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Abstract 
In this reported article, a highly efficient, stable and low cost CuO/TiO2@MOF-5 composite has been synthesized by in-
situ incorporation of pre-synthesized precursors into MOF-5. The formation of synthesized samples has been confirmed by 
Powder X-ray diffraction (PXRD), Scanning electron microscopy (SEM) images, Energy dispersive X-ray (EDX) images and 
Ultraviolet visible spectrophotometry. The synthesized samples are found efficient for photoelectrochemical oxygen evolu-
tion reaction (OER) and photodegradation of organic dyes (methylene blue/methyl orange). It has been observed that CuO/
TiO2@MOF-5 shows lowest onset potential, highest current density and better OER activity as compared to some of previ-
ously reported Cu-based working electrodes. It required only 263 mV overpotential to deliver the benchmark 10 mA cm−2 
current density. In the same way, CuO/TiO2@MOF-5/NF exhibits maximum ability to degrade methylene blue and methyl 
orange as compared to all other samples.
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1 Introduction

With the increasing demands of energy and rapid con-
sumption of fossil fuels, search of alternate and renewable 
energy sources has attracted a great research attention. 
Amongst different alternate energy sources, hydrogen rep-
resents itself as a most promising alternate and renewable 
energy source [1]. The production of hydrogen through 
photoelectrochemical water splitting has been widely used 
as one of the most promising way to produce clean and 
renewable  H2 fuel [2]. Water splitting consists of two half 
reactions: Oxygen evolution reaction (OER) at photoanode 
and hydrogen evolution reaction (HER) at photocathode. 
Both these reactions are kinetically sluggish because they 
required a lot of overpotential [3].

Oxygen evolution reaction (OER) is kinetically more 
sluggish as compared to HER because of the four-electron 
coupled reactions [4]. Recently, the most efficient OER 
catalysts are based on noble metals (Ir or Ru) but due to 
their scarcity and high cost, they cannot be used at com-
mercial level [5]. So, a lot of research attention has been 
focused on the development of low cost, efficient and non-
noble metal based OER catalysts such as transition metal 
oxides, phosphides, sulphides and selenides [6–9].

MOFs (metal-organic frameworks) are a class of 
organic and inorganic hybrid porous materials, which have 
been generating a rapid expansion and development in 
many potential applications such as gas storage,  CO2 cap-
ture, separation, catalysis etc. This is due to easily tailored, 
modified and diverse structures of MOFs [10–15]. Now a 
day, MOFs have been emerged as a new class of OER cata-
lysts because of their unique properties [16]. But, efficient 
MOF as an OER catalyst has not been well explored due 
to sluggish kinetics and instability. Therefore, different 
strategies have been proposed to enhance the OER activ-
ity of MOFs and one of them is the incorporation of pre-
synthesized 3d transition metal oxide nanoparticles into 
MOFs to make an efficient MOF-based OER catalyst. Out 
of various MOFs, MOF-5 has been reported as an efficient 
photocatalyst [17].

Amongst 3d-transition metal oxide nanoparticles,  TiO2 
and CuO nanoparticles have been widely studied due to 
their appreciative chemical and physical properties, non-
toxicity, chemical stability and low cost [18–20]. So, com-
posite formation of CuO with  TiO2 as  TiO2/CuO nano-
composite has been reported as an efficient photocatalyst 
for water splitting and photodegradation of many organic 
pollutants [21].

In this reported research work  TiO2, CuO nanoparticles 
and their nanocomposite  TiO2/CuO were synthesized and 
successfully incorporated into MOF-5 by in-situ incorpo-
ration of pre-synthesized precursors into MOF-5. Further 

they were used for photoelectrochemical studies towards 
oxygen evolution reaction (OER) and photodegradation of 
methylene blue and methyl orange. Amongst, CuO/TiO2@
MOF-5 exhibits excellent catalytic activity towards both 
OER and photodegradation of organic dyes.

