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Abstract

In this paper, we report the fabrication of a 3D free-standing CuO nanowire array
supported by nanoporous CuO network by dealloying CugoZr3sAls glassy ribbon and
the subsequent thermal oxidation. The CuO nanocomposite exhibits a hierarchical
nanostructure containing well-aligned CuO nanowire arrays and nanoporous substrate
with continuous nanoporosity. The resulting nanocomposite product with high internal
surface area shows superior degradation performance for methylene blue in the

presence of H,O, than that of commercial CuO nanoparticles. The remarkable catalytic
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activity along with good reusability and stability during degradation make the as-
prepared nanocomposite a promising candidate for purifying wastewater with organic
dyes.
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1. Introduction

In recent years, as important organic chemical raw materials, dyes are widely used
in the textile, paper and plastics industries, however, due to the high content of organic
compounds and high environmental stability of synthetic dyestuffs, their unrestricted
discharge into water greatly endangers the environment [1-3]. Consequently,
degradation of organic contaminants in industrial wastewaters has become a research
focus and is receiving increasing attention. Over the past decades, in the treatment of
dye polluting water, traditional approaches such as ultra-filtration, flocculation and
adsorption onto active carbon have raised difficulties in the complete destruction of
organic contaminants and also have further negative factors in potentially secondary
contamination due to the high chemical stability of these organic contaminants [4-7].
Recently, oxidation methods have been considered as a sustainable technique to remove
environmental pollutants from wastewater, in which highly reactive hydroxyl radicals
(‘OH) are produced and give rise to the oxidative degradation process of the synthetic
dyes [8-10]. In this method, many metal oxide nanoparticles, including TiO,, Fe;Oy,,
SnO, and CuO, have been produced to provide oxidative degradation of various organic
dyes such as methylene blue (MB), methylene orange (MO) and Rhodamine 6G (R6G)
in wastewater [11-15]. Among them, oxidative degradation of organic dyes by CuO
based nanoparticles has received considerable attention due to its low cost, high
efficiency and environmental stability. However, the powdery CuO nanoparticles easily
aggregate during oxidation due to their high surface energy, which significantly

decreases the catalytic efficiency and lifetime. In addition, the complex reclamation
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process of CuO nanoparticles from the treated water is also a disadvantage to their
practical industrial application [16, 17]. Therefore, the development of high-
performance nanostructured CuO based catalysts is still a challenge.

It is known that the degradation performance of the nanocatalysts often depend on
their effective surface area and porosity [18]. It is of great importance to tailor the
morphology, distribution and nanostructure of the catalysts during synthesis and more
and more research has been carried out to investigate the synthetic pathways of various
hierarchical nanostructures [19, 20]. For CuO based nanocatalysts, the properties are
also closely related to the microstructure, particularly the orientation and surface
morphology [21]. To date, besides nanoparticles, CuO nanostructures with diversified
controlled shapes, including nanospheres, nanoplates, nanorods and nanowires also
have been synthesized by aqueous solution decomposition, hydrothermal method, and
thermal oxidation [22-24]. Though various synthetic methods are reported for the
fabrication of nanostructured CuO, it is still highly desirable to develop novel and smart
synthetic procedures for building the hierarchical CuO micro/nanostructure with
outstanding catalytic performance. Recently, three dimensional (3D) nanoporous
metals/metal oxides with uniform nanopore structure and well-controlled size have
been extensively applied in catalysts due to their large internal surface area and open
nanoporosity [25-27]. By using nanoporous metal/metal oxides as a template, it is
possible to prepare nanocatalysts with a hierarchical nanostructure, high surface area
and large pore volume. Herein, for the first time, we demonstrate the synthesis of a 3D

hierarchical CuO nanowire array modified nanoporous CuO nanocomposite with a
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well-aligned nanowire distribution and high internal surface area by oxidative thermal
treatment of the monolithic nanoporous Cu substrate. In this study, the catalytic
capability of the as-synthesized CuO nanocomposite was systematically investigated
for the oxidative degradation of MB in the presence of hydrogen peroxide (H,O;). The
hierarchical nanostructure exhibits remarkable degradation activity for organic dyes

with good cycling stability, demonstrating great potential for purifying wastewater.

