
ww.sciencedirect.com

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 5 1 ( 2 0 2 4 ) 1 4 3 5e1 4 4 7
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
Synthesis of the highly efficient catalysts
CdZnS@MIL-53(Fe) and ZnS@MIL-53(Fe) and their
thermally decomposed derivative for
electrochemical OER activity and photodegradation
of Rhodamine B dye
Ghulam Asghar a, Muhammad Fiaz b, Muhammad Asim Farid c,
Muhammad Naeem Ashiq a, Muhammad Athar d,e,*

a Institute of Chemical Sciences, Bahauddin Zakariya University, Multan 60800, Pakistan
b Department of Chemistry, Ajou University, Suwon 16499, South Korea
c Department of Chemistry, Division of Science and Technology, University of Education Lahore, Pakistan
d Laboratory for Catalysis and Sustainable Chemistry, Paul Scherrer Institut, 5232 Villigen-PSI, Switzerland
e Institute for Chemical and Bioengineering, ETH Zurich, Vladimir Prelog Weg 1, 8093 Zurich, Switzerland
h i g h l i g h t s
* Corresponding author. Laboratory for Cata
E-mail address: athar.qr@gmail.com (M.

https://doi.org/10.1016/j.ijhydene.2023.09.208

0360-3199/© 2023 The Authors. Published by Elsevie

(http://creativecommons.org/licenses/by/4.0/).
g r a p h i c a l a b s t r a c t
� Designing of highly efficient cata-

lysts by in-situ incorporation of

CdZnS nanoparticles in (MIL-

53(Fe).

� The newly designed CdZnS@MIL-

53(Fe) and its derivative CdZnS/

Fe2O3 showed efficient OER

activity.

� The CdZnS/Fe2O3 is also effective

forphotodegradation of Rhoda-

mine B (up to 75% in just 80 min).

� The better catalytic activity is due

to formation of heterojunction be-

tween CdZnS and MIL-53(Fe) or its

derivative.
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a b s t r a c t

The development of a highly efficient catalyst for water splitting and photodegradation of

organic dyes has become the focus of a considerable number of research groups. In the

work described here CdZnS@MIL-53(Fe) and ZnS@MIL-53(Fe) were synthesized by the sol-

vothermal method and subjected to thermal degradation at 520 �C in an oxidative envi-

ronment to obtain CdZnS/Fe2O3 and ZnS/Fe2O3, respectively. Electrocatalytic activity for
lysis and Sustainable Chemistry, Paul Scherrer Institut, 5232 Villigen-PSI, Switzerland.
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the oxygen evolution reaction is analyzed via cyclic voltammetry and linear sweep vol-

tammetry. It was found that CdZnS@MIL-53(Fe) shows maximum catalytic activity for the

oxygen evolution reaction and delivers 10 mAcm�2 current density at 95 mV overpotential

as compared to MIL-53(Fe)/NF (210 mV) and ZnS@MIL-53(Fe)/NF (112 mV). Similarly, the

derivative of it, CdZnS/Fe2O3, shows maximum catalytic activity for the oxygen evolution

reaction and delivers 10 mAcm�2 current density at 90 mV overpotential as compared to

Fe2O3 (204 mV) and ZnS/Fe2O3 (115 mV). Based on these results, it is evident that these

materials are highly efficient for OER activity compared with other materials in literature.

Similarly, CdZnS/Fe2O3 shows maximum photocatalytic activity for the photodegradation

of Rhodamine B, up to 75% compared to CdZnS@MIL-53(Fe), which degrades up to 51% of

the dye. The synthesized materials were characterized by powdered X-ray diffraction,

Fourier transform infrared spectroscopy and scanning electron microscopy. Based on these

results the aim is to develop more MOF-based materials and their derivatives by simple

heat treatment and to implement them in different catalytic applications.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
1. Introduction
The energy crisis and environmental pollution are two major

problems, which researchers are trying to alleviate [1]. Energy

demands are continuing to increase due to rapid population

growth. At present, resources are insufficient to meet these

demands. The burning of fossil fuels emits carbon monoxide

(CO) and carbon dioxide (CO2) with their deleterious effects on

the environment [2,3]. Therefore, the generation of alternate

environmentally friendly renewable energy is a challenge that

must be met [4e7]. Among the different strategies, the gener-

ation of hydrogen and oxygen by water splitting is the focus of

much current research [8e11]. Water splitting consists of two

half reactions: the hydrogen evolution reaction (HER) and the

oxygen evolution reaction (OER), both of which require over-

potential to take place at a suitable rate. This is particularly

true for OER, a 4-electron coupled reaction, which requires a

much higher over-potential compared to HER. Thus, the

development of an efficient OER catalyst, requiring a very low

over-potential, is an important challenge. Another major crisis

is water pollution by industrial effluents such as dyes. Of the

organic dyes, Rhodamine B is very toxic and causes serious

health conditions, such as kidney failure, hormonal imbalance

and dermatologic problems. Ways must be found to degrade

harmful dyes by environmentally friendly methods [12]. Solar-

light active catalysts have proved to be one of the best ways of

removing dyes from water. Catalytic materials, such as TiO2,

ZnO, NiO2, CdS and graphene oxide, have been studied for the

production of hydrogen and oxygen by water splitting. How-

ever, their catalytic activity is still too low due to limitations

such as a high band gap, a high rate of electron-hole pair

recombination and expense [13e15]. Different strategies are

being used to improve the efficiency of catalysts, including

doping, heterojunction formation, composite formation and

sensitization with dye [16e19]. Doping of gold nanoparticles in

ZnO nanowires showed eight times more activity compared to

ZnO nanoparticles [20]. Heterojunction formation is another

important strategy to increase the catalytic efficiency of, for
example, CdS/ZnS,whichhas a higher catalytic activity than an

individual particle [21,22]. Metal organic frameworks (MOFs)

consist of a metal cluster combined with an organic linker.

