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A B S T R A C T

The development of an efficient catalyst to meet the world’s increasing energy demand and 
eliminate organic pollutants in water, is a concern of current researchers. In this article, a highly 
effective composite has been synthesized using the solvothermal approach, by incorporating 
CuWO4 nanoparticles into Fe-based MOF, Fe (BDC). The synthesized samples were analyzed 
further by some characterization techniques such as X-ray diffraction, Fourier transform infrared 
spectroscope (FTIR) and scanning electron microscopy. The highest catalytic activity for the 
oxygen evolution reaction was observed in the CuWO4@MIL-101(Fe) composite, which exhibited 
low overpotential 188 mV to obtained the current density of 10 mA cm− 2, and a smaller Tafel 
slope of 40 mV dec− 1. The nanocomposite CuWO4@MIL-101(Fe) material showed enhanced 
visible light absorption and maximum degradation of methylene blue up to 96.92 %. It has been 
found that this research promotes the development of an efficient MOF-based catalyst for OER 
and photocatalytic technology.

1. Introduction

For the last few decades, humanity has faced three major challenges: energy shortages, rapidly deteriorating environmental 
conditions, and resulting economic issues. Surprisingly, all of these issues are linked to one another [1,2]. The majority of the human 
population relies on fossil fuels to meet their energy requirements. Initially the customers were ignorant of both the shortage of fossil 
fuels and their potentially harmful effects on the environment. Scarcity has worsened unparalleled inflation, and uncontrolled con
sumption resulted in environmental degradation [3]. Taking into account the rise in energy crises and environmental concerns it is 
crucial to create green and manageable energy assets to substitute non-renewable energy sources like fossil fuels [4]. Researchers 
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emphasized the need of an alternative and sustainable energy source that have no adverse effects on surrounding in any manner. In 
order to mitigate energy sources, water splitting, oxygen and hydrogen production are an efficient and viable solution to exceed all 
contemporary sources and is the focus of current research [5,6].

The persistent increment of industrialization and urbanization caused serious ecological contamination. Most of the developing 
countries are unable to provide an adequate amount of water to the consumers owing to industrial contaminants. Different dyes are 
emitted in water. Among various dyes, methylene blue (MB) is frequently utilized in paper, textile and varnish industries. Uncontrolled 
MB discharge can result in mutation, toxicity, allergic reactions, and carcinogenic activity [7–9].

Since the grown material will be used for electrocatalysis or photocatalysis, it should be active, extremely effective, or stable, which 
may have reduced charge carriers’ recombination, adsorption energy for photocatalytic and water oxidation processes. Water splitting 
is based on two half reactions including oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) at anode and 
cathode, respectively and both depends on overpotential to proceed at an appropriate rate [10]. As OER demands significantly higher 
over-potential than HER, this is especially important for the four electrons coupled reaction. An efficient development of OER catalyst 
with a minimal over-potential is therefore a major challenge [11].

Catalytic materials like ZnO, TiO2 and graphene oxide have been researched in this regard for water splitting [12–14]. However, 
due to inefficiencies including high electron-hole pair recombination and high band gap, their catalytic efficiency is very low [15,16]. 
Catalyst efficiency is improved through a variety of techniques, including heterostructure composite formation, doping, dye sensiti
zation and metal functionalization [17–19]. Effective strategies involving semiconductor combinations and metal ion doping to form 
an efficient heterostructure also improves catalytic performances [20]. The development of interfaces between the cocatalysts and the 
photocatalysts modifies the surface charge density and prevent unfavorable carrier recombination at heterojunction interfaces in 
addition to promoting photogenerated charge separation [21].

CoP cocatalyst with single-atom phosphorus vacancies defects (CoP-Vp) was synthesized and coupled with Cd0.5Zn0.5S to construct 
CoP-Vp@Cd0.5Zn0.5S (CoP-Vp@CZS) heterojunction photocatalysts. Under visible light irradiation, the nanohybrids exhibit an 
attractive photocatalytic hydrogen generation activity and improves electron transfer and charge separation efficiencies than that of 
pristine ZCS samples [21]. Another di-defects modified VSe2 electrocatalyst prepared and exhibits higher HER than most previously 
reported non-noble metal HER electrocatalysts, requiring overpotentials of 67.2, 72.3, and 122.3 mV to reach 10 mA cm− 2 in acidic, 
alkaline, and neutral environments, respectively [22]. Zhang et al., synthesized SVD-WS2@DG nanocomposite which requires a much 
smaller overpotential (108 mV vs. RHE) than SVD-WS2, WS2, to reach the current density of 10 mAcm− 2. This indicates that the 
SVD-WS2@DG hybrids have efficient HER activity [23].