2. Experimental
2.1. Preparation of nanoporous Cu as substrate.

A nanoporous Cu substrate was fabricated by chemical dealloying of CugpZr3sAls
metallic glass, as described in our previous paper [28]. Briefly, the typical CugpZrssAls
(nominal atomic percentage) glassy ribbon precursor with a width of 4 mm and a
thickness of ~25 um was prepared by a melt-spinning technique under a high purity
argon atmosphere. The nanoporous Cu ribbon was then produced by leaching the
CugpZrssAls glassy ribbons in a dilute HF aqueous solution with a concentration of 0.05
mol/L at room temperature for 12 h. The dealloyed products were repeatedly rinsed
with deionized water and dehydrated alcohol to remove residual chemicals within the
pore channels.

2.2. Synthesis of CuO nanowire array modified nanoporous CuO nanocomposite.

Synthesis of CuO nanowire array was carried out by thermal oxidation of the
nanoporous Cu ribbon: the cleaned nanoporous Cu substrate was placed in a corundum

crucible and then heated to 500 °C in air. The samples were held at the chosen
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temperature for 4 h and the heating rate was fixed at 10 °C/min. A vertically aligned
CuO nanowire array modified nanoporous CuO nanocomposite was then obtained.
After cooling to room temperature, the as-prepared nanocomposites were repeatedly
rinsed with deionized water and dehydrated alcohol.

2.3. Microstructure characterization.

X-ray diffraction (XRD, Rigaku DMAX-RB-12KW, Cu-Ka) was used to
determine the crystal structures of the samples. The microstructures of the
nanostructured materials were characterized by scanning electron microscopy (SEM,
Zeiss Supra 55) equipped with an energy dispersive X-ray spectrometer (EDX) and
transmission electron microscope (TEM, Tecnai G2 F30). For TEM studies, the as
prepared samples were dispersed by sonication in absolute ethyl alcohol and the
resultant suspensions were put onto holey carbon-supported copper grids. X-ray
photoelectron spectroscopy (XPS AXIS-ULTRA-DLD, Kratos) with an Al Ka (mono,
1486.6 €V) anode at an energy of 150 W in a vacuum of 107 Pa was also employed to
investigate the surface chemical state and binding energy of the samples. Before each
XPS measurement, the selected samples were rinsed in dehydrated alcohol to remove
residual chemicals and then sealed in an argon atmosphere to avoid possible oxidation.
A Brunauer-Emmett-Teller (BET) test was carried out to measure the internal surface
area of the sample by using an automated surface area and pore size analyzer
(Quadrasorb SI).

2.4. Evolution of methylene blue degradation performance.

The catalytic performance of the nanocomposite was investigated by measuring
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the decomposition rate of MB, with or without the presence of H,0,, in a neutral
condition. All degradation tests were carried out in 250 mL bottles with a thermostatic
water bath. The catalyst sample was added into the MB solution, followed by the
addition of the H,O, solution. During each degradation, the mixed MB solutions were
rod-stirred at a constant speed. After the reaction, 3 mL of filtered solution was pipetted
out and subjected to UV-vis spectrum scanning ranging from 200 to 800 nm using a
UV spectrophotometer (UV-2800, Unico). Before testing, a decreased concentration
was used to meet the maximum intensity of the UV measurement. The degradation
activities of the nanocomposite with MB dye were then systemically investigated with
different reaction conditions, including H,O, concentrations, sample dosages, MB

concentrations and reaction temperatures.