These materials are suitable for use in a number of applica-

tions, including gas adsorption, drug delivery and photo-

catalytic activity; this is due to their uniformity, porosity and

high surface area [23]. MOF-based materials are reported to be

efficient OER catalysts. One example is theNiS@MOF-5 catalyst,

which required a very low overpotential of 174mV to deliver 10

mAcm�2 current density [24]. MOF-based materials are also

promising for the degradation of organic dyes. MIL53, an iron-

containing MO, showed better photocatalytic activity and

removed 80% of Rhodamine B in four cycles. MIL-53(Fe) is solar-

light energetic due to its central metal-oxo cluster, which en-

ables charge transfer. MIL-68(Fe) is also a good photo-

electrocatalyst for a number of applications because of its

lower absorption edge as a result of transition between d-d or-

bitals [25]. In addition to these MOF-based composites, highly

active derivatives of MOF are obtained by heat treatment of

bare MOFs as well as a nonmaterial@MOF composite such as

the ZIF-derived ZnSeCdS were fabricated and showed better

current density at the lowest overpotential [26e28]. Fe2O3/TiO2

and Fe2O3/C composites are obtained by heat treatment of MIL-

101(Fe) at 600 and 500 �C and showed remarkable photo-

catalytic activity [29].

Here we report the synthesis of efficient catalytic materials

by thermal degradation: CdZnS@MIL-53(Fe) and ZnS@MIL-

53(Fe) and their respective derivatives CdZnS/Fe2O3 and ZnS/

Fe2O3. These materials were applied to study OER activity for

electrochemical water splitting and the photodegradation of

Rhodamine B.
2. Experimental methods

2.1. Chemicals

All the chemicals used for the synthesis of ZnS nanoparticles,

CdZnS nanoparticles, MIL-53(Fe), ZnS@MIL-53(Fe) and
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CdZnS@MIL-53(Fe) were purchased from Merck: iron chloride

hexahydrate (FeCl3.6H2O; 98%), benezene-1,4-dicarboxylic

acid (H2BDC; 97%), zinc acetate dihydrate (Zn(CH3COO)2.2H2-

O; 97%), cadmium acetate dihydrate (Cd(CH3COO)2.2H2O;

99%), sodium sulphide pentahydrate, (Na2S.5H2O; 96%), ter-

ephthalic acid (C8H6O4; 99%), thiourea (CH4N2S; 98%), N,N-

dimethylformamide (C3H7NO; 97%), ethanol (CH3CH2OH;

96%) and deionized water.

2.2. Preparation of ZnS nanoparticles

ZnS nanoparticles were synthesized by the hydrothermal

method [30,31]. Zinc acetate hydrate (1.10 g, 5 mmol) was

dissolved in 15 mL of deionized water under continuous

stirring. Another solution, made by dissolving sodium sul-

phide pentahydrate (0.84 g, 5 mmol) in 15 mL deionized

water, was added to the above solution while stirring. The

white suspension was transferred to a Teflon-lined autoclave

and heated at 170 �C for 3 h. White powder formed, which

was separated by centrifugation, washed with deionized

water and dried.

2.3. Preparation of CdZnS nanoparticles

CdZnS nanoparticles were synthesized by co-precipitation

[32]. Zinc acetate dihydrate (1.10 g, 5 mmol) and cadmium

acetate dihydrate (0.95 g, 5 mmol) were dissolved in 30 mL of

deionized water under continuous stirring. Another solution,

made by dissolving sodium sulphide pentahydrate (0.84 g,

5 mmol) in 15 mL deionized water, was added to the above

solution while stirring constantly. The two solutions were

then mixed and stirred for 20 min to obtain a homogenous

mixture. Then 2 mL of mercaptoethanol (capping agent) were

added drop-wise to the above mixture, which was stirred for

2 h at room temperature. Orange crystals formed and were

separated by centrifugation, washed with deionized water

and dried overnight at 70 �C.
Fig. 1 e Schematic representation
2.4. Preparation of MIL-53(Fe), ZnS@MIL-53(Fe) and
CdZnS@MIL-53(Fe)

A solvothermal process was used to synthesize MIL-53(Fe),

ZnS@MIL-53(Fe) and CdZnS@MIL-53(Fe). For MIL-53(Fe), iron

chloride hexahydrate (1.21 g, 4.47 mmol) was dissolved in

35 mL DMF. In another flask, benezene-1,4-dicarboxylic acid

(H2BDC) (0.8 g, 4.82 mmol) was dissolved in 35 mL of DMF, and

this solutionwas added drop-wise to the former solutionwhile

stirring. The mixture was transferred to a 100-mL Teflon-lined

autoclave and heated at 150 �C for 15 h. The product was

separated by centrifugation and washed twice with DMF and

twice with methanol and then dried in vacuum oven at 80 �C.
ZnS@MIL-53(Fe) and CdZnS@MIL-53(Fe) were synthesized

by the in-situ introduction of pre-synthesized ZnS and CdZnS

into a host MOF. For this purpose, iron chloride hexahydrate

(1.21 g, 4.47 mmol) was dissolved in 25 mL DMF while stirring.

