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In the present paper, a porous octahedral (ZnO/CuO) composite is synthesized from zinc/copper-based metal-organic
framework-199, and its applications in visible-light-driven photocatalytic degradation of dyes are demonstrated. The precursors
of Zn-BTC, Cu-BTC, and Zn/Cu-BTC (BTC: benzene-1,3,5-tricarboxylate) were synthesized using a microwave-assisted method.
Benzene-1,3,5-tricarboxylate acts as a sacrificial template and was removed from the precursors via thermal decomposition to
form CuO, ZnO, and ZnO/CuO. ZnO/CuO with a large specific surface area of 32.5m2·g–1 is composed of porous octahedral
particles of 5–10 μm in diameter. Methylene blue (MB) was utilized as the dye model for photocatalytic degradation reactions.
The porous octahedral ZnO/CuO exhibits superior visible-light-driven photocatalytic degradation of MB compared with single
CuO or ZnO. The kinetic model of photocatalytic degradation was proposed as ð1/KLÞ × ln C + C = −krt + ð1/KLÞ × ln Ce + Ce,
where KL is the Langmuir equilibrium constant and Ce is the MB concentration at equilibrium. The model significantly fits the
kinetic data. In addition, the acquired catalyst manifests excellent photocatalytic degradation for several other dyes including
phenol red, methyl orange, and Congo red.

1. Introduction

Metal oxide semiconductors are widely used for photocata-
lytic degradation of organic pollutants due to their high
photosensitivity, nontoxic nature, and low cost. It is well
known that titanium oxide (TiO2) and zinc oxide (ZnO)
can only be excited for photocatalysis. ZnO belongs to the
n-type semiconductor and is considered one of the important
semiconductor photocatalysts due to its high photosensitivity
and stability [1, 2]. However, the constraint of ZnO among
others is that it absorbs light only in the near UV region
because of its large bandwidth of 3.2 eV. Unfortunately,
sunlight constitutes only 4–5% of UV light [3, 4]. Therefore,
the effective use of solar energy still remains a challenge in
photocatalytic application. The photoresponse of narrow-
band-gap semiconductors shifts much more to the visible

wavelength range. However, these semiconductors are diffi-
cult to maintain their photoactivity for a long time due to
the recombination of the photo-induced electron-hole pairs.
To improve the visible-light-driven photocatalytic efficiency
of ZnO, somemetals or oxides are often introduced to its sur-
face. Au-loaded ZnO can significantly enhance the activities
of photogenerated electrons by suppressing the recombina-
tion of charge carriers [5]. Unlike pure ZnO, mesoporous
Fe2O3/ZnO core-shell composites manifest an excellent pho-
tocatalytic degradation of Rhodamine B in both ultraviolet
and visible light regions [6]. The nanostructure of cupric
oxide (CuO) is the p-type semiconductor with a narrow band
gap of 1.2–2.71 eV. Despite its high capacity of absorption in
the visible light range, CuO is surprisingly not appealing in
terms of catalytic behavior due to its fast recombination
rate of the induced electron-hole pairs. Thus, in order to
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achieve a high catalytic activity, a synergistic system may
be expected by connecting CuO with ZnO, in which
CuO acts as a cocatalyst and thus expands the visible-
light response. Moreover, the possible formation of favorable
p-n junctions at the nanostructure interface restrains the
photo-induced carrier recombination. Various approaches
have been accomplished to synthesize ZnO/CuO composites
for photocatalytic application such as sol-gel and coprecipita-
tion [7–9]. However, to achieve a high degree of homoge-
neous dispersion of each component still remains a major
challenge with multimetal oxides.

Metal-organic frameworks (MOFs) are a class of crys-
talline materials that have coordination bonds between
transition-metal cations and organic ligands. The metal-
organic frameworks possess unique performance advantages,
such as controllable pore size and pore surface, low density,
and large surface area. These outstanding properties make
MOFs widely used in many fields, for example, adsorption,
photocatalysis, and biosensors [10–12]. HKUST-1 (Hong
Kong University of Science and Technology) is one of the
first MOFs made up of copper nodes with benzene-1,3,5-
tricarboxylic (BTC) acid struts between them [13]. HKUST-
1 (or MOF-199 or Cu-BTC) manifests remarkable potentials
in photocatalysis [14, 15] and separation [16]. MOF-199
notably displays persistence in both water and air [13]. Zinc
is a promising metal that constructs an isostructural analogue
to Cu-BTC. Anbia et al. [17] reported the hydrothermal syn-
thesis of Zn-BTC that can be a good material for hydrogen
storage at room temperature. Zn-BTC is also synthesized
through direct precipitation in solution under ultrasonic con-
dition [18]. Xu et al. [19] reported the ionothermal synthesis
of Zn-BTC using 1-ethyl-3-methylimidazolium bromide
ionic liquid as a solvent. The use of ionic liquid in the synthe-
sis of Zn-BTC has shown a vast range of possibilities of
controlling the structures and obtaining new materials by
tuning the properties of the ionic liquid. Zn-BTC possesses
lower-than-expected surface areas (a few meters to a few
dozen meters), or it completely collapses upon the removal
of guest molecules [20]. Generally, synthetic conditions
(temperature, atmosphere, and posttreatment) are critical to
the formation of MOF diffractions as well as their physico-
chemical properties [17, 18, 21].