3. Results and Discussion

3.1. Synthesis and characterization of the CuO nanowire array modified
nanoporous CuO nanocomposite.

A two-step procedure was performed to fabricate the 3D hierarchical
CuO nanowire array modified nanoporous CuO nanocomposite. The first step
is the fabrication of the nanoporous Cu substrate by the dealloying method. It is
known that metallic glasses which possess a homogeneous structure and are
free from crystallographic defects have apparent advantages for utilization as
precursors for fabricating homogeneous nanoporous metals [29, 30]. In the case
of crystalline precursors, they have a narrow composition range to form single-phase
microstructure and the unavoidable crystalline defects, such as grain boundary,

dislocation or
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segregation, are also disadvantageous to the formation of uniform nanoporosity
[31, 32]. Thus, in order to obtain a uniform nanoporous Cu substrate, a classical
CugoZr3sAls amorphous metallic glass precursor was selected. In this alloy, Cu is
much more noble than Zr and Al, i.e., the standard equilibrium electrode
potentials for the Cu/Cu?*, Zr/Zr*" and Al/AIP* pairs are +0.337 Vgyg, -1.553 Vgug
and -1.65 Vgug, respectively, which offer an advantageous driving force for the
dissolution of less noble elements Zr and Al under free corrosion condition. Similar
to the corrosion behavior during the chemical dealloying of Pd-Ni-P, Ag-Mg-Ca and
Mg-Cu-Y metallic glasses [29, 33, 34], due to the combined action of the dissolution
process of the Zr and Al atoms and the surface diffusion of the Cu atoms at the glassy
precursor/solution interface, nanoporous Cu ribbon with a uniform bi-continuous
nanoporosity was fabricated by etching the CugyZr;sAls glassy ribbon in 0.05
mol/L HF aqueous solution for 12 h at room temperature. The thermal oxidation
treatment of the dealloyed nanoporous Cu ribbon was then carried out at the chosen
temperature of 500 °C in air for 4 h to produce the CuO nanowire array modified
nanoporous CuO nanocomposite. Fig. 1 shows the XRD patterns of the CugoZrssAls
glassy ribbon, dealloyed nanoporous Cu and heated nanostructured CuO,
respectively. It is seen that the characteristic amorphous halo of the CugyZrssAls
glassy precursor completely disappears after dealloying and sharp crystalline
peaks representative of the pure face-centered (fcc) Cu emerge. Due to the heat
treatment, the characteristic crystalline peaks of monoclinic CuO appear and other
oxidation states of Cu are invisible, demonstrating a high purity of the generated

nanostructured CuO.
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Figs 2a and b show the cross-sectional and surface morphologies of the dealloyed
nanoporous Cu ribbon, respectively, which exhibits a uniform nanoporosity
throughout the sample with connected pore channels and ligaments. EDX analysis
of the cross section (the inset in Fig. 2a) demonstrates that the Zr and Al elements
were completely leached out from the glassy precursor, and the residual metals with
nanopores were pure Cu. SEM image of the nanoporous Cu ribbon after it had been
heated in air at 500 °C for 4 h is presented in Fig. 2¢, where the entire surface of the
substrate is covered by a high density of CuO nanowires with similar quality and
good uniformity. The cross-sectional view of the oxidized sample in the inset of Fig.
2¢ displays an obvious interface of the nanowire arrays and the growing template, and
it is also found that the porous structure of the nanoporous Cu has been retained
during oxidation, forming a hierarchical structure which contains a nanoporous CuO
region in-between and CuO nanowire array layers on the surfaces. Fig. 2d further
shows the surface morphologies of the as-prepared CuO nanocomposite, it is seen
that after the thermal oxidative treatment, the CuO nanowires grew uniformly on
the surface of the nanoporous substrate. It is known that CuO nanowires are
generally formed at grain boundaries, flaws or defects due to the rapid, short-circuit
diffusion of the Cu ions [35, 36]. Based on this, we discuss the growth mechanism of
the CuO nanowire array structure. Initially, a CuO layer is formed during the heating
treatment and due to the porous structure of the nanoporous Cu substrate, such a CuO
layer is highly porous and defective (inset in Fig. 2¢). Then, CuO nanowires are
generated as a result of the short-circuit diffusion of the Cu ions across the pores and

gaps of the nanoporous CuO substrate. Meanwhile,

9/32



owing to the uniform distribution of the nanoporosity of the substrate, the
arrangement of the CuO nanowires naturally tends to be homogeneous. Eventually,
the uniform CuO nanowire array structure emerges.