Meanwhile, a suspension of pre-synthesized nanoparticles

(ZnS or CdZnS)was prepared by sonicating 0.01 g nanoparticles

in 10 mL DMF, which was then poured into the above solution.

Benezene-1,4-dicarboxylic acid (H2BDC) (0.8 g, 4.82 mmol) was

dissolved in 35 mL DMF and added dropwise to the above

mixture while stirring. The mixture was transferred to a 100-

mL Teflon-lined autoclave and heated at 150 �C for 15 h.

Finally, the yellow/brown powders of both composites were

separated by centrifugation, washed twice with DMF and twice

with methanol and dried at 80 �C under vacuum for 12 h.

2.5. Heat treatment of MIL-53(Fe), ZnS@MIL-53(Fe) and
CdZnS@MIL-53(Fe)

MIL-53(Fe), ZnS@MIL-53(Fe) and CdZnS@MIL-53(Fe) decom-

posed by heating in air in a furnace at 520 �C. Typically, 0.5 g of

synthesized material was placed in an alumina crucible and

heated from room temperature to 520 �C at a rate of 6 �C per

minute. The material was kept at 520 �C for 2 h and cooled to

room temperature at 10 �C per minute (see Fig. 1).
of synthesis of CdZnS/Fe2O3.
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2.6. Fabrication of a working electrode

Electrochemical activity of the synthesized samples was

studied by preparing working electrodes of the samples on

nickel foam. A small piece (1 cm � 1 cm) of nickel foam was

washed with deionized water and acetone and dried at 100 �C
for 6 h. The sample (0.02 g) was mixed with a small amount of

water and ground using a pestle and mortar to obtain a paste,

which was spread uniformly on the Ni foam. This piece of

nickel foamwas used as a working electrode for OER analysis.

2.7. Electrochemical OER analysis

The electrochemical oxygen evolution test was carried out by

using NOVA potentiostate with a three-electrode setup.

Catalyst@Ni-foam was used as the working electrode, Pt wire

as the counter electrode and Ag/AgCl as the reference elec-

trode in 1.0 M KOH solution as the electrolyte. Cyclic voltam-

metry (CV) and linear sweep voltammetry were studied to

analyze the electrochemical OER. CV was performed at a scan

rate of 50 mVs�1. All the data were converted to the reversible

hydrogen electrode (RHE) according to the following equation

[33]:

ERHE ¼ EAg/AgCl /Sat. KClþ 0.059 pH þ 0.197 (1)

The overpotential (Ƞ) of OERwas calculated by equation (2):

Ƞ ¼ ERHE -1.23 (2)

A Tafel plot was used to calculate the Tafel slope according

to equation (3):

Ƞ ¼ a þ b log j (3)

where Ƞ is overpotential, j current density and b the Tafel

slope.

2.8. Degradation of photocatalytic dye

In a typical procedure, 47.9mg of Rhodamine Bwere dissolved

in deionized water to make 1.0 L dye solution. Rhodamine B

solution (100 mL) was poured into a flask and 0.02 g of the

photocatalyst was added. The mixture was poured into a

photoreactor while stirring continuously for 30 min in the

dark. Three milliliters of suspension were taken and the solid

particles were removed by filtering; absorbancewasmeasured

with a spectrophotometer at 554 nm. The dye solution was

then illuminated with a 500 W tungsten lamp while stirring.

The suspension (3 mL) was removed from the reactor at 10-

min intervals and absorbance was measured. This procedure

was repeated for 80 min.

2.9. Characterization

The synthesized materials were characterized by PXRD, FTIR,

and SEM. PXRD was taken by means of a Bruker D8 advance

diffractometer, in a 2q range of 4�e70�at a Cu Ka radiation of

l¼ 1.5406�A, and a LYNXEYE XEdetector. The operating voltage

and the current of the X-ray tube were 40 kV and 40 mA,
respectively. Functional group identification was done by FTIR

spectrometry (Nicolet Nexus 870) at a wavenumber of

400e4000 cm�1. The BrunauereEmmetteTeller (BET) surface

area of the sampleswas determined bymeasuring the nitrogen

sorption isotherms at 77 K on a Micromeritics Tristar II

analyzer. Before starting themeasurements, the samples were

activated under vacuum at 120 �C for 24 h [23]. The pore size

distribution was calculated by the BarretteJoynereHalenda

(BJH) method through the adsorption branch [34]. A scanning

electron microscope (SEM), JSM-7100F JEOL, with carbon-

coated samples, was used to study the morphology and size

of the synthesized materials.
3. Results and discussion

3.1. Powder X-ray diffraction

Fig. 2 shows Powder X-ray Diffraction (PXRD) patterns of the

synthesized samples as well as of their thermally treated de-

rivatives. Fig. 2(a) reveals that the diffraction peaks for MIL-53

(Fe) are well matched with the simulated pattern of MIL-53

(Fe). Major diffraction peaks at 2q; 9.24�, 12.40�, 17.01�, 25.50�

and 27.31� with hkl values of (200), (120), (212), (240) and (141),

respectively, are in good agreement with the reported pattern

[CCDC No. 690316] [35]. However, there was small variation in

some of the peaks as well as in the PXRD patterns due to the

flexible nature of MIL-53(Fe) [36]. The diffraction pattern for

MIL-53(Fe) is more pronounced than that of the incorporated

nanoparticles in ZnS@MIL-153(Fe) and CdZnS@MIL-53 (Fe).

