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Abstract

Organic pollutants coming from various industry processes are harmful to the
environment, and semiconductor heterostructure is a promising candidate
catalyst for poisonous wastewater treatment in the future. In this study,
CuO,/MnO, heterostructures were successfully constructed, using a facile and
effective hydrothermal method and chemical both/calcination route, which
exhibited higher photocatalytic activity towards the photodegradation of or-
ganic contaminants under visible-light driven irradiation. The resulting
CuO,/MnO, heterostructures were systematically characterized using various
microscopic and spectroscopic techniques. Morphological characterizations
show that the CuO, nanoparticles are well anchored on the surface of the
MnO, nanowires (NMs). The photocatalytic activity enhancement of the
CuO,/MnO, heterostructures (M-4) could be ascribed to the introduction of
CuO, on the surface of MnO, NWs and the efficient separation of the elec-
tron-hole pairs compared to other CuO,/MnO, heterostructures and pure
MnO, NMs. These results show that CuO,/MnO, heterostructures can be a
suitable candidate for efficient visible light photocatalysts.

Keywords
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1. Introduction

Organic pollutants coming from various processes in industries are harmful to the

environment, hazardous to human health due to their toxicity and persistence

[1] [2], which has aroused great concern worldwide. Many treatment approaches
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have been investigated for the removal of organic pollutants from wastewater in-
cluding adsorption, chemical oxidation, biological degradation, ultrasound de-
gradation and photocatalytic degradation [3]. Among them, photochemical de-
gradation has been commonly suggested as a cost effective method for the de-
gradation of many toxic organic pollutants from aqueous systems because of its
low cost, simplicity and high efficiency [4] [5]. It is a universally acknowledged
truth that the high performance catalysts play important roles in photocatalytic
degradation application [6] [7]. Thus, designing and developing the high per-
formance catalysts should be a key point to solve organic pollution in wastewa-
ter.

As a promising photocatalyst, manganese dioxide (MnO,) has attracted inten-
sive interest due to its mass of merits like low-cost, environmental compatibility,
abundant availability, strong adsorption and oxidation ability [8]-[15]. But the
photocatalytic activity of MnO, is still restricted by the slow rate of charge trans-
fer and high recombination probability of photogenerated electron-hole pairs.
Many efforts have been made to improve the photocatalytic capability of MnO,,
a large number of studies showed that MnO, combined with the conductor or
semiconductor can effectively improve the photocatalytic activity compared to
pure nanostructures. For example, Saravanakumar er al [16] constructed
Ag@MnO, nanowires, using a one step hydrothermal method, which exhibited
excellent efficiency towards the photodegradation of organic contaminants un-
der visible-light driven irradiation compared to pure MnO,. Zheng et al [17]
obtained hybrid 3D Co,0,@MnO, heterostructures by a facile and highly effi-
cient solution-based method on nickel foam, and the as-synthesized 3D
C0;0,@MnO, heterostructures exhibited remarkable photocatalytic activity and
recycling stability for the degradation of organic dyes. A flower-like MnO,/BiOI
composite [18] has been fabricated by a simple and cost-effective approach and
demonstrated a photocatalytic degradation efficiency of 97.8% under visible
light and 93.4% under simulated solar light irradiation for methyl orange (MO)
within 40 min.

We noted that copper oxides as a photocatalyst hold great potential due to
their unique optical and charge transport properties [19] [20] [21] [22]. Cu,O
and CuO both are suitable for visible light absorption because of their favorable
bandgap values that range from 1.7 to 2.6 eV [23] [24]. On the other hand, Zhou
et al. [25] and Chen et al [26] separately reported excellent photocatalytic activ-
ity of Cu,0/Cu nanocomposites and Cu/Cu,O core-shell nanowires for dye de-
gradations of MO and methylene blue (MB).