We further characterize the structure and crystallinity of the typical nanowires
using TEM and electron diffraction. The low-magnification TEM image (Fig. 3a) of a
single CuO nanowire shows that the width of the nanowire is about 120 nm and the
length is over 1 pm. Fig. 3b shows the corresponding SAED pattern of the CuO
nanowire. The electron beam is along the [001] zone axis and the diffraction spots can
be indexed as the (-110), (110) and (020) reflections of the CuO. From the HRETM
image (Fig. 3¢), the interplanar spacing of the CuO nanowire is measured to be ~0.27
nm, which agrees well with the (110) lattice fringe of the monoclinic CuO. These results
both confirm that the as-grown nanowire is indeed single-crystalline CuO.

The chemical composition and purity of the hierarchical CuO nanocomposite were
further investigated by XPS. As shown in Fig. 4a, the high-resolution XPS spectrum
for the Cu 2p core level shows two peaks at 934.2 eV and 954.2 eV, corresponding to
a spin-orbit couple of Cu 2p;/, and Cu 2p,,, respectively, indicating the presence of the
Cu?". Extra satellite peaks at 941.6 eV and 944.2 eV for Cu 2p;/, and 962.5 eV for Cu
2p1» were also observed at the higher binding energy side, which implies the presence
of a characteristic d° Cu( Il ) compound [35]. The whole XPS spectrum in the study
also indicates that the as-prepared nanocomposite is composed of copper, oxygen and
trace carbon, confirming the high purity of this product (not shown). Furthermore, the

N, adsorption-desorption isotherms of the as-prepared CuO nanocomposite was used
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to determine the BET specific surface area (Fig. 4b), and remarkably, the product
exhibits an average BET specific surface area of 27.16 m?/g, much higher than that of
the dealloyed nanoporous Cu (15.96 m?/g), demonstrating that after the thermal
oxidative treatment, the surface area of the CuO nanocomposite increases due to the
generation of the CuO nanowire array structure. The pore size distribution of the
nanocomposite is illustrated in the Fig. 4b inset, and the curves show the relative pore
volume distributions according to the average of pore size, in which the size of the pores
is in the range of 10 to 90 nm. The high surface area of the CuO nanocomposite may
originate from the small nanoparticle size of the as-grown CuO nanowires and the
retained nanoporous structure of the substrate.

3.2. Oxidative degradation capability of methylene blue.

To explore the potential capability of the CuO nanocomposite product to degrade
organic contaminants from wastewater, the catalytic activity of the hierarchical CuO
nanostructures is evaluated in the oxidation of MB in the presence of H,O, under neutral
condition. Fig. 5a shows the UV adsorption spectra of 0.1 g/LL MB aqueous solution in
the presence of a 2 g/ CuO nanocomposite and 0.5 mol/L H,O, for different reaction
times at room temperature. Clearly, the characteristic absorption peak of the MB is
located around 665 nm and with the prolonged treatment time, the adsorption peak of
the MB drops. After 70 min, the band at 665 nm becomes very broad and weak, and no
obvious peak shift can be observed, suggesting the continuous degradation of MB dye.
The appearance of the MB solution is also shown in the inset of Fig. 5a. As can be seen,

before the treatment, the solution has a dark blue color. Finally, the dye can be almost
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completely degraded by the CuO nanocomposite and the solution becomes almost
transparent. This indicates that the CuO nanocomposite has good reaction activity and
can thoroughly decompose MB dye. For comparison, contrast experiments are carried
out, in which the bare CugyZr3sAls glassy ribbon, dealloyed nanoporous Cu
and commercial CuO nanoparticles (particle size: 50-200 nm, specific surface
area: > 18m?/g) are used as catalysts while other conditions are kept unchanged. By
measuring the intensity of the MB adsorption peak at 665 nm, the concentration
variation of DB against reaction time for different catalysts are obtained and presented
in Fig. Sb. It is seen that the normalized concentration (c¢/cy) of MB has changed little
in the absence of the catalyst, suggesting that H,O, alone can hardly oxide MB in
this case. When the bare CugyZrssAls glassy ribbon or nanoporous Cu is used as
catalyst, the degradation is still very slow, suggesting that these materials have
weak catalytic capability in the oxidative degradation of MB with H,0, in the
study. It is also found that c¢/cy of MB drops to 0.307 after 70 min for the commercial
CuO nanoparticles. The c/cy of MB is only 0.03 at the reaction time of 70 min
when the as-synthesized hierarchical nanostructured CuO is presented, indicating
that our CuO nanocomposite product has a higher degradation performance than
that of commercial CuO nanoparticles. The reasons for the superior catalytic
ability of the as-prepared CuO nanocomposite is discussed. For the particulate
CuO  nanocatalyst,  agglomeration  during the decomposition process
significantly decreases the active surface of the catalyst and thus reduces the
degradation ability. In our case, in contrast to the CuO nanoparticles, the monolithic

