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Abstract
This paper reported an environmentally benign strategy for the synthesis of a magnetic metal–organic framework  (Fe3O4@
Ni–Co-BTCNPs) via a multi-step procedure. The catalytic performance of  Fe3O4@Ni–Co-BTCNPs was evaluated in the 
selective aerobic oxidation of alcohol substrates (including primary and secondary aliphatic and benzylic alcohols) in water 
and under solar light irradiation.
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Graphic Abstract
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1 Introduction

Catalytic oxidation of organic compounds into useful prod-
ucts has been considered as one of the most essential organic 
reaction [1]. Amongst them, selective oxidation of alcohols 
into their corresponding carbonyl compounds (aldehydes/
or ketones) is one of the most fundamental and important 
yet immature processes in chemical industries and labora-
tory researches since carbonyl compounds and their deriva-
tives are important building blocks for producing perfumes, 

agricultural chemicals, and other fine chemicals [2–4]. Up to 
now, numerous methods and reagents have been developed 
for selective alcohol oxidation [5–9]. Traditional methods 
suffer from some troublesome issues such as using stoichio-
metric amounts of heavy metal reagents, moisture sensitive 
expensive oxidants and environmentally undesirable media 
which render them impractical [10, 11]. It would be ideal if 
this transformation (alcohol oxidation) can be performed by 
means of air as the benign oxidant (which denoted as aero-
bic oxidation) under ambient pressure conditions in a green 
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solvent like water. Generally, in aerobic oxidation reactions 
the only by product is water which is resulted using inex-
pensive and abundant molecular oxygen. Very few reports 
are available in the literatures for aerobic oxidation of alco-
hols in water [12–14]. On account of the potential research 
values of selective aerobic oxidation of alcohols (to alde-
hydes/or ketones) as an economical way [15–17], it is highly 
demanded to develop a safe and green protocol that could 
be feasible in water promoted by a heterogeneous catalyst. 
To achieve the above said goal and from both economic and 
environmental point of view, development of photocatalysis 
technology has provided a possibility for pollution control 
and development of renewable and green energy based trans-
formations [1]. Photocatalytic oxidation reaction by direct 
use of solar radiation as a free and clean energy source has 
been proven to be a more economical, green, effective and 
scientific method [18–22]. The renewable, abundant and 
clean features as well as remarkable potential of solar light 
for driving environmentally benign chemical reactions make 
it as the most promising selection to meet energy require-
ments in chemical processes [23–25]. Using light irradiation 
avoids undesirable by products formation present at higher 
temperatures through performing chemical reaction at room 
temperature instead of high-temperature [26]. Therefore, it 
is crucially important to develop an environmental friendly 
heterogeneous photocatalyst with controllable performance 
and selective photocatalytic activity in alcohol oxidation. 
Photocatalysts as an environmentally benign catalysts have 
attracted tremendous interests due to their numerous poten-
tial applications in hydrogen production [27], dye degrada-
tion [28] and water splitting [29]. So far, more and more 
photocatalysts such as  TiO2, sulfide semiconductors and 
metal organic frameworks have been developed for the oxi-
dation of alcohols [30–33]. Among them, metal organic 
frameworks (MOFs) as a new class of highly porous material 
with uniform pore structure (constructed by self-assembly 
of metal ions and organic linkers) have attracted extensive 
attention. The rapid development of MOFs chemistry can be 
attributed to their attractive structures and topologies as well 
as their applications in various areas including gas storage, 
separation, molecular sensing and catalysis [34–36]. How-
ever, development of photocatalysts with new structure and 
solar light photocatalytic activity is still a great challenge.