Inspired by these previous reports, here we have synthesized CuO, nanopar-
ticle/MnO, nanowire heterostructures, via a hydrothermal method followed by a
facile and effective chemical both/calcination route. The photocatalytic activity
of the CuO,/MnO, nanowire heterostructures was investigated under the irradi-
ation of visible light, and they displayed high performance and stability for the
photodecomposition of MB.
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2. Experimental Section
2.1. Synthesis of MnO; Nanowires

All of the chemicals were of analytical purity and used as received without fur-
ther purification. MnO, nanowires (NWs) were prepared by a simple hydro-
thermal method. Firstly, the 1.715 g KMnO, was dissolved in 25 mL of deionized
water under magnetic stirring, and 2.5 mL concentrated HCI was added drop-
wise into the above solution. The mixture of the solution was stirred conti-
nuously for 1 h. Secondly, the mixed solution was transferred into a 50 mL Tef-
lon-lined stainless steel autoclave and heated in an oven at 180°C for 12 h. After
the reaction, the autoclave was cooled down to room temperature in air, the
sample was then collected by filtration and washed with ethanol and deionized
water several times, and dried at 80°C for 3 h. Finally, the dried sample was fur-
ther calcined at 500°C for 1 hour under N, environment, and MnO, NWs were

obtained.

2.2. Synthesis of CuOx/MnO; Heterostructures

CuO,/MnO, heterostructures were synthesized by a simple chemical both and
calcination method. Firstly, the 0.174 g of the obtained MnO, NWs were dis-
persed in 50 mL deionized water followed by stirring for 10 min, then 0.72 g of
glucose was dissolved in the above solution under the same conditions, 0.2 g of
Cu(AC),-H,0 was added to the mixed solution of MnO, NWs and glucose while
keeping stirring for 10 min, then the obtained mixed solution was heated in wa-
ter-bath for 1 hours at 90°C. Secondly, the product was collected and washed by
filtration at room temperature, and dried at 50°C overnight. Thirdly, the col-
lected solid powders were put into a tubular furnace and heated to 500°C at a
rate of 5°C-min”' and maintained for 180 min under N, protection. Finally, the
CuO,/MnO, heterostructures were obtained and named as the sample M-2. By
adjusting the amount of Cu(AC),-H,0, a series of CuO,/MnO, heterostructures
using 0.3 and 0.4 g of Cu(AC),-H,O were obtained and denoted as M-3 and M-4,
respectively. The synthesis of the CuO,/MnO, heterostructures is shown in Fig-
ure 1.

2.3. Characterization

X-Ray power diffraction (XRD) patterns were recorded on a Rigaku D/max-2550
PC X-ray power diffractometer employing Cu-K a radiation operating at 40 kV
and 200 mA. The morphology of the samples was observed using a field emis-

sion scanning electron microscope (SEM, S-4800) at an acceleration voltage of 5

"CH O, Cu* ” N

) 6 1276’ 2
C 90°C R 500°C

MnO, NWs CH,,0,/Cu*/MnO, NWs CuO, /MnO, NWs

6 1276

Figure 1. Schematic illustration of the synthesis procedure for
CuO,/MnO, heterostructures.
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kV. The UV-vis diffuse reflectance spectra (DRS) of the sample were performed
on a Perkin Elmer Lambda 35 spectrophotometer, using BaSO, as reference. The
photoluminescence (PL) emission spectra of the samples were obtained using a

fluorescence spectrophotometer (FS-5) at room temperature.

2.4. Photocatalyst Activity Texts

The photocatalytic activities of the as-prepared samples were evaluated using the
degradation of methylene blue (MB) at room temperature under visible light ir-
radiation. In photocatalytic experiment, 20 mg photocatalysts was suspended in
50 mL of MB solutions (5 mg-L™"). Before lighting on, the suspension was stirred
for 30 min in the dark to ensure absorption-desorption equilibrium between the
photocatalyst and organic dye solution. After that, the suspension under mag-
netic stirring was placed approximately 20 cm below a xenon lamp (500 W,
Model PLS-SXE300) with a cut-off filter that only emits visible light (1 > 400
nm). At a given time period, the 3 mL suspension was removed from the original
solution and centrifuged at 8000 rpm for 3 min to remove the remnant photoca-
talyst, The absorbance of MB concentration were analyzed by a UV-vis spectro-
photometer (UV-2550, Shimadzu) at wavelength 664 nm. After testing, the sus-
pension was returned and the irradiation was resumed. Consequently, the de-
gradation rate for MB could be calculated according to the change of the absor-

bance.

3. Results and Discussion
3.1. Preparation and Characterization of Catalysts

CuO,/MnO, heterostructures with different amount of Cu(AC),-H,0 (0.2 g, 0.3
g and 0.4 g) were prepared via a simple chemical both and calcination method.
MnO, NWs were produced by a reaction of KMnO, and concentrated HCI and
then crystallized during the hydrothermal process. Meanwhile Cu®" and glucose
were deposited onto the surface of MnO, NWs. The conversion of CuO, from
Cu® was achieved by the subsequent calcination process under N, protection.
The resulting catalysts are named as M-2, M-3 and M-4, respectively.