CuO nanocomposite with equally distributed CuO nanowire arrays can
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avoid particle agglomeration and possesses more active sites for the catalytic reaction,
resulting in an enhanced degradation performance. Moreover, the high internal surface
area contributed from the open pore structure of the nanoporous substrate also provides
more effective contact between the MB and catalyst, leading to the significant
improvement of the oxidative degradation performance of the CuO nanowire array
modified nanoporous CuO product.

It is widely known that degradation conditions have a great influence on the
degradation efficiency of heterogeneous catalysis [38, 39]. In our work, different
amounts of H,O, concentration, catalyst dosage, initial MB concentration and reaction
temperature, are used to investigate their effects on the oxidative degradation
performance of MB by the CuO nanowire array modified nanoporous CuO
nanocomposite. The effect of initial H,O, concentration ranging from 0 to 0.6 mol/L
on the degradation of 0.1 g/LL MB solution by 2 g/ CuO nanocomposite is presented
in Fig. 6a. It is seen that the degradation rate of MB increases with the increase of H,O,
concentration from 0 to 0.5 mol/L and then decreases when the concentration is further
increased. This may be because, a high H,O, concentration is favorable for the
formation of the highly reactive ‘OH and preferentially attacks the MB molecules,
inducing a higher degradation rate. However, an excessive H,O, concentration will act
as a scavenger of the -OH [40, 41], which may result in the reduction of the radical
activity and bring a detrimental impact on the MB degradation. Fig. 6b shows the effect
of the CuO nanocomposite dosage on the degradation efficiency of 0.1 g/LL MB solution

in presence of 0.5 mol/L H,0O,, At the same reaction time, with increasing the CuO

13/32



nanocomposite dosage from 0.5 to 10 g/L, the c¢/cy of the MB significantly decreases,
suggesting that the degradation efficiency of MB is enhanced with increase in the CuO
nanocomposite dosage. Considering the low cost of CuQ, it is economical to use a high
dosage of CuO nanocomposites to improve the degradation rate. The effect of different
initial MB concentrations ranging from 0.1 to 0.3 g/L on the degradation efficiency was
also investigated (Fig. 6c¢). It is shown that the degradation time increases as the initial
MB concentration increases. Moreover, investigations on the influence of atmosphere
temperature were performed to evaluate the activation energy for the oxidative
degradation of MB with the CuO nanocomposite. As shown in Fig. 6d, the degradation
accelerates significantly as the increase of reaction temperature increases from 25 to 55
°C. Based on the reaction rate constants at different temperatures, obtained by data
fitting, the activation energy can be then calculated according to the following
Arrhenius-type equation [38, 42]:
Ink,.=E/RT+1InA
where T is the reaction temperature, k; is the kinetic rate constant, E a is the activation

energy, R is the gas constant and A is a constant. The plot of In k. versus 1000/RT is

presented in the inset of Fig. 6d. Clearly, a good linear relationship is obtained and the
calculated activation energy is approximately 38.5 kJ/mol. The value is low when
compared with the oxidative degradation process by ferrocene catalysts through
Fenton-like reaction in the presence of H,O, [43].