2  Experimental Work

2.1  Chemicals

Zinc (II) chloride  (ZnCl2, Merck, 98%); Titanium (IV) 
chloride  (TiCl4, Merck, 99%); Copper (II) chloride dihy-
drate  (CuCl2·2H2O, Merck, 99.99%); Terephthalic acid 
(1,4-H2BDC, Merck, 98%); N,N-dimethylformamide 
(DMF, Merck, 99.8%); Sulphuric acid  (H2SO4,Merck, 
98%); Sodium hydroxide (NaOH, 97%), Potassium hydrox-
ide (KOH, Merck, 85%); Ammonium hydroxide  (NH4OH, 
Merck, 32%); Acetic acid  (CH3COOH, Merck, 99%).

3  Preparation of CuO Nanoparticles

Nanoparticles of CuO were synthesized by using sol-gel 
method as reported in the literature [22]. 0.2 M aqueous 
solution of  CuCl2·2H2O was prepared by dissolving 3.40 g 
of  CuCl2.2H2O in 100 mL de-ionized water. 1 mL of glacial 
acetic acid was added to above solution and heated the whole 
mixture at 100 °C under constant stirring. Then 8M NaOH 
was added drop-wise until pH reached 7. Black precipitates 
were obtained, which were separated by centrifugation, 
washed with de-ionized water and dried at 50 °C for 24 h.

3.1  Preparation of  TiO2 Nanoparticles

TiO2 nanoparticles were synthesized by hydrolysis of  TiCl4 
as reported previously [23]. In brief, 1 mL of  TiCl4 was 
added to 10% sulphuric acid at 0 °C with continuous stir-
ring for 30 min. A gray solution was formed. It was then 
heated upto 60 °C to form a clear solution. Then,  NH4OH 
was added drop-wise to above solution until pH reached 7 
and a white solution formed. At last, the white solution was 
cooled to room temperature and gelled for 12 h. After that, 
white powder of  hydrousTiO2 was formed, which was sepa-
rated by centrifugation, washed with de-ionized water and 
dried in air. The dried precipitates were calcinated at 400 °C 
to get off-white precipitates of  TiO2 nanoparticles.

3.2  Preparation of CuO/  TiO2 Nanocomposite

The CuO/TiO2 nanocomposite was synthesized by precipi-
tation method. 6 mL of concentrated sulphuric acid was 
added to 10 mL of distilled water and cooled to 0 °C. Then, 
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2.88 mL of  TiCl4 and 3.10 g of  CuCl2·2H2O were added in 
above solution and temperature was maintained at 35 °C. 
Afterthat, 5M NaOH was added drop-wise until black pre-
cipitates were obtained, which were separated by centrifuga-
tion, washed with distilled water and dried in air. The dried 
precipitates were calcinated at 400 °C for 3 h to get CuO/
TiO2nanocomposite.

3.3  Preparation of MOF‑5

For the synthesis of MOF-5, 1.410 g of  ZnCl2 was dis-
solved in 20 mL of DMF by sonication for 1 h. In another 
beaker, 1.295 g of 1, 4-BDC was dissolved in 20 mL DMF 
and added dropwise to the above mixture under continuous 
stirring. Then, whole mixture was stirred for 12 h. White 
precipitates were obtained, separated by centrifugation, 
washed with de-ionized water/DMF and dried at  60oC for 6 
h. Finally, the dried precipitates were ground and stored for 
further process.

3.4  Incorporation of CuO/TiO2intoMOF‑5

CuO/TiO2@MOF-5 composite was synthesized by in-situ 
incorporation of pre-synthesized CuO/TiO2 composite into 
MOF-5 at room temperature. Typically, 1.410 g of  ZnCl2 
and 0.020 g of CuO/TiO2 composite were dissolved in 20 
mL of DMF by sonication for 1 h. In another beaker, 1.295 g 
of 1, 4-BDC was dissolved in 20 mL DMF and added drop-
wise to the above mixture under continuous stirring. Then, 
whole mixture was stirred for 12 h. Light green precipitates 
were obtained, separated by centrifugation, washed with 
de-ionized water/DMF and dried at  60oC for 6 h. Finally, 
the dried precipitates were ground and stored for further 
process.

3.5  Measurement of Dye Degradation by Prepared 
Samples

1 × 10− 4 M dye solutions were prepared by dissolving 0.035 
g of methylene blue and 0.033 g of methyl orange in 1.0 L 
distilled water separately. The λmax value of methylene blue 
and methyl orange were measured by UV-visible spectro-
photometer. λmax of methylene blue and methyl orange were 
measured as 663.5 nm and 465.6 nm respectively.