The phase of CuO,/MnO, heterostructures was analyzed using the XRD mea-
surements. Figure 2 presents the XRD patterns of the pure MnO, NWs, M-2,
M-3 and M-4. In the XRD pattern of the pure MnO, NWs, all diffraction peaks
at the 268 values of 12.7°, 18.0°, 28.8°, 37.5°, 38.8°,41.9°, 49.8°, 56.1°, 60.1°, 65.3°
and 69.3° correspond to the (110), (200), (310), (211), (330), (301), (411), (660),
(521), (002) and (541) crystal faces of a-MnO, (JCPDS Card No: 44-0141), re-
spectively. No impurity peaks are found within experimental error, indicating a
high purity of a-MnO,. In the XRD pattern of M-2, three characteristic peaks
with 26 values of 32.3°, 35.8° and 57.5° are attributed to the (110), (11-1) and
(202) crystal planes [27] of CuO (JCPDS Card No: 048-1548), and the peaks with
2@ values of 30.5°, 37.5° and 62.9° could be indexed to the (110), (111) and (220)
crystal planes of Cu,O (JCPDS Card No: 78-2076), respectively. The Cu,O (111)

DOI: 10.4236/msce.2017.510002

15 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2017.510002

T.Yuetal.

+MnO: ¢Cu *CuO #Cu0

Intensity (a.u.)

ot 0

o ¢ o .MnOz

10 20 30 40 50 60 70 80
20 (degree)

Figure 2. XRD patterns of the pure MnO, nanowires, M-2, M-3
and M-4.

peak is very close to the MnO, (211) peak and thus they are overlapped at
around 37.5 in the pattern, and the other peaks can be indexed to MnO,. Com-
pared with the pure MnO, NWs, the intensity of MnO, diffraction peaks ob-
viously decreases in the XRD pattern of M-2. Thus, according to the XRD re-
sults, the sample M-2 is consisted of three phases of CuO, Cu,0O and MnO,, in-
dicating that the information of CuO,/MnO, heterostructures. In the XRD pat-
tern of M-3, we can clearly see that there are four characteristic peaks with 26
values of 32.3%, 35.8°, 38.7° and 57.5° corresponding to the (110), (111), (11-1)
and (202) crystal planes of CuO, respectively, Three peaks with 26 values of
30.5°, 37.5° and 62.9° correspond to the (110), (111) and (220) crystal planes of
Cu,0, and one peak with 260 value of 43.0° is assigned to the (111) crystal planes
of Cu (JCPDS Card No: 04-0836) [28], and the other peaks can be indexed to
MnO,. The intensity of MnO, diffraction peaks in the XRD pattern of M-3 was
weaker than one in the XRD pattern of M-2. According to the XRD results, the
sample M-3 is composed of four phases of CuO, Cu,0, Cu and MnO,, indicating
that the information of CuO,/MnO, heterostructures. In the XRD pattern of
M-4, we can also clearly see there are two peaks at around 43.0° and 50.1° cor-
responding to the (111) and (200) crystal planes of Cu, and two peaks at around
35.8° and 61.2° are attributed to the (002) and (113) crystal planes of CuO, and
one peak at 40.5° is consistent with the (200) crystal planes of Cu,O. No peaks of
MnO, are found due to the loading of CuO,. So the sample M-4 is composed of
four phases of CuO, Cu,0, Cu and MnO,. The above results verify the formation
of CuO,/MnO, heterostructures.

3.2. SEM Images of the Pure MnO; NWs, M-2, M-3 and M-4

The morphology of MnO, NWs, M-2, M-3 and M-4 was observed in scanning
electron microscopy (SEM) images, which are shown in Figure 3. Figure 3(a)
and b are the SEM images of the pure MnO, NWs with different magnifications.
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TR i

Figure 3. SEM images of the pure MnO, nanowires
(a)-(b), M-2 (c)-(d), M-3 (e)-(f) and M-4 (g)-(h).