Multimetal component MOFs have widely been synthe-
sized by simultaneously mixing several metal species with
organic ligands [22, 23]. There exist several advantages of
using multimetal-component MOFs as sacrificial templates
compared with other conventional templates [24]. They are
as follows:

(i) The metal species in MOFs are mixed at molecular
levels

(ii) Homogeneous morphologies of MOFs are critical
regarding the preparation of anisotropic multimetal
oxides that are difficult to fabricate using classical
methods

(iii) Undesired aggregation or structural collapse of the
framework during thermolysis can be minimized
due to their structural strength

Xu et al. successfully synthesized hierarchical porous
ZnO/ZnCo2O4 using one-step thermal calcining the as-
prepared Zn-Co-MOF precursor [25]. Huang et al. reported
hierarchical NiFe2O4/Fe2O3 nanotubes prepared fromMOFs
for superior lithium-ion batteries [26]. Wu et al. developed a
facile method for the synthesis of a hybrid ZnxCo(3–x)O4
composite via the thermal oxidative decomposition of bime-
tallic (Zn/Co) zeolitic imidazolate frameworks (ZIFs) [27].
Recently, Lei et al. demonstrated the hollow CuO/ZnO
materials derived from zeolite imidazole framework-8. This
material is a very promising photocatalyst for tetracycline
degradation [28]. However, so far, little work has been carried
out to prepare ZnO/CuO from MOFs.

In the present paper, a porous octahedral (ZnO/CuO)
composite is synthesized from zinc/copper-based metal-
organic framework-199, and its applications in visible-light-
driven photocatalytic degradation of dyes are demonstrated.
The precursors of Zn-BTC, Cu-BTC, and Zn/Cu-BTC are
synthesized with a microwave-assisted method. In addition,
pure Zn-BTC and Cu-BTC are prepared for the sake of
comparison. Benzene-1,3,5-tricarboxylic acts as a sacrificial
template and is removed by calcination. The kinetic model
of photocatalytic degradation is proposed by combining the
heterogeneous catalysis for unimolecular reactions with
adsorption isotherms.

2. Experimental

2.1. Materials. Benzene-1,3,5-tricarboxylic acid (C6H3
(COOH)3, ≥95%) (denoted as BTC), copper nitrate trihy-
drate (Cu(NO3)2·3H2O, 99.5%), zinc nitrate tetrahydrate
(Zn(NO3)2·4H2O, 98.5%), methyl orange (C14H14N3NaO3S,
85%), phenol red (C19H14O5S, 90%), and Congo red
(C32H22N6Na2O6S2, 85%), potassium iodide (KI, 99%),
benzoquinone (C6H4O2, 98%), and isopropanol (C3H7OH)
were purchased from Merck, Germany. Dimethylformamide
((CH3)2NCHO), ethanol (C2H5OH), methanol (CH3OH,
99% purity), and methylene blue (C16H18ClN3S, 82%—MB)
were acquired from HiMedia, India. Methylene blue is used
as the dye model. Potassium iodide and benzoquinone are
used as scavengers in the current study.

2.2. Apparatus. Powder X-ray diffraction patterns (PXRD)
were performed on a D8 Advance Bruker monochromator
equipped with a Cu-Kα radiation source (λ = 1:5406Å).
The morphologies of the obtained samples were analyzed
using a scanning electron microscope (SEM) (Hitachi S-
4800) and a high-resolution transmission electron micro-
scope (HR-TEM) (JEM-2100). Thermo analysis (TG-DTA)
was carried out using a TG-DTA instrument (DTG-60H
Shimadzu) under atmospheric pressure at a heating rate of
10°C·min–1. Nitrogen adsorption/desorption isotherms were
recorded on a Micromeritics ASAP 2020 instrument. The
samples (200mg) were degassed at 120°C for 24h before
measurements. The specific surface area was determined via
the Brunauer-Emmett-Teller (BET) model with a relative
pressure of 0.01–0.25 using adsorption data. Pore size distri-
bution calculation was accomplished with the BJH (Barrett,
Joyner, and Halenda) model using the adsorption branch of
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the isotherms. The data of ultraviolet-visible diffuse reflec-
tance spectroscopy (UV-Vis-DRS) were recorded on a Cary
5000 UV-Vis spectrometer (using BaSO4 as the reference)
at a collection speed of 600nm·min−1. X-ray photoelectron
spectroscopy (XPS) was recorded with a Kratos Analytical
spectrometer. All binding energies were referenced to the
contaminant C 1s peak (at 284.6 eV) of adventitious carbon.
The elemental compositions of Zn and Cu were analyzed
with atomic absorption spectroscopy (AAS) using ZEEnit
7000. The elemental analysis of C and Hwas performed using
Elemental Analyzer EA3000. Photoluminescence spectra of
the obtained materials were measured at room temperature
with a photoluminescence spectrophotometer (Horiba FL3).
The concentration of dyes was measured using a UV-Vis
spectrophotometer (V-630 Jasco) at λmax 644nm for methy-
lene blue, 464 nm for methyl orange, 431 nm for phenol red,
500 nm for Congo red, and 270nm for phenol. The degree
of MB mineralization was calculated based on TOC (total
organic carbon). The concentration of TOC was determined
using a TOC analyzer (TOC-VCPH).