To further confirm the degradation ability of the CuO nanowire array modified

nanoporous CuO, we also investigated the reusability and stability of the nanocatalyst.
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In this study, without any centrifugalization or filtration, the monolithic hierarchical
CuO nanocatalyst can be easily separated from the reacted wastewater. After cleaning
using deionized water, the recovered sample can be reused again. Fig. 7a illustrates the
decomposition ratio of MB at 70 min for different cycles, where it is seen that the
degradation ratio still remains ~88.5% after 5 cycles, showing that there is no obvious
loss of the degradation activity for our nanostructured product during cycling. Fig. 7b
also presents the surface morphology of the recovered CuO nanocatalyst after
5 catalytic cycles, where the SEM image reveals that in comparison with the
initial composite (Fig. 2d), there is no significant change in the microstructure
of the nanostructured CuO during multiple cycles. EDX analysis in the inset of Fig.
7b also shows that the composition of the sample is still CuO after several
decolorization treatments. These results demonstrate that our CuO nanowire
array modified nanoporous CuO catalyst has good reusability and stability for
oxidative degradation of MB. The long-term stability and good reusability of the
CuO nanocatalyst during degradation can be attributed to the chemical durability

of CuO and the structural stability of the CuO nanowire arrays.

4. Conclusions

In summary, a uniform CuO nanowire array integrated with nanoporous CuO
nanocomposite was prepared by the combination of chemical dealloying of
CugoZrssAls glassy ribbon with thermal oxidation of dealloyed nanoporous
Cu. The CuO nanocomposite presents a hierarchical nanostructure with a uniform

nanowire array and
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3D open pore nanoporosity, the surface area of which is measured to be ~27.16 m?/g.
The as-synthesized monolithic hierarchical CuO nanocomposite exhibits superior
oxidative degradation performance for MB in the presence of H,O, than that of
commercial CuO nanoparticles. It is found that the high degradation efficiency of the
nanocomposite mainly results from the uniform nanowire array structure and its high
internal surface area, which can provide more effective contact between the MB
and catalysts. The present study also indicates that the CuO nanocomposite possesses
good reusability and long-term stability, which results from the chemical durability

and the structural stability of the CuO nanocatalyst.
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Figure captions

Fig. 1. XRD patterns of the bare CugyZr;sAls precursor ribbon, dealloyed nanoporous

Cu and as-prepared CuO nanocomposite, respectively.

Fig. 2. (a) Cross-sectional morphology of the dealloyed nanoporous Cu. The inset is
the EDS analysis of the cross section. (b) Surface morphology of the nanoporous Cu.
(c) Overall SEM image of the free-standing CuO nanocomposite. The inset shows the
cross-sectional image of the nanocomposite. (d) Surface morphology of the as-prepared

CuO nanocomposite.

Fig. 3. (a) TEM image of a CuO nanowire. (b) SAED pattern taken from the single

nanowire. (c) HRTEM image of the as-prepared CuO nanowire.

Fig. 4. (a) High-resolution XPS spectra of Cu 2p of the CuO nanocomposite sample.
(b) N, adsorption and desorption isotherm of the CuO nanocomposite. The inset shows

the corresponding pore-size distribution.

Fig. 5. (a) The UV absorption spectrum of 0.1 g/ MB solution degraded by CuO
nanocomposite in the presence of H,O, for different reaction time at 25 °C. The inset
is the appearance and color of the MB solution before and after the degradation
treatment. (b) The normalized concentration of MB solution at 665 nm as function of

reaction time in the presence of different catalysts at room temperature.
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Fig. 6. Effect of different variables on the degradation of MB solution by as-prepared
CuO nanocomposite: (a) initial H;O, concentration. (b) CuO nanocomposite dosage.

(c) initial MB concentration. (d) reaction temperature. The inset is the Arrhenius plot

of In k. versus 1000/RT of MB oxidative degradation by CuO nanocomposite.

Fig. 7. (a) Degradation ration of 0.1 g/L MB solution by 2 g/L. CuO nanocomposite for
70 min at different cycles (room temperature). (b) Surface morphology of the
nanostructured CuO after 5 catalytic cycles. The inset is the EDX analysis of the surface

of the treated sample.

25/32



Fig. 1 by Li et al.
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Fig. 2 by Li et al.
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Fig. 3 by Li et al.
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Fig. 5 by Li et al.
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Fig. 6 by Li et al.
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Fig. 7 by Li et al.
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