It can be clearly seen that the pure MnO, NWs with diameters of about 30 - 80
nm and lengths of 2 - 3 um have a relatively smooth surface, and MnO, NWs
were uniform in diameter through the entire length and gathered in disorder. As
can be seen from Figure 3(c) and Figure 3(d), a small and sparse nanoparticles
with the sizes of 10 - 20 nm were deposited on the surface of MnO, NWs in the
sample M-2 prepared using 0.2 g of Cu(AC),-H,0. When increasing the amount
of Cu(AC),-H,O to 0.3 g in the sample M-3, as shown in Figure 3(e) and Figure
3(f), the sizes of nanoparticles on the surfaces of MnO, NWs increase to 20 - 40
nm. Using 0.4 g of Cu(AC),-H,0O in the sample M-4 (Figure 3(g) and Figure
3(h)), the bigger and more nanoparticles with diameters of 20 - 50 nm were de-
posited on the surfaces of MnO, NWs, and the surface of MnO, NWs is ob-
viously rough. Additionally, it can not be observed the more density of nanopar-
ticles grown on the surface of MnO, NWs with increasing the amount of
Cu(AC),-H,0 to 0.5 g. These nanoparticles are considered to be the composite of
CuO,. So, a series of CuO,/MnO, heterostructures of the sample M-2, M-3 and
M-4 were successfully fabricated by changing the amount of Cu(AC),-H,O.

We investigate the optical properties of the pure MnO, NWs and CuO,/MnO,
heterostructures using a combination of UV-vis and PL technologies. Figure 4(a)
shows the UV-vis absorbance spectra of the pure MnO, NWs and CuO,/MnO,
heterostructures (M-2, M-3 and M-4). From the spectra, the characteristic ab-
sorption peak of the pure MnO, NWs is at 450 nm and the absorption band edge
enlarges to almost the full visible region [29]. The sample M-2 and M-3 of
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Figure 4. (a) The UV-vis absorption spectra of the pure MnO,
NWs, M-2, M-3 and M-4, (b) The PL spectra of the pure MnO,
NWs, M-2, M-3 and M-4.

the CuO,/MnO, heterostructures show two broad bands at 400 - 460 nm and 650
- 700 nm. With the increase of the amount of Cu(AC),-H,0, the absorption in-
tensity of the sample M-2 and M-3 was enhanced gradually, which further con-
firms that Cu®* had been successfully anchored on the surface of the MnO, NWs.
In comparison with the sample M-2 and M-3, the sample M-4 shows a broad
and strong absorption in visible light range (400 - 700 nm), and the band gap
energy (£,) of the sample M-4 calculated on the basis of the corresponding ab-
sorption edge was 1.57 eV, showing a significant red-shift compared with the
pure MnO, NWs. It suggested that the sample M-4 might display good photoca-
talytic activity under visible light.

The photoluminescence (PL) spectra were characterized the trapping, migra-
tion and separation of electron-hole pairs, and the lower PL intensity indicates
the higher photocatalytic properties of the nanomaterials [30]. The PL spectrum

of the samples is measured at room temperature using 300 nm as an excitation
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wavelength (Figure 4(b)). It is clear that two strong emission peaks of the pure
MnO, NWs are at about 349 and 351 nm and it is similar to the emission peaks
of M-3. Compared with the emission peaks of the pure MnO, NWs and M-3, the
PL spectra of M-2 and M-4 consist of two weak emission peaks located at about
348 nm and 353 nm and two weaker emission peaks at 412 nm and 453 nm [31]
[32]. The sample M-4 among all the samples showed the lowest PL emission in-

tensity and indicated the enhancement of photocatalytic performance.

3.3. Photocatalytic Activity

To evaluate the photocatalytic activity of the as-synthesized CuO,/MnO, hetero-
structures, the degradation of MB (methylene blue, a standard organic dye) un-
der visible light radiation is utilized as a probe reaction, and displays a characte-
ristic absorption of MB at a wavelength of around 664 nm in absorption spectra.
For comparison, the photocatalytic experiment using the pure MnO, NWs as the
catalyst is also conducted under the same condition. One thing to note here is
that before irradiation the mixed solution of the photocatalysts and MB is stirred
for 30 min in the dark to establish the adsorption/desorption equilibrium on the
photocatalyst surfaces. The corresponding photocatalytic properties have been
demonstrated in Figure 5. Figure 5(a) shows the temporal evolution of the ab-
sorption spectra of MB over the sample M-4. The characteristic absorption peak
of MB at wavelength of 664 nm decreases sharply as the reaction time increases
and almost disappears after 140 min, confirming that MB can be efficiently de-
graded by the sample M-4. Figure 5(b) presents the degradation curves of MB
over different catalysts. When using the pure MnO, NWs as the photocatalyst,
only 47.2% of MB is degraded due to the fast recombination rate of charge carri-
ers, resulting from the narrow band gap [18]. Interestingly, all the CuO,/MnO,
heterostructures (M-2, M-3 and M-4) display higher activities than the pure
MnO, NWs, and the MB degradation efficiencies reach up to 69.3%, 89.2% and
96.1%, respectively. It is obvious that the photocatalytic activity of the pure
MnO, NWs is improved due to different amount of CuO, was loaded on the
surface of MnO, NWs. This may be ascribed to a large specific surface area
which can introduce more unsaturated coordination sites in the surface that ex-
posed to MB molecules, that is more favorable for the photocatalytic degradation
of MB molecules [33].