Considering all the aforementioned potential benefits and 
pitfalls, herein, we planned to report a novel, highly effi-
cient, reusable and environmentally friendly photocatalyst 
for the selective aerobic oxidation of alcohols. To the best of 
our knowledge, the present investigation represents the first 
example of a highly photoactive magnetic core–shell metal 
organic framework catalyst for aerobic oxidation of alcohols 
in green media (water), under base free conditions and solar 
light irradiation. This study demonstrates an unprecedented 
strategy for the rational design of a magnetically separable 

Ni and Co-based framework catalyst. The as-synthesized 
 Fe3O4@Ni–Co-BTC NPs (Scheme 1) proved to be exqui-
site catalyst with significantly improved performance in the 
aerobic oxidation of alcohols towards the target products 
(Scheme 2). Besides, this oxidation methodology can be 
easily extended to the highly efficient oxidation of a broad 
substrate scope including primary and secondary benzylic 
and aliphatic alcohols. Furthermore,  Fe3O4@Ni–Co-BTC 
NPs can be facilely recycled by using an external magnetic 
field without a discernible decrease in its catalytic activity.

The Ni–Co-based framework nanostructured catalyst 
was prepared simply in a stepwise manner consists of two 
major steps (Scheme 1). Briefly, according to the strategy 
reported by Yang et al. [37], combination of  FeCl3∙6H2O, 
mercapto acetic acid (MAA) and sodium acetate through 
a solvothermal method leads to the formation of  Fe3O4@
MAA NPs (I) as a black solid. In the following step, a solu-
tion of Ni(NO3)2·6H2O and of Co(NO3)2·6H2O was added 
to the ethanolic solution of  Fe3O4@MAA NPs (I) [38, 39]. 
Accordingly, the assembly process was completed through 
the addition of an ethanolic solution of  H3BTC to the mix-
ture of  Fe3O4@MAA NPs (I) and metal ions. Subsequent 
placing in an oven at 150 °C for 12 h, gained  Fe3O4@Ni–Co-
BTC NPs (II) as a novel core–shell nanostructured catalyst.

2  Experimental

2.1  General

The purity determinations of the products and the progress 
of the reactions were accomplished by thin layer or col-
umn chromatography on silica gel polygram STL G/UV 
254 plates and GC-FID (Agilent 6890, Santa Clara, USA) 
device. The FT-IR spectra were recorded on an Avatar 
370 FT-IR Therma Nicolet spectrometer. X-ray powder 
diffraction (XRD) was performed on a PANalytical Com-
pany X’Pert Pro MPD diffractometer with Cu  Kα radiation 
(λ = 0.154 nm) radiation. BET surface area and pore size 
distribution were measured on a Quantachrome Instru-
ments version 2.2 at − 196 °C using  N2 as the adsorbate. 
Transmission electron microscopy (TEM) was performed 
with a EM10C-100 kV microscope (Zeiss, Germany). 
High resolution transmission electron spectroscopy (HR-
TEM) was performed by a JEM-2100F, JEOL microscope 
(Tokyo, Japan). FE-SEM images were recorded using a 
ZEISS, Model: SIGMA VP scanning electron microscope. 
Elemental compositions were determined using energy-
dispersive X-ray analysis (EDX) and EDX-mapping 
analysis with an Oxford Instrument. Thermogravimetric 
analyses (TGA) were carried out using a SDT Q600 V20.9 
Build 20 in the temperature range of 25–950 °C at a heat-
ing rate of 10 °C min−1, under air atmosphere. UV–Vis. 
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diffuse reflectance (DRS) spectra were obtained in air at 
room temperature in the 200–800 nm wavelengths range 
by means of a Shimadzu UV-2550 instrument (Japan). 
The magnetic property of catalyst was measured using a 
vibrating sample magnetometer (VSM, Magnetic Danesh 

Pajoh Inst). Inductively coupled plasma optical emission 
spectroscopy (ICP-OES) was carried out on a 76004555 
SPECTRO ARCOS ICP-OES analyzer. All yields refer to 
the isolated products after purification by thin layer or 
column chromatography.