2.3. Preparation of Zn/Cu-BTC, Cu-BTC, Zn-BTC, ZnO/CuO,
CuO, and ZnO. Benzene-1,3,5-tricarboxylic acid (0.4410 g,
0.0021mol), Cu(NO3)2·3H2O (0.2289 g, 0.00095mol), and
Zn(NO3)2·4H2O (0.5757 g, 0.0022mol) were first dissolved
in a mixture (21mL) of ethanol, distilled water, and dimethyl-
formamide (1 : 1 : 1 in v/v) and stirred magnetically for
5min. The resultant mixture was then loaded into a
250 mL Erlenmeyer flask and placed in a hand-made micro-
wave device (Sharp R-203VN-M with a power of 250W)
[29] and irradiated for 30min. The solid was collected by
centrifugation, washed with DMF three times, dried at
180°C for 8 h, and designated as Zn/Cu-BTC [29]. Zn-BTC
and Cu-BTC were synthesized with the same procedure.
Oxides (ZnO/CuO, ZnO, and CuO) were prepared by
annealing Zn/Cu-BTC, Zn-BTC, and Cu-BTC at 500°C for
5 h at a heating rate of 5°C·min–1 under atmospheric pres-
sure in an electric furnace (Vulcan 3-550 PD). The oxides
were stored in a desiccator and used as a catalyst without
any further treatment.

2.4. Photocatalytic Activity

2.4.1. Photocatalytic Performance. A beaker containing
500mL of an aqueous suspension of MB (5–30 ppm) and
400mg of catalyst was placed under a lamp bracket. The light
source is a 160Wmetal halide lamp (Philips) equipped with a
wavelength cut-off filter (λ ≤ 420 nm) (or Philips, Actinic BL
18W, λ = 365 nm). Prior to illumination, the suspension was
stirred magnetically in the dark for 60–180min to ensure
adsorption equilibrium. Three millilitres of the suspension
was withdrawn at a certain time interval and centrifuged to
remove the solid catalyst. The concentration of MB in the
obtained clear liquid was analyzed using a UV-Vis spectro-
photometer at λ = 664 nm. Further, the concentration of
MB during illumination was determined using the aforesaid
steps. In the scavenging test, potassium iodide, benzoqui-
none, and isopropanol were used as scavengers. A suspension
of 100mLMB (10ppm) and 80mg catalyst was first stirred in

the dark, and 1mL of the scavenger solution (2:4 × 10−2 M)
was then added to the mixture under illumination.

2.4.2. Kinetic Analysis. The photocatalytic dye degradation
kinetic is often investigated according to the pseudo-first-
order kinetic model or the Langmuir-Hinshelwood model
[30, 31] for heterogeneous catalysis as follows:

ln C
C0

= −k · t, ð1Þ

where C0 and C are the initial concentration at time
t (mg·L–1) and k is the rate constant (min−1).

However, the experimental design often involves two
consecutive steps of dark adsorption and photocatalytic
degradation. The problem to discuss here is the concentra-
tion C0 in equation (1): whether it is the initial concentration
or the equilibrium concentration just before illumination
(Ce). Both of them seem unreasonable because Ce, in this
case, is not an independent variable, but it depends on
the balance of the dye in the solution and the adsorbent.
C0 is the initial concentration. However, as soon as the
photocatalytic reaction occurs, the initial concentration is
not C0 but Ce. Most studies have ignored this issue. In
order to overcome this obstacle, a new kinetic model is
proposed by combining the heterogeneous catalysis for
unimolecular reactions with the adsorption isotherms.

A heterogeneous catalyst first adsorbs the dye molecule
from the aqueous solution onto its surface and then catalyzes
the reaction under irradiation (two steps).

Step 1: adsorption

Dye + surface⟷ dye adsorbedð Þ fastð Þ ð2Þ

Step 2: photocatalytic reaction

Dye adsorbedð Þ⟶ products slowð Þ ð3Þ

It can be assumed that the first step occurs until equilib-
rium, whereas the second is rate limiting.

For the first step, the equilibrium adsorption capacity
qe (mg·g−1) can be calculated according to

qe = V · C0 − Ce

m
, ð4Þ

where C0 and Ce are the initial and equilibrium dye
concentrations (mg·L−1); V and m are the solution volume
(L) and mass of catalyst (g), respectively.

Further, Ce and qe are related following the Langmuir
isotherm.

qe = qm · KL · Ce
1 + KL · Ce

, ð5Þ
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where qm (mg·g−1) and KL (L·mg−1) are the maximum
monolayer adsorption capacity and the Langmuir equilib-
rium constant, respectively.

The photocatalytic degradation rate can be expressed by

r = kr · θ, ð6Þ

where kr is the apparent rate constant (mg·L−1·min−1) and θ
is the coverage fraction (dimensionless), which can be repre-
sented by the Langmuir isotherm. Therefore, equation (6)
can be rewritten as

r = kr ·
KL · C

1 + KL · C
= −

dC
dt

: ð7Þ

Now, integrating equation (7) with the boundary condi-
tions of C = Ce at t = 0 min (subtracted the time required
for saturated adsorption) and C = C at t = t.

1
KL

· ln C + C = −kr · t +
1
KL

· ln Ce + Ce: ð8Þ

The values of kr can be obtained from the slope of the
linear plot (ð1/KLÞ · ln C + C) vs. t.