Metal-organic framework (MOF), is a kind of porous material that function as an effective catalyst by coordinating the inorganic 
nodes with organic linkers (bidentate or multidentate ligands). Because of the enormous surface area of MOF, composites can be 
created by adding diverse guest molecules such as metal oxide nanoparticles, polyoxometalates, polymers and carbon materials [24]. 
MOFs are widely used in several applications like adsorption, catalysis, storage, sensing and drug delivery [25]. MOFs performance in 
the oxygen evolution reaction (OER) is also promising. However, MOFs generally have low endurance and resistance to electricity, 
which lowers the efficiency of their energy conversion [26]. Also due to low charge separation efficiency few reports are present of its 
individual use for photocatalytic activity [27]. MOFs are used as sacrifice templates to construct various heterostructure with electrical 
reactivity and strong electrical properties [28]. The photocatalytic activity of MIL-101(Fe) can be enhanced by mixing it with an 
appropriate materials to form heterojunctions [29].

CuWO4, an inexpensive and eco-friendly transition metal tungstate, has drawn a lot of interest in a number of areas, including 
photocatalysis [30], degradation of contaminants, and water splitting owing to its exceptional chemical stability, electrical, catalytic 
qualities, and low cost [31] have played a key role in the construction of the active OER catalysts and photocatalyst material. Z-scheme 
heterojunction catalysts have attracted a lot of attention in recent years because of its unique electronic structure not only promotes 
electron-hole pairs separation, but it also maintains a great capability for redox [32].

Numerous Fe based MOF heterojunctions have been reported such as ZnO/MIL-101(Fe) for degradation of Rhodamine B [33]. 
MIL-101(Fe)/Bi2WO6, V2O5/NH2-MIL-101(Fe) [34,35], CeO2/MIL-101(Fe) [36], MIL-101(Fe)/Bi2O3 [37] and MIL-101(Fe)/g-C3N4 
[38] showed excellent photocatalytic activity. Materials based on MOFs are also used for OER like NiS@MOF-5, that required an 
overpotential of 174 mV to deliver 10 mA cm− 2 [39]. Additionally, heterostructures CoOx/UiO-66 and NiO/UiO-66 are emerged for 
better oxygen evolution reactions [40].

In this project, CuWO4 nanoparticles are synthesized and are successfully incorporated in MIL-101(Fe). The CuWO4@MIL-101(Fe) 
composite material benefits from numerous accessible reactive sites, optimized photo-redox ability, and reduction in electron hole pair 
recombination. The current fabricated materials were used to investigate OER for water splitting and methylene blue 
photodegradation.

2. Experimental section

2.1. Chemical reagents

All the chemicals used were sodium tungstate dihydrate (Na2WO4.2H2O, Sigma Aldrich, 99.99 %), copper II nitrate (Cu 
(NO3)2.3H2O, Sigma Aldrich, 99.9 %), iron III chloride hexahydrate (FeCl3.6H2O, Sigma Aldrich, 97 %), 1,4-benzene dicarboxylic acid 
(BDC, Sigma Aldrich, 98 %), ethanol (Analar, 99.8 %), N-N-dimethylformamide (Riedel-deHaen, 99 %), acetone (Sigma Aldrich, 99.8 
%), distilled water, Potassium hydroxide (KOH, Sigma Aldrich, 85 %) and Nickel foam (NF, China).
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2.2. Preparation of MIL-101(Fe)

MIL-101(Fe) was synthesized by solvothermal route [41]. After adding 1.24 mmol of 1,4-benzenedicarboxylic acid and 2.48 mmol 
of iron chloride hexahydrate to 50 mL of DMF, the mixture was stirred for 30 min at room temperature. The mixture was poured in 100 
mL autoclave and was then kept in an oven for 20 h at 110 ◦C. The light brown product was isolated by centrifugation, rinsed with 
water and finally with ethanol. The precipitate was then dehydrated in oven at 150 ◦C.