Scheme 1  The synthetic route 
for the preparation of  Fe3O4@
Ni–Co-BTC NPs (II)

Scheme 2  Selective aerobic 
oxidation of alcohols using 
 Fe3O4@Ni–Co-BTC NPs (II)

R1 = Alkyl, Aryl
R2 = H, Alkyl, Aryl

O

R1 R2

OH

R1 R2

Fe3O4@Ni-Co-BTC NPs

oxygen air (open air), room temperature

Fe3O4
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2.2  Synthesis of  Fe3O4‑MAA NPs (I)

Solvothermal method was used to synthesis  Fe3O4-MAA 
NPs (I) [37]. This preparation method consists of solva-
tion of  FeCl3·6H2O (4 mmol, 1.08 g), mercapto acetic acid 
(MAA) (0.6 mmol, 0.052 g) and sodium acetate (0.1 mol, 
8.2 g) in 40 mL ethylene glycol orderly under violent agi-
tation at 60 °C. The obtained yellow mixture was trans-
ferred to a 50 mL Teflon lined stainless steel autoclave 
and heated at 200 °C for 12 h. Finally,  Fe3O4-MAA NPs 
(I) was separated by an external magnetic field, washed 
with deionized water (3 × 20 mL), ethanol (3 × 20 mL) and 
dried at 70 °C overnight.

2.3  Synthesis of  Fe3O4@Ni–Co‑BTC NPs (II)

The  Fe3O4@Ni–Co-BTC NPs (II) was prepared 
through a simple hydrothermal procedure [38]. In 
detail,  Fe3O4-MAA NPs (I) (0.06 g) was dispersed in 
ethanol (20 mL) for 30 min. Thereafter, a solution of 
3.5 mmol of Ni(NO3)2·6H2O (1.017 g) and 1.7 mmol of 
Co(NO3)2·6H2O (0.494 g) in 20 mL ethanol was added 
to the resulting suspension and dispersed for 1 h at 70 °C 
[39]. Eventually, 2.8 mmol of trimesic acid (0.588 g in 
20 mL ethanol) was added to the above suspension and 
the obtained mixture dispersed again for 1 h at 70 °C [39]. 
The well-mixed mixture was transferred into a 100 mL 
Teflon lined stainless steel autoclave and heated at 150 °C 
for 12 h. The obtained  Fe3O4@Ni–Co-BTC NPs (II) was 
separated by magnetic decantation, washed with ethanol 
for three times and dried at 60 °C overnight.

2.4  Synthesis of  Fe3O4@Ni‑BTC NPs/or  Fe3O4@
Co‑BTC NPs

The  Fe3O4@Ni-BTC NPs/or  Fe3O4@Co-BTC NPs MOF 
structure was synthesized by a hydrothermal procedure 
which described in the synthesis section of  Fe3O4@
Ni–Co-BTC NPs (II). Typically, to a suspension of 
0.06 g  Fe3O4-MAA NPs (I) in 20 mL ethanol (sonicated 
for 30 min), a solution of 5.2 mmol of Ni(NO3)2·6H2O 
(1.512 g)/or 5.2 mmol of Co(NO3)2·6H2O (1.513 g) in 
20 mL ethanol was added and then the mixture was dis-
persed for 1 h at 70 °C [39]. Then, a solution of trimesic 
acid (2.8 mmol, 0.588 g) in 20 mL ethanol was added 
to the resulting suspension. The resultant mixture was 
sonicated for additional 1 h at 70 °C [39]. The mixture 
was then transferred into a 100 mL Teflon lined stainless 
steel autoclave and kept at 150 °C for 12 h. At last, the 
black product was obtained, washed with ethanol for three 

times and dried at 60 °C overnight. The sample denoted as 
 Fe3O4@Ni-BTC NPs/or  Fe3O4@Co-BTC NPs.