Fig. 2(b) shows that bare MOF MIL-53(Fe) decomposes to Fe2O3

nanoparticles, as expected, because MIL-53 (Fe) contains a

[Fe(OH)(COOH)6] central metallic cluster linked to the BDC

ligand. The organic part decomposes to carbon dioxide and

water, leaving behind Fe2O3 as the final product. All the

diffraction peaks at 2q, i.e., 24.11�, 33.14�, 35.6�, 40.8�, 49.6�,
54.1� and 62.4� with hkl values of (012), (104), (110), (113), (024),

(116) and (214), respectively, are in good agreement with the

reported pattern [ICSD No. 201096] as well as with the simu-

lated pattern of the Fe2O3 nanoparticles [37]. In the case of the

thermally degraded ZnS@MIL-53 (Fe) and CdZnS@MIL-53 (Fe)

it was assumed that composites of ZnS/Fe2O3 and CdZnS/

Fe2O3 would be obtained [38].

However, the PXRD patterns of the derivatives of ZnS@MIL-

53(Fe) and CdZnS@MIL-53 (Fe) reveal that all the diffraction

peaks are indexed to Fe2O3 and peaks; there are no visible

peaks for the ZnS and CdZnS nanoparticles. This is because

there are only a very small number of ZnS and CdZnS nano-

particles and they are masked by Fe2O3.

3.2. Fourier transfer infrared spectroscopy (FTIR)

Fig. 3(aeb) presents the FTIR spectra of the synthesized ma-

terials. In the FTIR spectrum of bare MOF MIL-53(Fe) (Fig. 3(a))

there are two dominant peaks at 1592 and 1383 cm�1 due to

asymmetric (CeO) and symmetric (CeO) vibrations, respec-

tively. Another vibrational peak is observed at 1678 cm�1 as a

result of the stretching vibrations of the C]O of carboxylate

ligand. A sharp peak at 745 cm�1 is due to the CeH bending

vibrations of the benzene ring [39]. The peak at 542 cm�1

https://doi.org/10.1016/j.ijhydene.2023.09.208
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Fig. 2 e PXRD patterns of (a) original MOFs (MIL-53(Fe), ZnS@MIL-53(Fe) and CdZnS@MIL-53(Fe)) and (b) MOF derivatives

(Fe2O3, ZnS/Fe2O3 and CdZnS/Fe2O3).
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corresponds to the Fe-oxo cluster of MIL-53(Fe) [40]. Fig. 3(b)

represents the FTIR spectra of MIL-53(Fe), ZnS@MIL-53 (Fe)

and CdZnS@MIL-53 (Fe) after heat treatment and the conver-

sion to Fe2O3, ZnS/Fe2O3 and CdZnS/Fe2O3, respectively. These

spectra contain a strong vibrational peak at 543 cm�1 and a

weak vibrational peak at 695 cm�1 due to the stretching vi-

brations of FeeO indexed to the Fe2O3 nanoparticles [41,42].

3.3. Scanning electron microscopy

The morphology of all the synthesized materials was studied

by scanning electron microscopy. Fig. 4(a-f) gives the SEM

images of all the synthesized materials before and after

heating. Fig. 4(a) presents the SEM image of bare MIL-53(Fe); it

shows that it grew as well-defined and uniformly distributed

tetrahedral crystals. However, after incorporation of ZnS and

CdZnS, there are variations in the shape and size of the

crystals (Fig. 4(bec)), while, after heat treatment, all the
Fig. 3 e FTIR spectra of (a) original MOFs, MIL-53(Fe), ZnS@MIL-5

ZnS/Fe2O3 and CdZnS/Fe2O3.
materials have an irregular block shape with a slight

agglomeration (Fig. 4(def)).

3.4. Surface area and pore size distribution

The porosity of MIL-53(Fe), ZnS@MIL-53(Fe) and CdZnS@MIL-

53(Fe) was studied by means of liquid nitrogen adsorption

under standard conditions. An adsorption/desorption (BET)

isotherm was measured for MIL-53(Fe), ZnS@MIL-53(Fe) and

CdZnS@MIL-53(Fe), thus depicting the mesoporosity of the

sample (Fig. 5). The BET surface area of 14.6 m2/g, 10.2 m2/g

and 5.9 m2/g was found for MIL-53(Fe), ZnS@MIL-53(Fe) and

CdZnS@MIL-53(Fe), respectively. The adsorption/desorption

isotherms exhibit a slight hysteresis loop with condensation

under a relative P/P0 pressure of 0.0e1.0; the shape of the

curves suggests the mesoporous structure of the synthesized

materials. This phenomenon is often referred to as the Ten-

sile Strength Effect (TSE) [43,44]. A cumulative pore volume of
3(Fe) and CdZnS@MIL-53(Fe), and (b) MOF derivatives Fe2O3,

https://doi.org/10.1016/j.ijhydene.2023.09.208
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Fig. 4 e SEM images of (aec) original MOFs MIL-53(Fe), ZnS@MIL-53(Fe) and CdZnS@MIL-53(Fe) and (def) MOF derivatives

Fe2O3, ZnS/Fe2O3 and CdZnS/Fe2O3.
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19.3, 18.8 and 7.4 cm3/mgwas found for MIL-53(Fe), ZnS@MIL-

53(Fe) and CdZnS@MIL-53(Fe), respectively. The results are in

good agreement with the findings derived from the
Fig. 5 e Nitrogen adsorption-desorption isotherms of (a) M
adsorption/desorption isotherm in Fig. 5, which is indicative

of a mesoporous structure. Table 1 lists the BET and BJH

parameters.
IL-53(Fe), (b) ZnS@MIL-53(Fe) and (c) CdZnS@MIL-53(Fe)

https://doi.org/10.1016/j.ijhydene.2023.09.208
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Table 1 e BET and BJH parameters.