0.2 g of Sample was mixed in the 100 mL dye solution 
with maximum absorbance and kept in dark with constant 
stirring for 30 min. 5 mL of sample was taken and to remove 
the solid particles centrifuged and its absorbance was meas-
ured by spectrophotometer. The remaining solution was kept 
in a closed reactor under UV light. UV–Vis absorbance of 
the solution was measured after every 10 min interval by 
taking out 5 mL sample from the stock.

3.6  Preparation of Working Electrodes

The working electrodes were prepared on a piece (1 cm × 1 
cm) of nickel foam. The piece of Ni-foam was cleaned by 
washing with acetone and distilled water, dried at 50° for 2 
h. The slurry of synthesized samples was prepared by add-
ing 0.01 g of sample in 2 mL distilled water and sonicated 
for 30 min to form uniform slurry. Then, slurry was pasted 
uniformly on a pre-cleaned piece of Ni-foam and dried in 
an oven at 50° for 6 h.

3.7  Electrochemical Studies for Oxygen Evaluation 
Reaction (OER)

Electrochemical studies were performed by using a com-
mon three electrode set-up containing Ag/AgCl as refer-
ence electrode, Pt-wire as counter electrode and catalyst@
Ni-foam as working electrode in 1 M KOH (aq) electrolyte. 
The cyclic voltammetry and linear sweep voltammetry 
were performed to evaluate the catalytic activity towards 
OER at  50mVs− 1 and  1mVs− 1, respectively. All the poten-
tial data is converted into reversible hydrogen electrode 
(RHE) by using the following equation [24].

Overpotential (η) for OER has been calculated from lin-
ear sweep voltammetry (LSV) by using following equation.

3.8  Characterizations

Powder X-ray diffraction patterns (P-XRD) of all the syn-
thesized samples were obtained by using Shimadzu X-ray 
diffractometer with Cu-Kα radiation (λ = 0.15406 nm) in 
2θ range 5° to 55°. The morphology and composition of 
synthesized samples were evaluated through scanning 
electron microscopy (SEM) images and energy disper-
sive X-ray (EDX) spectra by using Philips XL30 Envi-
ronmental SEM attached with an Oxford Instrument Inca 
500 Energy Dispersive X-ray Spectrometer (EDX). The 
optical properties of synthesized samples were measured 
through Shimadzu UV-2600 spectrophotometer in wave-
length range 200–900 nm.

4  Results and Discussion

The PXRD patterns of all synthesized samples are rep-
resented in Fig. 1. In the PXRD pattern of  TiO2and CuO 
all the diffraction peaks are in well agreement with the 

(1)ERHE = EAg∕AgCl ∕Sat.KCl + 0.197 + 0.059 pH.

(2)� = ERHE − 1.23
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reported pattern of  TiO2 and CuO, respectively. In the 
same way, diffraction pattern of MOF-5 is in good agree-
ment with reported pattern of MOF-5. It indicates suc-
cessful synthesis of crystalline Zn-based MOF MOF-5, 
 TiO2and CuO nanoparticles.

PXRD pattern of CuO/TiO2 composite contains dif-
fraction peaks indexed to both CuO and  TiO2 nanoparti-
cles. Diffraction peak at 2θ about 25.20° indexed to  TiO2 
anatase structure and matched well with JCPDS card 
number 21-1272 and diffraction peaks at 2θ about 32.62°, 
35.58°,38.87° and 48.74° indexed to CuO. PXRD diffraction 
pattern of CuO/TiO2@MOF-5 contains most of diffraction 
peaks indexed to MOF-5 and some additional peaks are also 
observed related to CuO/TiO2composite. However, it is also 
observed that in PXRD pattern of CuO/TiO2@MOF-5, the 
two main diffraction peaks of CuO around 35° to 40° are not 
more visible because these are overlaid by MOF-5. It shows 
that MOF-5 maintains its crystalline structure and shows its 
dominance after the incorporation of CuO/TiO2 composite.

