the order for calcination and silver loading leads
to a great difference in silver and carbon content of Cu,0/Cu/
C/Ag.

3.3. Nitrogen Adsorption-Desorption
Table 1 shows the pore size and specific surface area of

Table1 Pore Size and Specific Surface Area of Cu-BTC, CCAland CCA2.

Sample Pore size Pore volume BET surface area
/nm Jem® gt /m* g
Cu-BTC 2.8 0.62 1537.3
CCA1 2.1 0.31 85.7
CCA2 19 0.22 226.5

Cu-BTC, CCA1 and CCA2. Cu-BTC has largest specific surface
area (1537.3 m* g™'). After loading Ag and calcination, CCA2
still possesses a specific surface area of 226.5 m* g, which is
larger than CCAL. This is mainly due to the different order of Ag
loading and calcination. Fig. 3 shows the nitrogen adsorp-
tion-desorption isotherms of Cu-BTC, CCA1 and CCA2. Accord-
ing to the IUPAC classification method, the isothermal curve of
Cu-BTC belongs to the type-I isotherm curve. This type of
isotherm is characterized by a rapid increase in gas sorption at
low relative pressure due to the microporous filling process.
Subsequent horizontal or near horizontal platforms indicate
that the micropores are already filled, with little or no further
adsorption occurring. It indicates that Cu-BTC has microporous
structure. Both CCA1 and CCA2 belong to type II adsorption
isotherm, which is generally produced by non-porous or macro-
porous solids. The type H4 hysteresis loops of CCA1 and CCA2
indicate that CCA1 and CCA2 contain narrow, slit-shaped
pores with no adsorption at higher relative pressure areas limit
range.

3.4. UV-vis Diffuse Reflectance Spectra

The UV-vis diffuse reflectance spectra of the prepared samples
are shown in Fig. 4. It can be seen that Cu-BTC is not strong
enough to absorb visible light and ultraviolet light. P25 absorbs
strongly in the ultraviolet range, but it absorbs very weakly in
the wavelength range of visible light. CCA2 has the strongest
adsorption of the ultraviolet and visible light among the
prepared samples. This is mainly attributed to containing more
Ag and carbon in the form of amorphous phase in CCA2.
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480 F 3.5. Photocatalytic Activity
Figure 5a shows the photocatalytic activities of the as-prepared
a5 samples and P,; catalyst for degradation of Congo Red under
..‘..":HH'++HZE“' visible-light irradiation (A > 420 nm). As shown in Fig. 5a, no
T a5 obvious degradation of Congo Red is observed after visible light
mo’ s A4 A irradiation for 120 min in the absence of catalysts, indicating that
g the photolysis of Congo Red can be ignored. All the as-prepared
F samples exhibit higher adsorption efficiency for Congo Red. The
E} photocatalytic activity of CC was better than Cu-BTC owing to
=t 0r the C, Cu,0 and Cu composited in it after calcination at 330 °C,
—=— Cu-BTC which improved its photocatalytic performance. After loading
10r e 88:; of Ag, the photocatalytic activity of CCA1 and CCA2 improved
remarkably and the degradation efficiency for Congo Red was
or up to 99.1 % after irradiation for 120 min under visible light
- 35 od 05 Y 15 by using only 3 mg as-prepared samples. Their photocatalytic
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Figure 3 N, adsorption/desorption isotherms curves of Cu-BTC, CCAl
and CCA2.
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efficiencies were significantly higher than P,. It also can be
observed the different content of Ag, C, Cu,0 and Cu in CCA2
and CCAl leads to slightly difference in the photocatalytic activ-
ity of CCA2 and CCA1. The absorption spectra of Congo Red
degraded by using CCA2 are displayed in Fig. 5b.

To test the possibility of practical applications of the prepared
samples, the stability of CCA2 was investigated. Fig. 6 shows that
CCA2 keeps a relatively high stability over the successive cycles
of the photocatalytic degradation of Congo Red. No significant
loss of activity is observed after five successive cycles, indicating
its excellent stability and potential application value in waste-
water purification.

3.6. Possible Photocatalytic Mechanism

The photocatalytic mechanism of CCA1 and CCA2 is shown in
Fig. 7. After loading Ag and calcination, the obtained sample
CCA2and CCALl exhibit the most enhanced photocatalytic activ-
ity among the prepared samples. The enhanced photocatalytic
activity is probably attributed to the following reasons: 1) The
octahedral porous structure of Cu-BTC is retained and amor-
phous carbon could be obtained in CCA2 and CCA1. A certain
amount of carbon provides electron traps, and after light irradia-
tion, the photo-generated electrons by Cu,0O are more easily
captured by the carbon surface, thus the recombination of
electrons and holes is suppressed to a certain extent. 2) Accord-
ing to the metal/semiconductor heterojunction theory, the
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Figure 5 (a) Photocatalytic degradation of Congo Red over CC,CCA1,CCA2,Cu-BTC and the commercial Py, catalyst under visible light irradiation;
(b) UV-vis absorption spectra of Congo Red solution with CCA2 as the photocatalyst.
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Figure 6 Reusability of the CCA2 for photodegradation of Congo Red.
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Figure 7 Diagram of CCA2 photocatalytic mechanism.

photocatalytic activity of metal/semiconductor heterojunction
depends mainly on the interface defects, in which the separation
efficiency of photogenic electron-hole pair can be promoted.”**
The Cuin CCA2 was in situ generated and it can make Cu to mix
uniformly with Cu,O. Therefore, even if the Cu content is high,
the fast separation of the photogenerated electrons and holes
can be achieved by closely connected nanoparticles. However,
as the number of Cu increases, the Cu will in turn become a new
electron-hole recombination centre, leading to a reduced quan-
tum efficiency of the materials. Therefore, CCA2 with lower
Cu content exhibited better photocatalytic activity than CCAL.
3) The Ag provides abundant electron traps in CCA2, which
makes it much easier for the photogenerated electrons to trans-
fer to the surface of silver particles with lower Fermilevel, which
subsequently further suppresses the recombination of electrons
and holes.”* Amorphous carbon, Cuand Agin CCAland CCA2
exert a triple inhibitory effect, so that photogenerated electrons
and holes have been effectively separated. At the same time,
since the octahedral structure can adsorb organic dye molecules
efficiently, the photogenerated holes can rapidly degrade the
dye molecules adsorbed on the surface of the porous structure,
so as to obtain excellent photocatalytic performance.

4. Conclusions

Cu,O/Cu/C/Ag porous photocatalytic material was success-
fully synthesized by using Cu-BTC as the precursor. The calcina-
tion under nitrogen atmosphere retains the octahedral and
porous structure of Cu-BTC. The uniform doping of Cu, C and
Ag with Cu,0O suppressed the recombination of photo-gene-
rated electrons and holes effectively and thus improved the
photocatalytic activity of Cu,O0/Cu/C/Ag significantly. The

Cu,O/Cu/C/Ag is proved to be stable and reusable, and thus has
potential applications in photocatalytic degradation of organic
pollutants in wastewater.
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