2.3. Synthesis of CuWO4 nanoparticle

Hydrothermal route was employed to synthesize copper tungstate nanoparticles. After adding Na2WO4.2H2O (2 mmol) to 25 mL of 
water, 0.03 M Cu(NO3)2.3H2O solution was poured to the first solution, and mixture was magnetically stirred for 1 h. The solution 
changed to a light blue color. This mixture was then put into an autoclave and heated to 175 ◦C for 24 h. The resulting light green 
precipitates were washed with ethanol and dried for 5 h at 70 ◦C [42].

2.4. Preparation of CuWO4@MIL-101 (Fe) nanocomposite

Pre-synthesized CuWO4 nanoparticles was incorporated into host MOF to fabricate CuWO4@MIL-101(Fe) nanocomposite. Iron 
chloride hexahydrate (2.48 mmol) was dissolved in 30 mL DMF. Meanwhile, 0.01 g of nanoparticles (CuWO4) were sonicated in 10 mL 
of DMF and then added to the above mention solution. 20 mL of DMF was used to dissolve 1.24 mmol benezene-1,4-dicarboxylic acid 
and dropwise added to the above mixture. The solution was poured into stain-less steel Teflon lined autoclave and then kept in an oven 
at 110 ◦C for 20 h. The product obtained by centrifugation was washed with water and then with ethanol. The product was dried at 
150 ◦C to synthesize powdered CuWO4@MIL-101(Fe) composite [43]. Schematic representation for preparation of CuWO4@MIL-101 
(Fe) nanocomposite is shown in Fig. 1.

2.5. Fabrication of electrode

NF was cut into small sections (1 × cm2) followed by sonication for 20 min in acetone, DI water and ethanol, after that used as 
working electrode. The furnace was used to dehydrate the electrodes at 333 K for 20 min. Electrocatalyst ink was created by using 5.0 
mg of samples homogenized in (100 μL) DI water for 1 h to evaluate the activity of fabricated materials via ultrasonic assisted pro
cessing. The drop-casting technique was used to deposit ink on NF.

2.6. Oxygen evolution reaction studies

Cyclic voltammetry (CV), linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) were performed by 
Autolab PGSTAT-204 (Metrohm) in 1.0 M KOH aqueous electrolyte for studying OER of synthesized samples. Using three electrode 
systems, a Pt wire (counter electrode), an Ag/AgCl (reference electrode), and fabricated materials on NF (working electrode) were held 

Fig. 1. Schematic illustration for synthesis of CuWO4@MIL-101(Fe) nanocomposite.
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in place by a Pyrex glass cell to measure all the parameters. The cyclic voltammetry studies employed both positive and negative 
potentials and the LSV only employed the positive potential, scanning at 5 mV− 1.

Expression (1) was used to convert recorded voltage to the RHE potential from the standard Ag/AgCl reference potential [44]. 

ERHE =EAg/AgCl + 0.059 × pH + Eo Ag/AgCl (1) 

To evaluate the kinetics and performance of the prepared materials, a Tafel slope was calculated by creating a graph between 
overpotential (η) vs. log j using the polarization curve and by equation (2) [45]. 

η= a + (2.303RT / αnF) × log j (2) 

In equation (2) ‵a’ is the transfer of charge coefficient, ‵j’ is the current density, η shows the overpotential, ‘F’ is the Faraday constant 
and ‵n’ represents the number of electrons active in the catalytic reaction.

To compute electrochemical surface area (ECSA), which is a crucial factor in enhancing the electrocatalytic efficiency of all 
products equation (3) can be utilized [46]. 

ECSA=Cdl/Cs (3) 

Different CV plots were obtained at multiple scan rates (20, 40, 60 and 80 mV− 1) in the non-faradic region. The change in j was 
determined by calculating the difference between the negative and positive current densities. The straight line for the Cdl value was 
obtained by plotting the values of j against the required scan rates. The double-layer capacitance (Cdl) was then calculated by dividing 
the resulting slope by 2. Broad ECSA with numerous exposed active sites is necessary for the electrochemical activity of potential 
working materials.