3. Results and Discussion

3.1. Synthesis of the Porous Octahedral ZnO/CuO Composite
from Zn/Cu-BTC. The compositional phase of the as-
prepared materials is investigated using XRD (Figure 1).
The reflection peaks of Cu-BTC appear as (200), (220),
(311), (222), (400), (331), (420), (422), (511), (440), (600),
(444), (511), (553), and (751) [32, 33], which indicates that
the obtained Cu-BTC is MOF-199 with a space group of
Fm�3m [13]. Zn-BTC can exist in different forms depending
on the synthesis conditions. The XRD pattern of the prepared
Zn-BTC is consistent with that of Zn-BTC synthesized with
the microwave-assisted method [21] but is different from that
synthesized from Zn(CH3COO) with the solvothermal
method [17] and with the ultrasound-assisted method [18].
The XRD patterns of Zn/Cu-BTC are consistent with those
of Cu-BTC with a characteristic peak of Zn-BTC at 10.5°,
indicating that Zn/Cu-BTC is constituted from Cu-BTC
and Zn-BTC.

The thermal behaviors of BTC compounds are studied
via TG-DTA (Figure 2). For Zn-BTC and Cu-BTC, an exo-
thermic peak appears at around 472 and 327°C, respectively,
accompanied by large weight losses (approximately 42 and
39%), which is attributed to the combustion of BTC in the
compounds (see Table S1). The complete decomposition
temperature is around 470°C for Cu-BTC (400°C reported
by reference [34], 670°C reported by reference [35]) and 500°C
for Zn-BTC. In the case of Zn/Cu-BTC, an endothermic peak
at 100°C with a weight loss of approximately 27% is assigned
to the evaporation of the physically adsorbed water. Two
exothermic peaks at 334 and 387°C with a weight loss of
around 47% are due to the decomposition of Cu-BTC and
Zn-BTC in Zn/Cu-BTC. The complete decomposition
of Zn/Cu-BTC also takes place at around 500°C, and

therefore, this temperature is selected to calcinate the
precursors to obtain the oxides.

During the calcination for 5 hours, hexagonal wurtzite
ZnO, monoclinic CuO (JCPDS card No. 48–1548 and 36–
1451, respectively), and bimetallic ZnO/CuO are formed
(Figure 3). No unknown peaks are observed in the XRD dia-
grams, indicating that pure single oxides and a bimetallic
oxide (ZnO/CuO) are obtained. In addition, the presence of
peak broadening reveals that a grain refinement occurs in
ZnO/CuO possibly due to the formation of heterojunction
structures. The average particle size of ZnO and CuO in
the octahedral ZnO/CuO nanocomposite is ∼44 nm and
∼23 nm (calculated using Scherrer’s equation from the line
broadening of (101) and (111) diffraction peak for ZnO
and CuO, respectively).

Figure 4 displays the morphologies of the as-prepared
materials before and after calcination. Cu-BTC yields smooth
octahedral crystals of ~10μm size (Figure 4(a1)); however,
during calcination, the structural framework of Cu-BTC
collapses to form irregular particles (Figure 4(a2)). To
prevent this collapse, the calcination temperature was set
to ~400°C (Figure S1). Zn-BTC comprises nanorods of
diameter ~200 nm (Figure 4(b1)), and after calcination,
they yield in ZnO nanofibers (consisted of nanoparticles
of 30~50 nm size) (Figure 4(b2)). As for Zn/Cu-BTC,
octahedral particles with flocculent substances (Zn-BTC)
on the crystal surface are formed (Figure 4(c1)). Bimetallic
ZnO/CuO octahedrons of diameter 5–10μm remain
unaltered after calcination (Figure 4(c2)). The TEM images
show that ZnO/CuO octahedrons comprise nanoparticles
of ~50 nm size (Figure 4(d1)). On the HR-TEM images of
ZnO/CuO, it can be seen that the interplanar spacing of
lattice fringes is 0.232 nm (corresponding to the (111)
plane of monoclinic CuO (JCPDS card No. 48–1548)) and
0.281 nm (corresponding to the (100) plane of hexagonal
ZnO (JCPDS card No. 36–1451)). Hence, the intragranular
location of both oxide phases could enhance the efficiency
of semiconductor coupling effects.
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Figure 1: XRD patterns of Cu-BTC, Zn-BTC, and Zn/Cu-BTC.
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The elemental analysis of C, H, Zn, and Cu in the
as-prepared materials is presented in Table 1. No carbon
is present in ZnO/CuO, indicating the complete removal

of the organic templates. The molar ratio of Zn/Cu in
Zn/Cu-BTC and ZnO/CuO analyzed with AAS and EDX
(Figure S2) is practically identical (0.42/1 and 0.39/1 for
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Zn/Cu-BTC and 0.31/1 and 0.30/1 for ZnO/CuO),
implying a high dispersion of bimetallic oxides. However,
this molar ratio is significantly lower than the initial one
(Zn/Cu = 7/3 = 2:33/1), signifying that a large number of
Zn2+ ions remain in the solution instead of transforming
into ZnO. It might happen due to the lower affinity of

Zn (electronegativity, 1.65) to carboxyl groups in BTC
compared with that of Cu to BTC (electronegativity, 1.9).