No. Parameter MIL-53(Fe) ZnS@MIL-53(Fe) CdZnS@MIL-53(Fe)

1 Single-point surface area at P/Po m2/g 14.19 9.91 5.91

2 BET surface area m2/g 14.64 10.21 6.13

3 t-Plot external surface area m2/g 13.64 7.49 2.87

4 BJH adsorption cumulative surface area of pores m2/g 7.64 3.16 1.69

5 BJH desorption cumulative surface area of pores m2/g 11.46 5.94 3.44

6 BJH adsorption cumulative volume of pores cm3/mg 19.30 18.82 7.37

7 BJH desorption cumulative volume of pores cm3/mg 19.87 21.18 8.88

8 Adsorption average pore width (4V/A by BET) nm 11.02 23.84 28.53

9 Desorption average pore width (4V/A by BET) nm 8.34 14.26 15.94

9 BJH adsorption average pore diameter (4V/A) nm 5.27 5.18 4.81

10 BJH desorption average pore diameter (4V/A) nm 5.43 6.02 5.79
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3.5. Electrochemical analysis of the oxygen evolution
reaction (OER)

To investigate the oxygen evolution reaction (OER), cyclic vol-

tammetry (CV) and linear sweep voltammetry (LSV) were per-

formed at 10 and 1mVs�1, respectively. Fig. 6 (a-b) shows cyclic

voltammetric curves of MIL-53(Fe), ZnS@MIL-53 (Fe) and

CdZnS@MIL-53 (Fe) and their derivatives after thermal degra-

dation. Of these threeMOFs, CdZnS@MIL-53(Fe)/NF generates a

maximum current density (577 mAcm�2) at 2 V applied po-

tential (vs RHE) as compared to bare-MOF MIL-53(Fe)/NF (205

applied potential vs. RHE). The better OER activity of
Fig. 6 e CV and LSV curves of (a,c) original MOFs MIL-53(Fe), Zn

derivatives Fe2O3, ZnS/Fe2O3 and CdZnS/Fe2O3.
CdZnS@MIL-53(Fe)/NF compared to the other synthesized

materials is due to the formation of a heterojunction between

the incorporated CdZnS and MIL-53(Fe), which reduces the

electron-hole pair recombination, increases charge separation

and enhances OER catalytic activity. Fig. 6 (b) shows the CV

curves of the derivatives of the MOFs after heat treatment. The

derivative of CdZnS@MIL-53(Fe), which was converted to

CdZnS/Fe2O3), shows maximum activity after heat treatment

due to the formation of a CdZnS/Fe2O3 heterojunction. The

latter generates a maximum current density of 612 mAcm�2 at

2 V applied potential (vs RHE) compared to the other decom-

posed products. Fig. 6 (c-d) represents the LSV curves of all the
S@MIL-53(Fe) and CdZnS@MIL-53(Fe) and (b, d) MOF

https://doi.org/10.1016/j.ijhydene.2023.09.208
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synthesized materials. CdZnS@MIL-53(Fe)/NF shows the

lowest onset potential and generates maximum current den-

sity compared to the other MOFs. It requires a very low over-

potential (95 mV) to deliver 10 mAcm�2 current density

compared to MIL-53(Fe)/NF (210 mV) and ZnS@MIL-53(Fe)/NF

(112 mV). Similarly, the derivative of CdZnS@MIL-53(Fe),

which converted to CdZnS/Fe2O3, shows the same behavior

as the other decomposed derivatives. It requires very low over-

potential (90 mV) to deliver 10 mAcm�2 current density as

compared to Fe2O3 (204 mV) and ZnS/Fe2O3 (115 mV).

Fig. 7 illustrates the basic mechanism of water splitting. In

basic medium the oxygen evolution reaction, which is a half

reaction of water splitting, takes place at the anode (working

electrode). A four-step mechanism is proposed for oxygen

evolution at the surface of the working electrode. During ox-

ygen evolution three crucial intermediates (MOH, MO and

MOOH) form as shown in Fig. 7(a) [45].
Fig. 7 e (a) OER mechanism of the electrocatalytic oxygen evolut

the electrochemical cell for the oxygen evolution reaction.

Table 2 e Comparison of OER of Fe-based catalysts in 1 M KOH

Catalyst Electrolyte

NiS@MOF-5 1.0 M KOH

CoOx/UiO-66-300 1.0 M KOH

NiO/UiO-66-300 1.0 M KOH

21 wt% W CoMoO4 1.0 M KOH

CoWO4/GC 1.0 M KOH

CoWO4/Ni 1.0 M KOH

Co0.5Mn0.5WO4 1.0 M KOH

FeCoNiOx/NF 1.0 M KOH

CS-NiFe0.10Cr0.10 on Cu 1.0 M KOH

NiCo2O4/NiO 1.0 M NaOH

NeNiFeOOH 1.0 M KOH

Co@Co3O4 from ZIF-67 0.1 M KOH

Co3O4/NPC derived from ZIF-67/COF 1.0 M KOH

NiFe-NS 1.0 M KOH

FeNi NPs in N-doped carbon nanotubes 1.0 M KOH

CoP@RGO 1.0 M KOH

CeO2/C 1.0 M KOH

CoO/Ce2O3@NH2-UiO-66 1.0 M KOH

RuO2 Nanoparticles 1.0 M KOH

IrO2 1.0 M KOH

CdZnS@MIL-53(Fe) 1.0 M KOH

CdZnS/Fe2O3 1.0 M KOH
M þ OH� / MOH (4)
MOH þ OH� / MO þ H2O (5)

MO þ OH� / MOOH þ e� (6)

MOOH þ OH� / M þ O2 þ H2O þ e� (7)

The figure indicates that evolution of oxygen gas and the

formation of water take place at the surface of the anode.