The morphology of all the synthesized samples is studied 
by scanning electron microscopy (SEM) images, represented 
by Fig. 2a––e. SEM images of CuO and  TiO2 show that 
they have been grown in small irregular particles, which 
are highly agglomerated, shown by Fig. 2a, b. Figure 2c 
represents the SEM image of CuO/TiO2 composite, which 
shows that it has grown in block shape crystals. While SEM 
image of MOF-5, Fig. 2d, reveals that MOF-5 has grown 
in uniform and well distributed rectangular shape crystal-
line form with smooth surfaces and no agglomeration is 
observed. Similarly, it can be observed from SEM image 
of CuO/TiO2@MOF-5 that it has also grown in rectangular 
shaped crystalline form with smooth surfaces, represented 
by Fig. 2e.

Fig. 1  PXRD patterns of TiO2, CuO, CuO/TiO2, MOF-5 and CuO/
TiO2@MOF-5

Fig. 2  SEM images of a CuO; b  TiO2; c CuO/TiO2 composite; d MOF-5 and e CuO/TiO2@MOF-5.
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The composition of all the synthesized samples has 
been studied by SEM based EDX analysis, represented by 
Fig. 3(a-e). Figure 3a represents the EDX spectrum of CuO, 
it shows that it contains the basic peaks of Cu and O (from 
CuO nanoparticles) and no other peak is observed. In the 
same way, EDX spectrum of  TiO2 contains basic diffrac-
tion peaks of Ti and O as shown in Fig. 3b. Similarly, EDX 
spectrum of CuO/TiO2 reveals that it contains peaks index 
to both CuO and  TiO2nanoparticles, represented by Fig. 3c. 
It can be seen from the EDX spectrum of MOF-5 that it con-
tains diffraction peaks related to Zn, C and O and the EDX 
spectrum of CuO/TiO2@MOF-5 shows that it contains addi-
tional peaks for Cu and Ti in addition to peaks of MOF-5. 
It indicates the successful incorporation of CuO/TiO2 com-
posite into MOF-5, shown by Fig. 3d and e respectively. In 

all these EDX spectra, no extra peak for impurity is observed 
which indicates high purity and single phase formation of 
these samples.

The optical properties measured by UV-Vis Spectro-
photometry, Fig. 4a represent the UV-Vis spectra of all 
the synthesized samples. It can be observed from UV-Vis 
spectra of MOF-5 that it shows maximum absorption in 
UV-region with λ max at 256 nm and shows no absorption 
in visible region. However, after the incorporation of CuO/
TiO2 composite into MOF-5, CuO/TiO2@MOF-5 shows a 
shift towards lower wavelength in UV-region with λ max at 
230 nm and a new absorption peak is also observed in the 
visible region with λ max at 697 nm. Tauc plot is derived 
from UV-Vis spectra of the synthesized samples to study the 
band gap, represented by Fig. 4b. The band gap of all these 

Fig. 3  SEM based EDX spectra of a CuO; b  TiO2; c CuO/TiO2 composite; d MOF-5 and e CuO/TiO2@MOF-5; Inset are the SEM images for 
EDX analysis
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samples has been calculated from Tauc plot by extrapolat-
ing the absorption edges by using following equation [25].

where α = absorption coefficient, h = Planck’s constant, 
ν = wavenumber.

The band gap of CuO and  TiO2 are 1.44 and 3.23 eV, 
respectively while their composite CuO/TiO2 has intermedi-
ate band gap of 2.10 eV. Bare MOF-5 has band gap of 3.78 
eV and after the incorporation of CuO/TiO2 nanocompos-
ite, band gap of CuO/TiO2@MOF-5 is 3.45 eV. It indicates 
that incorporation of CuO/TiO2 nanocomposite into MOF-5 
has shifted the band gap towards more visible region due 
to synergistic effect and hetero-junction formation between 
CuO/TiO2 and central metallic cluster  [Zn4O]6+ of MOF-5, 
which increased the absorption of visible light, reduced the 
electron-hole pair recombination and enhanced the photo-
catalytic activity.