The textural properties of the as-synthesized materials
were investigated using nitrogen adsorption/desorption iso-
therms (Figure 5). According to IUPAC, the obtained BTC
compounds can be assigned to I-type (microporous mate-
rials) [36, 37]. BTC compounds except Zn-BTC exhibit a
large surface area as those published in the literature [13].
The BET surface areas of Cu-BTC, Zn-BTC, and Zn/Cu-
BTC are 1635m2·g−1, 3m2·g−1, and 844.4m2·g−1, respectively
(see Table S2). Feldblyum et al. [20] asserted that the low
surface area of Zn-BTC is because of its densified surface
crystal, presumably due to pore collapse. The blocking of
large pores at the surface effectively inhibits adsorbates such
as N2 gas from entering the bulk structure [20]. After
calcination, the isotherm of ZnO remains in type I, while
the other oxides exhibit the type-IV isotherm with an H3
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Figure 4: SEM observations of (a1) Cu-BTC, (b1) Zn-BTC, (c1) Zn/Cu-BTC, (a2) CuO, (b2) ZnO, and (c2) ZnO/CuO; (d1) TEM observation
of ZnO/CuO; (d2) HR-TEM of ZnO and CuO region.

Table 1: Elemental analysis of C, H, Zn, and Cu in Zn/Cu-BTC
and ZnO/CuO.

Notation
Elemental composition

(% mass)
Zn/Cu

(mol/mol)
C∗ H∗ Zn∗∗ Cu ∗∗ (∗∗) (∗∗∗)

Zn/Cu-BTC 36.18 1.93 7.49 17.19 0.42/1 0.39/1

ZnO/CuO 0.00 0.00 20.18 62.56 0.31/1 0.30/1
∗Elemental analysis; ∗∗AAS analysis; ∗∗∗EDX analysis.
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hysteresis loop at a relative pressure ranging from 0.5 to
0.9, manifesting the presence of mesopores and micropores
[36, 38]. The specific surface area of calcined materials
except ZnO reduces significantly to 6.7m2·g−1 for CuO
and 32.5m2·g−1 for ZnO/CuO. It is worth noting that the
specific surface area of the octahedral ZnO/CuO
nanocomposite in this study is significantly higher than
that of ZnO and CuO and approximately two to four
times as high as that of several ZnO/CuO composites
synthesized with other methods [7, 39, 40]. This result
confirms the advantages of synthesizing multimetal oxide
from MOF precursors.

The XPS spectra of the ZnO/CuO nanocomposite are
presented in Figure 6. The survey spectrum shows that the
presence of Zn, Cu, and O without any foreign species except
for carbon whose 1s peak (284 eV) is employed to calibrate
the acquired spectra (Figure 6(a)). The XPS spectrum of
Cu has a doublet of Cu2p3/2 (at 933 eV) and Cu2p1/2 (at
952 eV) along with other satellite peaks at higher binding
energies [39] (Figure 6(b)). Both peaks are very typical
for the XPS spectrum of Cu2+ [28]. Zn(II) manifests a doublet
of Zn2p3/2 at 1022 eV and Zn2p1/2 at 1045 eV (Figure 6(c))
[41]. Therefore, it can be inferred that ZnO/CuO is a
compound containing Zn (II), Cu (II), and O.

The band gap energies (Eg) of ZnO, CuO, and ZnO/CuO
are calculated using UV-Vis-DRS measured at room temper-
ature (Figure 7(a)). ZnO exhibits an absorption band with
wavelengths of 350–390 nm (band gaps of 3.5–3.2 eV) in the
ultraviolet region. CuO manifests a broad peak in the visible
light region. The characteristic absorption bands of ZnO and
CuO are observed in the spectrum of ZnO/CuO. The absorp-
tion band of CuO shifts toward shorter wavelengths and
integrates with the absorption band of ZnO, signifying that
the band edges of p-type CuO and n-type ZnO are well-
matched [8]. Tauc’s plot [42] is illustrated in Figure 7(b).
The Eg values of ZnO and CuO are 3.19 eV and 1.94 eV,
respectively (previously reported as 3.2–3.3 eV for ZnO
[43, 44] and 1.4–1.85 eV for CuO [44–46]) (see Table S3).

ZnO/CuO has an Eg value of 2.63 eV, manifesting a
remarkable shift toward the longer wavelength region.

Figure 8 shows the photoluminescence spectra (PL) of
the obtained materials with an excitation wavelength of
300 nm. The maximum PL intensity is at 387.4 nm for
CuO and 510.2 nm for ZnO. However, the PL intensity of
ZnO/CuO composite is significantly weaker than those of
the CuO and ZnO. It is well known that low PL intensity
means low recombination of electron and holes, then the
opposite would be high PL intensity would increase recom-
bination rate and reduce photocatalytic activity. These
results demonstrate that the combinations ZnO and CuO
have reduced the recombination of photonic electrons and
photogenic holes, which may increase the photocatalytic
activity of the material.