As shown in Fig. 7(b) Hþ is transferred to the counter elec-

trode by an electrolyte and then undergoes reduction, resulting

in the evolution of hydrogen gas. Considerable bubbling of the

oxygen and hydrogen gas is also observed at the surface of the

workingelectrodeandthecounterelectrode, respectively.Based

onthedata inTable2, it ispossible tocompare theOERactivityof

the synthesized samples with other materials.
ion reaction in basic medium and (b) schematic diagram of

.

Overpotential (h10) (mV) Reference

170 [24]

283 [46]

291.6 [46]

680 [47]

388 [48]

336 [48]

400 [49]

203 [50]

200 [51]

360 [52]

320 [53]

410 [54]

330 [55]

304 [56]

300 [57]

280 [58]

297 [59]

212 [60]

275 [61]

330 [62]

95 This Work

90 This Work
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Fig. 8 e (a) Absorbance of light by of Rhodamine B samples after adding MIL-53(Fe), ZnS@MIL-53(Fe), CdZnS@MIL-53(Fe),

Fe2O3, ZnS/Fe2O3 and CdZnS/Fe2O3 for 80 min and (b) % photodegradation of Rhodamine B after 80 min.
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3.6. Photocatalytic degradation of Rhodamine B

Photocatalytic degradation of Rhodamine B under 500W

tungsten-lamp irradiation was studied to determine the

photocatalytic activity of the prepared samples of MIL-53(Fe),

ZnS@MIL-53(Fe), CdZnS@MIL-53(Fe) and their derivatives. The

change in absorbance intensity at the characteristic wave-

length (554 nm) of a Rhodamine B solution was measured by

an UVevisible spectrophotometer. Fig. 8(a) shows the optical

absorption of Rhodamine B dye solution using synthesized

samples as photocatalysts. The measured absorbance

decreased over time for all the samples, indicating the

degradation of Rhodamine B. Similarly, the color of Rhoda-

mine B changed over time for all the solutions. In the presence

of MIL-53(Fe), the absorbance of light by the Rhodamine B dye

solution decreased from 2.75 (a.u) to 1.85 (a.u) after 80 min.

The absorbance of light by the ZnS@MIL-53(Fe), CdZnS@MIL-

53(Fe), Fe2O3, ZnS/Fe2O3 and CdZnS/Fe2O3 samples was 1.32,

1.32, 0.84 and 0.67 (a.u), respectively. The maximum photo-

catalytic degradation efficiency of the CdZnS/Fe2O3 photo-

catalyst showed the least absorption of the Rhodamine B dye

solution. Furthermore, the percentage of photodegradation of
Table 3 e Comparison of % photodegradation of Rhodamine B b
other photocatalytic materials.

Material Time Catalyst Dosage

Fe@Fe2O3 12 h 0.2 g/L

GR/MIL-53(Fe) 60 min 0.4 g/L

Cu/Al2O3/g-C3N4 120 min 1 g/L

BiMnO3/H2O2 assisted 55 min 5 ppm

C, NeTiO2 90 min 3.6 g/L

TiO2 on a b-SiC 120 min Four foams

CdS/MIL-53(Fe) 120 min 0.5 g/L

Co/Fe-MOF 120 min 0.05 g/L

CdZnS@MIL-53(Fe) 80 min 0.2 g/L

CdZnS/Fe2O3 80 min 0.2 g/L
all the synthesized materials was calculated according to the

following formula

% D ¼ (Ao -At) / Ao x 100 (8)

where Ao ¼ Initial Absorbance and At¼ Final Absorbance

after 80 min. The calculated % photodegradation of Rhoda-

mine B by MIL-53 (Fe), ZnS@MIL-53(Fe), CdZnS@MIL-53(Fe)

was 39, 45 and 51%,respectively. This shows that the

incorporation of ZnS and CdZnS into Fe-based MOF in-

creases the efficiency of photodegradation of Rhodamine B

as a result of the formation of a heterojunction and the

synergistic effect. The derivatives of these materials, ob-

tained after thermal degradation, show better photo-

catalytic activity: 56, 69 and 75% photodegradation of

Rhodamine B for the samples Fe2O3, ZnS/Fe2O3 and CdZnS/

Fe2O3, respectively. Thus, CdZnS/Fe2O3 is the most efficient

photocatalyst due to an acceptable band gap, the maximum

use of visible light and a reduced recombination of electron-

hole pairs. Based on the data in Table 3, it is possible to

compare the photocatalytic activity of the synthesized

samples with other materials.
y CdZnS@MIL-53(Fe) and its derivative, CdZnS/Fe2O3, with

PhB Concentration %Degradation References

15 mg/L 95 [63]

20 mg/L 41.6 [64]

20 mg/L 96 [65]

10 ppm 90 [66]

20 mg/L 94 [67]

100 ppm 90 [68]

10 mg/L 92.5 [69]

14.3 mg/L 92 [70]