EIS is another way to determine the mechanism of water splitting, electrode surface characteristics and charge transfer process in 
materials.

2.7. Photocatalytic activity measurement

In the usual process, 1L of MB dye solution was prepared by dissolving 31.98 mg of MB in deionized water. 0.1 g of CuWO4, MIL- 
101(Fe) and CuWO4@MIL-101 (Fe) was added in 100 mL dye solution. Mixture was then magnetically stirred in photoreactor for 30 
min in dark to establish the adsorption-desorption equilibrium. The adsorption capacity of CuWO4, MIL-101(Fe) and CuWO4@MIL- 
101 (Fe) shown in Fig. 2 gradually enhanced with the passage of time and then becomes constant. CuWO4@MIL-101 (Fe) composite 
showed remarkable adsorption capacity than other catalysts.

The adsorption capacity (qe; mg/g) were determined by equation (4). 

qe =(Co − Ce) V / W (4) 

Where qe is the adsorption capacity (mg g− 1), Co and Ce are the initial and equilibrium concentrations of dye in mg L− 1; V is the volume 
of sample solution (L) and W is the amounts of adsorbent (g).

5 mL aliquot of CuWO4@MIL-101 (Fe) was taken and centrifuged to eliminate solid particles and at 663.5 nm absorbance was 
measured by spectrophotometer. The MB dye solution was then exposed to a tungsten lamp of 500 W. The solution’s UV–Vis absor
bance was checked after every 20 min by removing 5 mL sample from the reactor.

The photocatalytic activity measurements are given in Fig. 3. The % degradation of MB was calculated by the following equation 

Fig. 2. Adsorption capacity study of CuWO4, MIL-101(Fe) and CuWO4@MIL-101 (Fe).
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(5). 

Degradation rate (%)=

(
Ao − At

Ao

)

× 100 (5) 

Where Ao and At represents dye absorbance at 0 and time t respectively.

2.8. Characterization

To perform the functional group analysis of materials, Bruker Alpha II Fourier-transform infrared spectrophotometer was used in 
the range of 4000-400 cm− 1. Crystallinity of samples were recorded on Shimadzu XRD-6000 in the range of 4◦-80◦ at scan rate of 5◦

min− 1. Scanning electron microscopy (Nova Nano SEM-LUMS and Apreo 2 SEM) were used to analyze morphology of the products. To 
access the efficiency of catalysts, Shimadzu-2600 UV–visible spectrophotometer was used at room temperature for recording the 
photodegradation of MB dye.

3. Results and discussion

3.1. FTIR analysis

The structure of the fabricated materials was confirmed using FTIR. Infrared spectroscopy shows the characteristics peaks at 1687 
cm− 1, 1537 cm− 1, 1382 cm− 1 that represents the vibration of C=O, asymmetric and symmetric stretching vibration peaks of carboxylic 
group (COO) in 1,4-benzenedicarboxylic acid. Fig. 4 depicts the FTIR spectra of synthesized materials. Other peaks at 741 cm− 1 and 
596 cm− 1 are caused by the C-H bond stretching of benzene and Fe-O vibration respectively [41]. Analysis of composite shows all the 
prominent peaks of MIL-101(Fe). The additional absorption peaks at 1024 cm− 1 and 816 cm− 1 corresponds to W-O and Cu-O bonds, 
demonstrating the successful incorporation of nanoparticles in MIL-101(Fe) [30,47].

3.2. X-ray diffraction pattern

XRD was used to determine the nanomaterials phase purity and degree of crystallinity. The crystallinity of prepared samples 
CuWO4, MIL-101(Fe), CuWO4@MIL-101(Fe) was identified by X-ray diffraction approach as shown in Fig. 5. All the materials have 
grown well in crystalline form and intense peaks are observed. The well-defined diffraction peaks at 2θ about 4.79◦, 9.61◦, 18.8◦, 
19.26◦, 21.99◦ correspond to MIL-101(Fe) and is in good agreement with the reported pattern [41,48]. The typical peaks of CuWO4 are 
located at 22.57◦, 29.69◦, 32.17◦, 35.48◦, 40.39◦, 40.39◦, 55.6◦ [49–51]. P-XRD analysis of CuWO4@MIL-101(Fe) shows that majority 
of the diffraction peaks are related to MIL-101(Fe) and some additional NPs diffraction peaks are also observed. The XRD analysis of 
samples reveals that CuWO4 NPs have been successfully incorporated into MIL-101(Fe) and no obvious alterations have been observed 
in distinct PXRD pattern. It is indicated that MIL-101(Fe) has retained its distinctive pattern and crystallinity after the incorporation of 

Fig. 3. Schematic representation of photocatalytic activity of CuWO4@MIL-101 (Fe) nanocomposite.
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CuWO4 NPs.