3.2. Visible-Light-Driven Photocatalytic Degradation of Dyes

3.2.1. Decolorization ofMB with Different Catalysts. Figure 9(a)
displays the process of MB decolorization over Zn-BTC,
Cu-BTC, and Zn/Cu-BTC. It is apparent that the adsorp-
tion equilibrium is reached after 60min, and the BTC
compounds exhibit high adsorption capacities. Zn/Cu-
BTC displays the highest decolorization efficiency (F) at
~69%, followed by Cu-BTC (~66%) and Zn-BTC (~22%)
(F = 100 × ðC0 – CtÞ/C0, where C0 and Ct are the initial
concentration and at time t). However, the decoloriza-
tion efficiency of Cu-BTC decreases to 41–50% after
60min of UV/Vis irradiation. This indicates that desorp-
tion occurs during irradiation. Zn-BTC exhibits weak
photocatalytic activity upon UV or Vis irradiation and
yields a decolorization efficiency of ~50% after 420min
of UV illumination and 38% after 420min of Vis irradia-
tion. This may be due to its very low surface area which
decreases the number of active sites for MB to adsorb
and decompose.

In contrast, all calcinated materials manifest poor adsorp-
tion with a very low decolorization efficiency of ~5%. This is
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Figure 5: Nitrogen adsorption/desorption isotherms of Cu-BTC, Zn-BTC, Zn/Cu-BTC, CuO, ZnO, and ZnO/CuO.
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the result of the collapse of the porous structure after calci-
nation, leading to the disappearance of the adsorption sites.
As can be seen from Figure 9(b), CuO could not catalyze

any MB degradation, while ZnO and ZnO/CuO exhibit pho-
tocatalytic activities in both visible and ultraviolet regions. It
is worth noting that ZnO/CuO demonstrates an excellent
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photocatalytic activity, and the complete decolorization of
MB occurs after 120min under visible illumination. Mean-
while, ZnO (UV) and ZnO (Vis) decolorize MB up to 95
and 90%, respectively, after 240min of illumination. The
ZnO/CuO composite also catalyzes MB degradation faster
than pure CuO or ZnO under visible light illumination. In
fact, after 120 minutes, its decolorization efficiency is 1.57
and 7.7 times as high as that of ZnO and CuO, respectively.
The porous ZnO/CuO composite with a large surface area
would provide the heterojunction structure and an effective
environment for a larger number of surface active sites. This
increases MB–ZnO/CuO interaction and thus promoting
photodegradation. In other words, the combination of ZnO
and CuO causes the synergistic effect in the catalytic degra-
dation of methylene blue.

3.2.2. Effect of pH and Leaching Experiment. Effect of pH on
decolorization of MB over ZnO/CuO catalyst is shown in
Figure 10(a). The decolorization performance seems to be
unchangeable in pH range from 2 to 7 and increases signifi-
cantly when pH increases. The point of zero charge (pHpzc)
for ZnO/CuO, determined using the pH drift method, is
around 7.9 (Figure 10(b)) [47]. At lower pH (lower than
pHpzc), the surface of ZnO/CuO is positively charged. When
pH increases from 2 to 7, the surface becomes less positive
and the decolorization efficiency increases slightly. At higher
pH (higher than pHpzc), the surface of ZnO/CuO is nega-
tively charged; hence, MB and the catalyst attract each other
through electrostatic interaction; thus, the decolorization
efficiency increases significantly.

During the leaching experiment, the catalyst was filtered
after 30min and the decolorization ofMB under illumination
almost stops (Figure 10(c)). In addition, the decolorization of
MB without the catalyst is not observed after 70min of
illumination, indicating that MB is stable in the visible light
region. Therefore, it can be inferred that ZnO/CuO acts as a
heterogeneous catalyst in the photocatalytic degradation of
methylene blue.

3.2.3. Visible-Light-Driven Photocatalytic Degradation of MB
with ZnO/CuO Composite. The absorption bands at 292nm
and at 664nm on the UV-Vis absorption spectra of
MB can be attributed to the benzene ring and the con-
junction color group –N=N–, respectively (Figure 11(a)).
The intensity of these bands decreases with the increas-
ing illumination time, and they almost disappear after
90min of the reaction. The decolorization of MB occurs due
to the disappearance of the color conjunction group during
illumination. The TOC test also proves the mineralization
of MB during photocatalytic degradation (Figure 11(b)).
The TOC of MB reduces significantly from 6.35mg·L−1 for
initial solution to 0.72mg·L−1 after 140min of illumination,
indicating complete mineralization of MB over ZnO/CuO
composite.

In order to clarify the radical mechanism of the degra-
dation reaction, three radical scavengers (KI for electron
holes, isopropanol for ⋅OH, and benzoquinone for O2⋅–)
were used in the present experiment. It is evident that
the addition of isopropanol causes a moderate reduction
in photocatalytic activity, while KI practically impedes
the photocatalytic degradation of MB (Figure 12). Benzo-
quinone hinders degradation by around 50%. This infers
that electron holes and superoxides play an important role
in MB degradation.