47.9 mg/L 51 This work

47.9 mg/L 75 This work
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3.7. Proposed mechanisms of photodegradation of
Rhodamine B

CdZnS@MIL-53(Fe) and its thermally decomposed derivative

were found to be the most efficient photocatalysts for the pho-

todegradation of Rh B. Furthermore, the derivative of

CdZnS@MIL-53(Fe) after heat treatment shows better photo-

catalytic activity due to the formation of the CdZnS/Fe2O3 het-

erojunction. In CdZnS/Fe2O3, the band gap of Fe2O3 is 2.1 eV and

thevaluesof thevalenceband (VB) and theconductionband (CB)

are 2.43 and 0.33 eV, respectively [71]. On the other hand, the

band gap of CdZnS is 3.0 eV and its VB and CB edges are present

at 1.96 and �1.04 eV, respectively [72]. CB of CdZnS is more

negative than CB of Fe2O3. Thus, under solar illumination, elec-

trons are transferred from theVB of CdZnS to the CBand then to

the conduction band of Fe2O3. Similarly, holes produced in the

VBofFe2O3migrate toward theVBofCdZnS.Thus, the formation

of a heterojunction increases charge separation and reduces the

rateof recombinationof electron-holepairs. Theelectrons in the

CB of Fe2O3 react with O2 to form O2
�, because the potential of

O2/O2
�O2

� is�0.33 eV vsNHE [73] and theholes inVB reactwith

water and convert OH� to OH (þ2.40 eV vs NHE) [74].

These highly reactive species react with Rh B and convert it

to smaller products and, finally, to H2O and CO2, while in the

CdZnS@MIL-53(Fe) heterojunction, the band gap of MIL-53(Fe)

is 2.83 eV and its VB and CB edges are at �0.36 and 2.47 eV,

respectively. The CB of CdZnS is more negative than MIL-

53(Fe). Thus, under solar illumination, the electrons jump

from the VB of CdZnS to the CB and then to the CB of MIL-

53(Fe). The VB and holes are transferred from the VB of

MIL-53(Fe) to the VB of CdZnS. These heterojunctions improve

the activity of CdZnS/Fe2O3 compared to CdZnS@MIL-53(Fe)

because the CB potential (�0.31 eV) of Fe2O3 is closer to the

standard redox potential (E�(O2/O2
$�) ¼ � 0.33 eV and

E�(O2/HO �) ¼ � 0.05 eV) compared to the CB potential

(�0.36 eV) of MIL-53(Fe). Thus, the electrons in the CB of Fe2O3

reduce the dissolved oxygen to superoxide anionic radicals of

O2
$�much better than the CB of CdZnS@MIL-53(Fe); these

radicals further oxidize the H2O to hydroxyl radicals (OH).

These highly active species oxidize the Rh B to CO2 and H2O.

Further mechanism of photodegradation in detail, can be

shown in below Equations;

CdZnS@Fe2O3 þhv / CdZnS (hþ)/ Fe2O3 (e
�) (9)

e� (Fe2O3) þ O2 / O2
$� (10)

hþ (Fe2O3) þ H2O / OH þ Hþ (11)

O2�þ OH þ Rh B / Smaller molecules þ H2O (12)

3.8. Effect of incorporation of NPs on morphology and
photocatalytic (electrochemical) activity of MIL-53(Fe)

As the SEM image shows, the bareMIL-53(Fe) grewwith clearly

defined and uniformly distributed polygonal crystals. It has a

similar morphology after the in-situ incorporation of ZnS and

CdZnS. The incorporation of ZnS and CdZnS into MIL-53(Fe)

results in crystals with rougher surfaces. The incorporation
of ZnS and CdZnS into MOF MIL-53(Fe) leads to the develop-

ment of the heterojunction and increases the electrocatalytic

activity of MOF in the oxygen evolution reaction. This type of

heterojunction was recently developed by Lu et al., who syn-

thesized the efficient OER catalyst NiS@MOF-5, which deliv-

ered 10mAcm�2 current density at a very low overpotential of

174 mV [24]. In another study the g-C3N4@MIL-125(Ti)/NF

heterojunction delivered 10 mAcm�2 current density at just

173 mV overpotential for the OER [75]. Our synthesized MIL-

53(Fe)/NF requires 210 mV overpotential to deliver 10

mAcm�2 current density. The UiO-66/MoS2 hybrid delivers 10

mAcm�2 current density at just 180 mV overpotential for the

OER [76], while the ZnS@MIL-53(Fe)/NF and CdZnS@MIL-

53(Fe)/NF require an ultralow overpotential of 112 and 95 mV

to deliver 10mAcm�2 current density compared to MIL-53(Fe)/

NF. The better OER activity of CdZnS@MIL-53(Fe)/NF

compared to the other synthesized materials is due to the

formation of the heterojunction between the incorporated

CdZnS and the central metallic cluster of MIL-53(Fe), which

reduces the electron-hole pair recombination, increases the

charge separation and enhances the OER catalytic activity.