3.3. Scanning electron microscopy

Morphological analysis of the fabricated materials were visualized by SEM. Fig. 6(a–c) represents the fabricated material’s SEM 
images. Fig. 6(a) shows the well defined, smooth surface, octahedral architecture of MIL-101(Fe) [52]. Fig. 6(b) shows CuWO4 
nanoparticles, agglumerated and spherical in shape [47]. As for CuWO4@MIL-101(Fe) in Fig. 6(c) illustarates the CuWO4 nano
particles anchored on MIL-101(Fe) that represents the incorporation and composite formation.

3.4. Electrochemical measurements

For the electrochemical investigation, the Autolab PGSTAT-204 workstation was employed. The OER catalytic performance of each 
synthesized product was assessed in 1.0 M alkaline solution using a three-electrode setup. The OER performance of all catalysts was 
examined; the findings are shown in Figs. 7 and 8. Using CV and LSV employing a sweep rate set at 5 mV s− 1, bare NF in Fig. 7(a and b) 
and all samples CuWO4, MIL-101(Fe), and CuWO4@MIL-101(Fe) were analyzed, as illustrated in Fig. 8(a and b). According to the LSV 
results of bare NF and the fabricated material, the calculated values for the onset potential were 1.30, 1.44, 1.38, 1.27 V vs RHE for 
bare NF, CuWO4, MIL-101(Fe) and CuWO4@MIL-101(Fe), respectively at 10 mA cm− 2, the resulting overpotential for bare NF, CuWO4, 
MIL-101(Fe), and CuWO4@MIL-101(Fe) was 345, 242, 210, and 188 mV, respectively thus providing a more precise relationship 
between the electrochemical performance of the fabricated nanomaterials as depicted in Fig. 8(c). Among all the nanomaterials, 
CuWO4@MIL-101 (Fe) nanocomposite shows the enhanced electrochemical activity due to its superior contact area, small average 
crystallite size, significant electrical conductivity, lower onset and overpotentials. The Tafel slope was derived from the preceding 

Fig. 4. FTIR spectrum of MIL-101(Fe) and CuWO4@MIL-101(Fe).

Fig. 5. XRD pattern of CuWO4, MIL-101(Fe), CuWO4@MIL-101(Fe).
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Fig. 6. SEM images of (a) MIL-101(Fe), (b) CuWO4, (c) CuWO4@MIL-101(Fe).

Fig. 7. (a) Cyclic voltammogram (b) LSV of bare NF (c) Tafel slope of bare NF.

M. Khan et al.                                                                                                                                                                                                          Heliyon 10 (2024) e40546 

7 



polarization curves to give perception of OER process’ reaction speed. The overall mechanism of OER involves the of four main steps 
depicted below [4,53]. 

M + OH− → M − OH + e− (6)

M − OH + OH− → M − O + H2O + e− (7)

M − O + OH− → M-OOH + e− (8)

MOOH− + OH− → M + O2 (g) + e− (9)

In the above equation, M is the catalytic active site, MOH, MO, MOOH are the reaction intermediates. The OER dynamic rate rises, 
when the overpotential and slope values are smaller [54]. Figs. 7(c) and 8(d)Illustrates the computed Tafel plots for bare NF CuWO4, 
MIL-101(Fe), and CuWO4@MIL-101 (Fe) which were found to be 75, 83, 65, and 40 m V dec− 1, respectively suggesting the significant 
charge mobility in an alkaline medium. These results increasingly support the rapid response rate, which is a sign of the promising 
electrochemical characteristics of the MOF composites.