A mechanism of photocatalysis on a semiconductor is
employed to explain the photocatalytic activities in the visible
light region. Since the band gap positions for the conduction
band of CuO and ZnO are −0.43 eV and −0.15 eV vs. NHE,
respectively [9, 48], and the band gaps of CuO and ZnO are
1.94 and 3.19 eV, then the band gap positions for valence
bands are 1.51 eV for CuO and 3.04 eV for ZnO (see
Table S3). Due to the strong light adsorption capacity of
CuO in the visible light region, electrons are excited from
VB to CB to form photogenerated h+/e– pairs. The position
of CB in CuO is more negative than that in ZnO; hence, the
transfer of the excited electrons to ECB (ZnO) prevents the
fast recombination of photoexcited e–/h+ pairs (equations
(9) and (10)). On the other hand, the state of MB (1.17 eV)
could be excited to MB∗ (−0.69 eV) by visible light [49, 50]
(equation (11)). The work function of the photoexcited
MB∗ (−0.69 eV) is more negative than that of CuO and
ZnO [49, 50]. MB acts as the photosensitizer to provide
additional photogenerated electrons into CBs of CuO and
ZnO through the formed downstream channel (equations
(12) and (13)). The VB potential for CuO (1.51 eV) is more
positive than that of MB (1.17 eV); therefore, h+ could
easily oxidize MB to form degradation products (equation
(14)). On the other hand, the CB edge position of CuO
(−0.43 eV) is more negative than that of E0 (O2/O2

⋅−)
(−0.33 eV) [51]; thus, electrons on the conduction band of
CuO reacts with O2 to produce superoxide radical O2

⋅,
which could substantially oxidize MB to form degradation
products (equations (15) and (16)). In principle, h+

(1.51 eV) could not oxidize H2O (EðH2O/⋅OHÞ = 2:6 eV),
but the experimental result still indicates the role of ⋅OH in
the oxygenation of dye as shown in Figure 12. This is still a
challenging problem possibly due to the deviation between
theoretical and practical estimation. The transfer path of
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photogenerated charge carriers under visible light illumination
is illustrated in Figure 13.

ZnO/CuO + hv⟶ ZnO/CuO h+ + e–
� � ð9Þ

ZnO/CuO e–/CBð Þ⟶ e–/CBð ÞZnO/CuO ð10Þ
MB + hv⟶MB∗ ð11Þ

MB∗ ⟶ e–+MB∗+ ð12Þ

MB∗+ ⟶MB + h+ ð13Þ
CuO h+

� �
+MB⟶ degradation products ð14Þ

CuO e–/CBð Þ + O2 ⟶O2
•– + ZnO ð15Þ

O2
•– +MB⟶ degradation products ð16Þ

3.2.4. Kinetics of MB Photocatalytic Degradation. The kinetics
of adsorption and photocatalytic degradation is presented in
Figure 14(a). It is evident that the adsorption reaches equi-
librium after 60min in the dark (MB concentrations of
5~30ppm). The values of the maximum monolayer adsorp-
tion capacity (qm) and the Langmuir equilibrium constant
(obtained from the nonlinear plot of qe vs. Ce (equation (5)))
are 1.63mg·g−1 and 0.047L·mg−1, respectively (Figure S3 and
Table S4). Equation (8) becomes

1
0:047 · ln C + C = −kr · t +

1
0:047 · ln Ce + Ce: ð17Þ

The values of kr can be calculated from the slope of
equation (17) ((ð1/0:047Þ × ln C + C) vs. t, Figure 14(b) and
Table 2). The classical kinetic model (pseudo-first-order-
kinetic model) in the linear form as equation (1) is
employed to analyze the kinetic data for comparing the
goodness of fit (Table 2). The paired sample t test with
α = 0:05 shows that the proposed model provides statistically
higher determination coefficients than the pseudo-first-
order kinetic model (tð4Þ = 5:899, p value = 0:002 (<0.05)),
indicating that the proposed model fits the data more
accurately than the classical kinetic model.

It is difficult to compare the catalytic activity of ZnO/CuO
composite in the present with that of other catalysts
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previously reported due to different light sources (UV or Vis),
the initial concentration of reactants, the amount of catalyst,
the reaction volume, etc. The pseudo-first-rate constant
appears to be relevant because several authors report the
catalytic activity in terms of this value (Table 3). The value
of the pseudo-first-rate constant for the degradation on the
present catalyst in the visible region is lower than that for
graphene-like carbon/TiO2 and ZnO/graphene oxide in the
UV region and compatible with commercial P25, but higher
than that for other catalysts reported such as Ta-ZnO,
g-C3N4/CdS, and Ce-TiO2.

3.2.5. Recyclability. Recyclability is an important factor in
heterogeneous catalysis. After the cycling experiment, the
ZnO/CuO catalyst was first separated by centrifugation,
then washed with water and ethanol for three times to
remove the dye, and finally dried at 120°C for 15h. The
photocatalytic degradation efficiency of ZnO/CuO decreases
from 100% to 97.2% after three cycles (Figure 15(a)). The
XRD patterns of the recycled ZnO/CuO samples stay
unaltered; therefore, it can be inferred that ZnO/CuO
remains stable during photocatalytic degradation reactions
(Figure 15(b)).

O2/O2
._

O2

O2
._

H2O/OH
.

–0.43 e– e–

e–

e–

e– e–e–

h+ h+ h+

CB (CuO)

VB (CuO)

CB (ZnO)

VB (ZnO)

MB

MB
⁎

LUMO

HOMO

Visible light

4.00

1.00

2.00

–0.33

–1.00

0.00

–0.69

–0.15

1.17
1.51

2.60

3.04

eV
/N

H
E

1.94

MB

MB degradation products

3.19

Figure 13: Energy of valence band edge and conduction band edge for ZnO/CuO coupling semiconductor (HOMO: highest occupied
molecular orbital and LUMO: lowest unoccupied molecular orbital).