4.1  Photoelectrochemical studies towards OER

All the synthesized samples have been used for photo-
electrochemical studies towards oxygen evolution reaction 
(OER) via water splitting, both in the presence of dark and 
visible light. OER measurements have been observed by 
cyclic voltammetry (CV) and linear sweep voltammetry 
(LSV) at  50mVs− 1 and  1mVs− 1 scan rate, respectively. 
The CV curves of all the synthesized samples are shown 
in Fig. 5a within potential range of 1.0 to 2.0 V vs. RHE. 
It is observed from CV curves that all the synthesized 
samples show zero current density in dark. It can be seen 
from the CV curves that MOF-5/NF does not show any 

(3)�h� =
(

h� − Eg

)0.5

OER activity and generates almost zero current density, 
both in dark as well as in the presence of visible light. 
However, after the incorporation of CuO/TiO2 nanocom-
posite into MOF-5 and in the presence of visible light 
prominent increase of current density was observed due 
to OER activity. The CV curves reveal that among all the 
synthesized samples, CuO/TiO2@MOF-5/NF shows low-
est onset potential and maximum current density as com-
pared to all other samples. It indicates that CuO/TiO2@
MOF-5/NF shows better OER activity as compared to all 
other samples due to hetro-junction formation between 
CuO/TiO2 and MOF-5.

Further, photoelectrochemical activity of synthesized 
samples towards OER is evaluated by linear sweep voltam-
metry (LSV) measurements, represented by Fig. 6b. Like 
CV, LSV curves also evaluated that MOF-5/NF does not 
show any OER activity. For comparative studied, overpo-
tential required to achieve 2 mA cm−2 current density is 
considered. It is observed that CuO/TiO2@MOF-5 needs 
only 153 mV overpotential to reach the current density 
of 2 mA cm−2as compared to all other synthesized sam-
ples CuO/NF (η2 = 183 mV),  TiO2/NF(η2 = 273 mV) and 
CuO/TiO2/NF(η2 = 163 mV), represented by Fig. 6c.It 
can also be observed that among all synthesized samples 
only CuO/TiO2@MOF-5/NF delivers the benchmark of 
10 mA cm−2 current density at just 263 mV overpotential, 
which is superior than some of the previously reported 
Cu-based OER catalysts as shown in Table 1. It reveals 
that CuO/TiO2@MOF-5/NF shows lowest onset poten-
tial, lowest overpotential to deliver 2 mA cm−2 current 
density and better OER activity as compared to all other 
synthesized samples. Further, the excellent OER activ-
ity of CuO/TiO2@MOF-5/NF is understand by Tafel plot 

Fig. 4  a and b UV-Vis spectra and Tauc plot of CuO,  TiO2, CuO/TiO2, MOF-5 and CuO/TiO2@MOF-5 composite, respectively
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derived from LSV curve, represented by Fig. 6d. Tafel plot 
is derived from LSV curve by using equation [26];

where η = overpotential, j = current density and b = Tafel 
slope.

The calculated Tafel slope of CuO/TiO2@MOF-5/
NF is just 91 mV dec−1, which is lowest as compared to 
all other synthesized samples CuO/NF (269 mV dec−1), 
 TiO2 (368 mV dec−1) and CuO/TiO2 (286 mV dec−1). It 
indicates thatCuO/TiO2@MOF-5/NF has faster and bet-
ter electron transfer as compared to all other synthesized 
samples, which enhanced its activity as compared to other 
synthesized samples.

(4)� = a + b log j

4.2  Photodegradation of Organic dyes

All the synthesized samples have been used for the degra-
dation of methylene blue (MB) and methyl orange (MO) 
in the presence of visible light. Methylene blue and methyl 
orange are effectively oxidized by CuO,  TiO2, CuO/TiO2, 
MOF-5 and CuO/TiO2@MOF-5, as shown in Fig. 7. It can 
be observed from Fig. 7 (a) and (b) that with the passage of 
time due to degradation of MB and MO, concentration and 
absorbance are decreased.