As seen in Fig. 9(a–c), multiple CV graphs in the non-faradic zone were collected at various scan rates of (20, 40, 60, and 80 mV s – 

1). The value of j was found from the polarization cycle and was plotted against fixed scan rates producing a straight line. Double layer 
capacitance was determined from half of the straight-line slope, useful in ECSA computation. As shown in Fig. 9(d–f), the computed Cdl 
values for CuWO4 and MIL-101(Fe) and CuWO4@MIL-101 (Fe) composite were 30 mF, 50 mF, and 100 mF, respectively. The obtained 
Cdl was divided by a capacitance of 0.040 cm− 2 for the ECSA calculation. The corresponding ECSA values for CuWO4, MIL-101(Fe), 
and CuWO4@MIL-101(Fe) were 750 cm2, 1250 cm2, and 2500 cm2 respectively. The fabricated material’s increased ECSA value 
indicates the presence and availability of the catalytic site, both of which are crucial for the exchange of electron that occurs during the 
electrocatalytic procedure. Increased ECSA indicates that there is greater number of active sites in the composite [3]. Electrochemical 
impedance spectroscopy is also an important technique to access the OER activity of nanomaterials. The CuWO4@MIL-101 (Fe) 
composite exhibits a shorter semicircle in the Nyquist plots than CuWO4 and MIL-101(Fe) as shown in Fig. 10(a–d). This work 
demonstrates the robust electrocatalytic activity of nanocomposite promoting the charge transfer reaction compared to other mate
rials. This phenomenon elucidates the rapid oxygen evolution reaction activity. Table 1 shows the overpotential and Tafel slope of 
CuWO4@MIL-101 (Fe) compared to other reported results showing a significant improvement in the current investigation’s findings.

Fig. 8. (a) Cyclic voltammogram (b) LSV of all the fabricated materials (c) Overpotential (d) Tafel slope of all the fabricated products.
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3.5. UV–visible spectroscopic analysis

Dye solution containing CuWO4@MIL-101(Fe) shows minimum absorbance of 0.072 (a.u) in comparison to the dye solution 
comprising all other photocatalysts. The calculated percentage degradation of methylene blue is 49.55 %, 67.57 %, 96.92 % by 
CuWO4, MIL-101(Fe) and CuWO4@MIL-101(Fe) respectively as shown in Fig. 11(b). This demonstrates the heterojunction formation 
enhances MB photodegradation.

The % degradation comparison of reported photocatalysts is given in Table 2. MB is one of the most studied organic pollutants due 
to its poisonous nature and water solubility. It has been linked to a variety of disorders in people.

MB was degraded by synthesized photocatalyst under visible light. MB concentration is found to decrease over time. MB is 
degraded by MIL-101(Fe) under visible light and its absorbance intensity changes from 2.341 (a.u) to 1.181 (a.u). Similar phenomenon 
was shown by CuWO4 and CuWO4@MIL-101 (Fe). It can be observed that after 120 min all the samples degraded MB, but 
CuWO4@MIL-101 (Fe) degraded MB efficiently than all other samples. It can be seen from Fig. 11(a) that after 120 min.

3.6. Proposed possible photodegradation mechanism of MB

Construction of heterojunction is one of the promising strategies for the separation of photogenerated electron hole pair. Z-scheme 
heterojunction is formed when VB and CB of photocatalyst (A) is higher than the photocatalyst (B), while the CB of photocatalyst (B) is 

Fig. 9. (a–c) CV plots at different scan rates, (d–f) Cdl plots of synthesized catalysts.
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higher than the VB of photocatalyst (A). Under exposure to light, photogenerated electrons in CB of photocatalyst (A) with strong 
reduction abilities and holes in VB of photocatalyst (B) having strong oxidation abilities are retained. The photogenerated electrons in 
CB of photocatalyst B and holes in the VB of photocatalyst A combine with inferior redox potential [57]. According to literature, the VB 
and CB edges of MIL-101(Fe) are +0.98 V and − 0.75 V, respectively [58] and VB and CB edges of CuWO4 are +2.55 V and +0.20 V, 
respectively [59]. The CuWO4@MIL-101(Fe) fulfills the requirement of Z-scheme. When the composite is irradiated with the visible 
light, the electrons in the valence band of CuWO4 jumps to conduction band leaving behind the holes in VB. Same phenomenon occurs 
with the MIL-101(Fe), the electrons would jump to the conduction band leaving behind the high energy hole in MIL-101(Fe). The 
photogenerated electrons at the CB of CuWO4 would recombine with the photogenerated holes in VB of MIL-101(Fe). The photo
generated electrons in the conduction band of MIL-101(Fe) effectively reduce O2 to O2

.-. Holes in VB of CuWO4 reacts with OH− to form 
.OH as shown in Fig. 12. Both the O2

.- and .OH effectively degrading the organic dyes [60]. 