0 100 200 300 400 500
0

5

10

15

20

25

30

Dark
adsorption

Visible-light illumination

5 ppm
10 ppm
15 ppm

20 ppm
25 ppm
30 ppm

C
 (p

pm
)

Time (min.)

(a)

5 ppm
10 ppm
15 ppm

20 ppm
25 ppm
30 ppm

Time (min.)
50 100 150 200 250 300 350

–20

0

20

40

60

80

100

ln
C

/K
L
 +

 C

(b)

Figure 14: (a) Kinetics of adsorption and photocatalytic degradation of methylene blue over octahedral ZnO/CuO catalyst; (b) linear plots of
the proposed kinetic model (conditions: V = 500mL, C0 = 5 – 30mg · L−1, mcatalyst = 400mg, temperature = 35°C).

12 Journal of Nanomaterials



In addition, the obtained catalyst manifests excellent pho-
tocatalytic degradation of several other dyes, including phe-
nol, phenol red, methyl orange, and Congo red (Figure 16).

Porous octahedral ZnO/CuO composite exhibits superior
visible-light-driven photocatalytic degradation of MB com-
pared with single CuO or ZnO.

Table 2: Determination coefficients of the proposed model in the linear form and apparent rate coefficients.

Initial MB concentration
C0 (mg·L−1) R2 (proposed model)

Apparent rate coefficient,
kr (mg·L−1·min−1)

R2 (pseudo-first-order
kinetic model)

Pseudo-rate
constant k (min−1)

5 0.919 1.1138 0.8303 0.0721

10 0.968 1.0219 0.8832 0.0532

15 0.978 0.8909 0.9146 0.0447

20 0.988 0.5629 0.8816 0.0367

25 0.988 0.4417 0.9630 0.0179

30 0.986 0.3213 0.9330 0.0132

Table 3: Comparison of the pseudo-first-order rate constant of the present catalyst with that of other catalysts.

Catalyst SBET (m2·g−1) Light source
(nm, power)

C0 (mg·L−1)/volume (mL)/
mcatalyst (mg)

Pseudo-first-order rate
constant, k (min−1)

References

ZnO 8.21 UV, 20W 10/100/50 0.022 [52]

ZnO/graphene oxide 31.58 UV,20W 10/100/50 0.098 [52]

Pristine TiO2 (P25) — 254, 11W 10/100/50 0.009 [53]

Graphene-like carbon/TiO2 — 254, 11W 10/100/50 0.248 [53]

Pristine TiO2 (P25) 51 ≤370, 18W 9.6/100/50 0.043 [54]

Sm-TiO2 46 370, 18W 9.60/100/50 0.020 [54]

Ce-TiO2 46 370, 18W 9.60/100/50 0.024 [54]

TiO2 50 340, 125W 23/2750/375 0.025 [55]

CdS 111.2 >420, 500W 25/200/80 0.0079 [56]

g-C3N4 9.8 >420, 500W 25/200/80 0.0039 [56]

g-C3N4-CdS 166.5 >420, 500W 25/200/80 0.0121 [56]

Ag/ZnO —
>570 (high pressure

sodium lamp)
5/–/150 0.006 [57]

Ta-ZnO 36 >420, 300 10/50/50 0.0401 [58]

CeO2-TiO2 66 >420, 160 10/100/80 0.0341 [59]

ZnO/CuO 33 >420, 160 10/500/400 0.0532 This work
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4. Conclusions

In this study, a porous octahedral ZnO/CuO composite was
synthesized from Zn/Cu-based MOF-199. The fabricated
ZnO/CuO composite possesses a hierarchical 3D structure
consisted of porous octahedral particles of 5–10μm in size.
Compared with pure ZnO and CuO, the as-prepared ZnO/
CuO composite exhibits superior photocatalytic degradation
of phenol and different dyes (methyl blue, methyl orange,
phenol red, and Congo red) in the visible light region. The
formation of a stable p–n junction that efficiently separates
the photogenerated electron-hole pairs within each semicon-
ductor material is responsible for the degradation. The
synthesized photocatalyst remains stable after four cycles of
application. The kinetic model of photocatalytic degradation
with a unimolecular reaction over heterogeneous catalyst
combined with the Langmuir adsorption isotherm is pro-
posed. This model is statistically consistent with the experi-
mental data. The porous ZnO/CuO octahedron composite
is an active and stable visible-light-driven catalyst and may
serve as a potential catalyst for practical use in the treatment
of dye pollutants in aquatic effluents.
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Supplementary Materials

Table S1 presents the weight loss and temperature range
derived from TG–DTA measurement of Cu-BTC, Zn-BTC,
and Zn/Cu-BTC. The specific surface areas calculated by
using the BET model, porous diameters, and volumes for
the resulting materials were obtained from the analysis of
nitrogen adsorption isotherm data (Table S2). Band gap
energy and band edge position of CuO, ZnO, and ZnO/
CuO calculated by using Tauc’s equation are listed in Table
S3. The parameters of the Langmuir and Freudlich iso-
therm models in linear forms are listed in Table S4 and
illustrated in Figure S3. CuO prepared by the pyrolysis of
Cu-BTC at 400°C for 5 h retained the octahedral particles
as intimal Cu-BTC (Figure S1). The EDX measurement
revealed that zinc and copper coexisted in ZnO/CuO sample.
(Supplementary Materials)
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