In order to better understand the photocatalytic efficiency of the catalysis, the
curve of In(C,/C) versus time of MB photodegradation process was also investi-
gated. On the basis of the Langmuir-Hinshelwood model, the linear relationship
of In(C,/C) versus time can be described as: —In(C,/C) = kt, where k represents
the reaction rate constant of the pseudo-first-order. Figure 6 shows the effect of
different samples on the kinetics of MB under visible light irradiation. The value
of apparent rate constant &, which is equal to the corresponding slope of the si-
mulation curve, is shown in the inset of Figure 6 in the form of a histogram
graph. It can be seen that the k values for the pure MnO, NWs, M-2, M-3 and
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Figure 5. (a) Degradation curves of MB solution over M-4 under
visible light, (b) Comparison of photocatalytic activities over the
pure MnO, NWs, M-2, M-3 and M-4.
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Figure 6. Kinetic linear simulation curves of MB photocatalytic de-
gradation over different samples under visible light irradiation. In-
set is the apparent rate constant & of each sample.
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M-4 are 0.005 min~', 0.015 min~', 0.008 min™' and 0.021 min™', respectively.
These results show the introduction of CuO, improve the visible light photoca-
talytic performance of the MnO, NWs and the sample M-4 exhibits the highest
photodegraded efficiency.

The stability and reusability of photocatalysts is another important considera-
tion for their practical applications. Therefore, MB recycling degradation expe-
riments over the sample M-4 were also conducted. Figure 7 shows the degrada-
tion efficiencies of MB in three cycles, the first degradation rate of MB was
93.73% and 84.35% for the second time. After repeating the procedure 3 times,
the degradation rate still remained at 84.07%, and there is a slight loss of photo-
catalytic activity, demonstration the good recyclability of M-4. This result indi-
cates that the sample M-4 can still remain stable and efficient during organic dye

degradation. Comparing these samples, the sample M-4 has better degradation

1.0
1st cycle 2nd cycle 3th cycle
0.8

0.6 -

cIc,

0.4 1
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0 ' 140 ' 280 ' 420
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Figure 7. (a) Three cycles of photocatalytic activities of M-4 for the

degradation of MB. (b) photocatalytic degradation rate at different
recycling times.
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activity, which indicates CuO, nanoparticles on the surface of MnO, nanowires
played key roles in the enhanced photocatalytic performance. The enhancement
may be due to the following reasons. Firstly, the higher photocatalysis efficiency
of the heterostructure samples could be explained in terms of the enhancement
of UV-vis absorbance spectra and the weaker PL emissions due to CuO, nano-
particle depositions. Secondly, CuO, nanoparticles on the surface of CuO,/MnO,
heterostructures have the increase of surface area, and inhibit the recombination

of electron-hole pairs caused by electronic conduction of Cu nanoparticles [34].

4. Conclusion

In summary, CuO,/MnO, heterostructure photocatalyst was successfully synthe-
sized through a facile and effective hydrothermal method and chemical
both/calcination route. For the sample M-2 of CuO,/MnO, heterostructures,
CuO, is composed of two phases of CuO and Cu,O, and for the sample M-3 and
M-4 of CuO,/MnO, heterostructures, CuO; is consisted of three phases of CuO,
Cu,0 and Cu. The sample M-4 in the degradation of MB under visible light
showed enhanced photocatalytic activity compared to M-2, M-3 and pure MnO,
NWs. The enhanced photocatalytic performance can be attributed to the intro-
duction of CuO; on the surface of MnO, NWs and the efficient separation of the
electron-hole pairs. The present study thus offers a facile and efficient synthesis
method and a promising candidate catalyst for poisonous wastewater treatment

in the near future.
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