CuWO4@MIL-101(Fe) + hv → CuWO4@MIL-101(Fe) (h+ + e− )                                                                                               (10)

O2 + e− → O2
.-                                                                                                                                                                       (11)

H2O + h+ → OH.                                                                                                                                                                   (12)

Fig. 10. (a) Combined EIS Nyquist plot of all synthesized material, electrochemical impedance spectroscopy for (b) CuWO4@MIL-101 (Fe), (c) MIL- 
101(Fe), (d) CuWO4.

Table 1 
OER comparison of MOF- based composites in an aqueous medium with current work.

Sr. No. Materials Electrolyte Substrate Tafel slope mV dec− 1 Over potential mV References

1 CuO@MIL-125 (Ti)/NF KOH Ni foam 166 353 [4]
2 GO@Ce-MOF KOH Ni foam 68 275 [55]
3 CuO@MIL-53 KOH Ni foam 64.2 336 [56]
4 Mn-MOF/CuO KOH Ni foam 48 247 [45]
5 CuWO4@MIL-101(Fe) KOH Ni foam 40 188 This work
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O2
.- + OH. + Methylene blue → Degradation Products                                                                                                              (13)

3.7. Stability of catalyst

If we compare the XRD data of recovered catalyst with that of fresh catalyst we have analyzed that the catalyst still possess all the 
functionalities as indicated by the emergence of peaks but they have of less intensity indicating despite of less intense peaks catalyst is 
still present in its original form shown in Fig. 13.

Fig. 11. (a) Light absorbance by MB after CuWO4, MIL-101(Fe) and CuWO4@MIL-101(Fe) treatment for 120 min and (b) % degradation of 
methylene blue after CuWO4, MIL-101(Fe) and CuWO4@MIL-101(Fe) treatment for 120 min.

Table 2 
Comparison of the current work’s photocatalytic activity with that the reported MIL-101(Fe) composites.

Sr. No. Photocatalysts Contaminants Light Source Radiation Time (mins) Degradation Percentage References

1 MnOx/MIL-101(Fe) RhB Visible 60 78 [61]
2 ZnO/MIL-101(Fe) RhB Visible 300 80.7 [33]
3 M-MIL-101(Fe)/TiO2 Tetracycline Solar light 60 95.95 [29]
4 Cu2O/Fe3O4/MIL-101(Fe) Ciprofloxacin Visible 105 99.2 [62]
5 CuWO4@MIL-101(Fe) MB Visible 120 96.92 This work

Fig. 12. Proposed mechanism of photocatalytic degradation of organic dye.
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4. Conclusion

In the current project, CuWO4@MIL-101 (Fe) nanocomposite was synthesized successfully by the solvothermal method. Charac
terizations results supported the confirmation of nanocomposite. The fabricated nanocomposite is highly active for OER activity. The 
better OER activity of CuWO4@MIL-101 (Fe) is ascribed to the heterojunction formation between CuWO4 and MIL-101(Fe). Z-scheme 
heterojunction decreases the recombination of electron hole pairs. The enhanced active sites due to greater surface area, responding 
excellent activity for OER such as small overpotential 188 mV, lower onset potential 1.27 V to attain current density at 10 mA cm− 2. 
The CuWO4@MIL-101(Fe) nanocomposite gives a lower Tafel slope of 40 mV dec− 1, indicating favorable electrons transfer and 
improved catalytic activity. CuWO4@MIL-101(Fe) composite is also effective in photodegradation of methylene blue dye, achieving % 
dye degradation of up to 96.92 within 120 min. It is anticipated that solvothermal synthesis of highly efficient catalyst opens up new 
pathway for electrochemical OER and photodegradation of organic dyes.
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