Moreover, the synthesized samples MIL-53(Fe), ZnS@MIL-

53(Fe) and CdZnS@MIL-53(Fe) showed potential activity for the

photocatalytic degradation of Rhodamine B, which was

investigated under solar irradiation (Fig. 8). The calculated

percentage of the photodegradation of Rhodamine B byMIL-53

(Fe), ZnS@MIL-53(Fe) and CdZnS@MIL-53(Fe) was 39, 45 and

51% respectively. This shows that the incorporation of ZnS

and CdZnS into the Fe-based MOF increases the photo-

degradation of Rhodamine B as a result of the formation of a

heterojunction and the synergistic effect. Hu et al. used the

deposited CdS nanoparticles on MIL-53(Fe) for the photo-

catalytic degradation of Rhodamine B. Photodegradation of

RhB was 92.4% after 120 min after addition of the catalyst:

0.5 g/L and Rhodamine B: 10mg/L solution [69]. Tran et al. used

the bimetallic Co/Fe-MOF for the photocatalytic degradation

of Rhodamine B. Photodegradation of RhB was 92% 120 min

after adding the catalyst: 0.05 g/L and Rhodamine B 14.3 mg/L

solution [70]. In our experiment, the % photodegradation of

RhB was determined after 80 min reaction time after adding

the catalyst: 0.2 g/L and Rhodamine B: 47.9mg/L solution. This

indicates that our samples have better photocatalytic activity

compared to the samples in other reported studies.

3.9. Effect of heat treatment on morphology and
photocatalytic (electrochemical) activity of MIL-53(Fe)

The effect of heat treatment on morphology is clearly visible

in the SEM images of MIL-53(Fe), ZnS@MIL-53(Fe) and

CdZnS@MIL-53(Fe) (Fig. 4(d-f)). After heat treatment, all the

materials had an irregular and distorted block-like shape with

slight agglomeration. This indicates that the MOF structures

were distorted, resulting in the formation of Fe2O3 and its

heterojunctions with incorporated nanoparticles. The heter-

ojunction between the incorporated nanoparticles and Fe2O3

derived fromMOF increased the electrocatalytic activity of the

oxygen evolution reaction. Nazar et al. derived cerium oxide/C

from the metal organic framework, delivering 10 mAcm�2

current density at low overpotential of 297mV [59]. In another

study the FeNi alloy nanoparticles encapsulated in N-doped

https://doi.org/10.1016/j.ijhydene.2023.09.208
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carbon nanotubeswere obtained by thermal decomposition of

ZIF-MOF. The current density reached 10 mAcm�2 at 300 mV

overpotential for OER [57]. However, Charles et al. found that

the OER activity of the CoOx/UiO-66 and NiO/UiO-66 hetero-

structures decreased upon heat treatment due to the collapse

of the MOF structure [46]. Our synthesized MIL-53(Fe)/NF

required 210 mV overpotential to deliver 10 mAcm�2 current

density, which decreased to 204 mV in the derivative Fe2O3,

while ZnS/Fe2O3 and CdZnS/Fe2O3 required an ultralow over-

potential of 115 and 90mV, respectively, to deliver 10mAcm�2

current density compared to Fe2O3. The better OER activity of

CdZnS/Fe2O3 in comparison to the other materials is due to

the formation of a heterojunction between the incorporated

CdZnS and Fe2O3, which reduces the recombination of the

electron-hole pairs, increases the charge separation and en-

hances the OER catalytic activity. The incorporation of nano-

particles and heat treatment strongly enhanced the OER

activity of Mil-53(Fe), thus making it far better than other OER

electrocatalysts. Panda et al. developed Fe2O3/MIL-53(Fe) and

Fe2O3 by partial and complete decomposition of MIL-53(Fe);

these catalysts were more effective for photocatalytic degra-

dation [77]. Thus, the heat treatment of MIL-53(Fe), ZnS@MIL-

53(Fe) and CdZnS@MIL-53(Fe) resulted in the derivatives

Fe2O3, ZnS/Fe2O3 and CdZnS/Fe2O3, respectively, with better

activity for the photocatalytic degradation of Rhodamine B

(Fig. 8). In heat-treated products, heterojunctions develop

between the incorporated materials (ZnS and CdZnS) and

Fe2O3. This facilitates electron transfer at the interface and

reduces the charge recombination, resulting in better photo-

catalytic activity. After 80 min reaction time after the addition

of the catalyst (0.2 g/L and Rhodamine B: 47.9 mg/L solution),

the calculated % photodegradation of Rhodamine B by Fe2O3,

ZnS/Fe2O3 and CdZnS/Fe2O3 was 56, 69, 75%, respectively. This

indicates that the heterojunction between CdZnS and Fe2O3

and the synergistic effect increases the photodegradation ef-

ficiency of Rhodamine B.
4. Conclusion

In summary, CdZnS@MIL-53(Fe) and its derivative CdZnS/

Fe2O3 are highly active and stable electrocatalysts for oxygen

evolution. The better OER activity of CdZnS@MIL-53(Fe)/NF

and CdZnS/Fe2O3 is attributed to the formation of a hetero-

junction between the incorporated CdZnS and the iron-

containing metal-organic framework MIL-53(Fe) or Fe2O3.

This heterojunction reduces the recombination of the

electron-hole pairs, increases the charge separation and en-

hances the OER catalytic activity by delivering the 10mA cm�2

current density at ultralow overpotential. Moreover, the OER

activity of CdZnS@MIL-53(Fe) and its derivative CdZnS/Fe2O3

is at an acceptable level among the reported electrocatalysts.

This work demonstrates the necessity for developing highly

active catalysts for OER because they are more effective than

current catalysts. CdZnS/Fe2O3 was effective in the photo-

degradation of Rhodamine B (up to 75% in just 80min reaction

time). We anticipate that a facile method of synthesizing

highly efficient catalysts by in-situ incorporation and heat

treatment will lead to new routes for water splitting and the

photodegradation of organic dyes.
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