Transition metal oxide nanoparticles are considered as 
active photocatalysts due to their suitable band gap for vis-
ible light harvesting but their activities are still less due to 
rapid electro-hole pair recombination [27, 28]. So, individual 

Fig. 5  a CV curves and b LSV curves of CuO/NF,  TiO2/NF, CuO/TiO2/NF and CuO/TiO2@MOF-5/NF; c overpotential required to deliver 2 
mA  cm−2; d Tafel plot of CuO/NF,  TiO2/NF, CuO/TiO2/NF and CuO/TiO2@MOF-5/NF
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nanoparticles of CuO and  TiO2 do not effectively photode-
grade MB and MO but after the formation of CuO/TiO2 
composite, effective photodegradation is observed. However, 
after the incorporation of CuO/TiO2 composite into MOF-
5, CuO/TiO2@MOF-5 shows better photocatalytic activity 
as compared to individual CuO,  TiO2, MOF-5 and CuO/

TiO2 composite due to decrease of electron-hole pair recom-
bination and increase of charge separation. It can also be 
observed form Fig. 7c and d that after 60 min CuO/TiO2@
MOF-5 shows minimum absorption of 0.012 and 0.087 as 
compared to all other synthesized samples CuO (0.184, 
0.273),  TiO2 (0.193, 0.207), CuO/TiO2 (0.165, 0.140) and 

Fig. 6  a and b Photodegradation of Methylene blue (MB) and Methylene orange (MO) by different synthesized materials; c and d Photodegrada-
tion of Methylene blue (MB) and Methylene orange (MO) examine after 60 min

Table 1  Comparison of OER 
activity of CuO/TiO2@MOF-5/
NF with other previously 
reported Cu-based OER 
catalysts

Catalyst Overpotential (mV) for 
10 mA cm−2 Current density

References

CuO nanowire 580 Angew. Chem. Int. Ed 2015,54,2073
Cu(OH)2 430 ChemSusChem 2016,9, 2069
Cu(OH)2-CuO 417 Electrochemica Acta, 2015, 163,102.
Cu oxide 370 Angew. Chem. Int. Ed 2017,56,4792
CuO/CF 430 J.Phys.Chem.C 2017,121,25875
CuO/TiO2@MOF-5/NF 263 This work
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MOF-5 (0.206, 0.214), respectively for methylene blue (MB) 
and methyl orange (MO). It indicates that MB and MO have 
been successfully degraded by the synthesized samples in 
the presence of visible light and maximum activity has been 
observed by CuO/TiO2@MOF-5.

4.3  Proposed Possible Mechanism 
of Photodegradation of Organic Dyes:

The possible mechanism for photocatalytic degradation of 
Methylene blue is as follows. The schematic representation 
of Possible Mechanism of Photodegradation of Organic 
Dyes by synthesized samples is shown by Fig. 6.

Depending upon above discussions, it is proposed that 
upon irradiation of visible light a number of photoexcited 
electrons are transferred from valence band (VB) to con-
duction band (CB) of MOF-5 leaving behind the positive 
hole  (h+) in valence band (VB). The photoexcited elec-
trons are further transferred from CB of MOF-5 to CuO/
TiO2 and oxidized the oxygen molecules into  O2

•−radicals. 
These  O2

•− radicals directly participate in the degradation 
of methylene blue and methyl orange. On the other side, 
positive hole  (h+) in the valance band also participates in 
the degradation of methylene blue as well as methyl orange.

(5)
CuO∕TiO2@MOF - 5 + h� → CuO∕TiO2@MOF − 5

(

h+ + e−
)

(6)O2 + e− → O⋅−
2

(7)

Methylene Blue∕methyl orange + O⋅−
2

→ → → degradation products

(8)

Methylene Blue∕methyl orange + h+

→ → → degradation products

5  Conclusions

In this reported article, highly efficient and stable catalyst 
CuO/TiO2@MOF-5/NF has been synthesized by in-situ 
incorporation of pre-synthesized precursors into MOF-5. 
It has been observed that incorporation of precursors has 
increased the charge separation and catalytic activity of 
CuO/TiO2@MOF-5 due to hetro-junction formation as com-
pared to all other synthesized samples. The synthesized sam-
ples have been used for the study of photodegradation and 
electrochemical studies. Results indicate that CuO/TiO2@
MOF-5/NF has better ability for photodegradation of meth-
ylene blue as well as photoelectrochemical OER activity as 
compared to all other synthesized samples.
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