2.5  Synthesis of Ni‑BTC MOF/or Co‑BTC MOF/or Ni–
Co‑BTC MOF

To a solution of 3.5 mmol of Ni(NO3)2·6H2O (1.017 g) and 
1.7 mmol of Co(NO3)2·6H2O (0.494 g) (or 5.2 mmol of 
Ni(NO3)2·6H2O (1.512 g)/or 5.2 mmol of Co(NO3)2·6H2O 
(1.513 g) for the synthesis of Ni-BTC MOF or Co-BTC 
MOF) in 40 mL ethanol, a solution of 2.8 mmol of trimesic 
acid (0.588 g in 20 mL ethanol) was added. The resulting 
mixture was dispersed for 1 h at 70 °C and then transferred 
into a 100 mL Teflon lined stainless steel autoclave and kept 
at 150 °C for 12 h. The obtained solids were washed with 
ethanol for three times and dried at 60 °C overnight to afford 
pure MOFs structure.

2.6  Typical Procedure for Aerobic Photocatalytic 
Oxidation of Benzyl Alcohol in the Presence 
of Ni‑BTC MOF or Co‑BTC MOF or Ni–Co‑BTC 
MOF or  Fe3O4@Ni‑BTC NPs or  Fe3O4@Co‑BTC NPs 
or  Fe3O4@Ni–Co‑BTC NPs (II)

A beaker glassware was charged by a mixture of benzyl 
alcohol (1 mmol, 0.108 g), catalyst (0.004 g, 1.28 mol% Ni: 
0.59 mol% Co) and water (10 mL). The oxidation reaction 
was performed at room temperature using oxygen air as oxi-
dant agent (open air) at atmospheric pressure. The beaker 
glassware was then placed under the outdoor solar light 
irradiation between 8 am to 3 pm (February to March 2019, 
in daily room temperature (20–27 °C)). Gas chromatogra-
phy (GC) was used to monitor the progress of the reaction 
(using n-decane as an internal standard). After completion 
of the reaction (3 h, 4 h and 6 h for  Fe3O4@Ni–Co-BTC 
NPs (II) (and Ni–Co-BTC MOF),  Fe3O4@Ni-BTC NPs 
(and Ni-BTC MOF) and  Fe3O4@Co-BTC NPs (and Co-BTC 
MOF), respectively), the nanostructured catalyst was sepa-
rated using an external magnetic field, washed with ethanol 
three times and dried in an oven at 60 °C overnight. The 
crude product was purified by thin layer chromatography 
(or column chromatography using an n-hexane/ethyl acetate 
(30:5) solvent mixture) using n-hexane/ethyl acetate (30:10) 
to afford pure benzaldehyde.

3  Results and Discussion

At the beginning of our research, the successful synthesis 
of  Fe3O4@Ni–Co-BTC NPs (II) was confirmed with ana-
lytic and spectroscopic analysis including Fourier transform 
infrared spectroscopy (FT-IR), X-ray powder diffraction 
(XRD), Brunauer, Emmett and Teller (BET) surface area 

Author's personal copy



112 A. Mohammadinezhad, B. Akhlaghinia 

1 3

analysis, transmission electron microscopy (TEM), high res-
olution transmission electron spectroscopy (HR-TEM), field 
emission scanning electron microscopy (FE-SEM), energy-
dispersive X-ray (EDX), energy-dispersive X-ray (EDX) 
elemental mapping, thermogravimetric analysis (TGA), 
UV–Vis. diffuse reflectance spectra (DRS),vibrating sam-
ple magnetometer (VSM) and inductively coupled plasma 
optical emission spectroscopy (ICP-OES). To compare the 
photacatalytic activity of Ni–Co-based MOF with Ni-MOF 
or Co-MOF,  Fe3O4@Ni-BTC NPs,  Fe3O4@Co-BTC NPs, 
Ni–Co-BTC MOF, Ni-BTC MOF and Co-BTC MOF were 
separately synthesized and characterized using FT-IR, XRD 
and UV–Vis. DRS spectroscopy. In the second part of this 
paper, the photocatalytic activity of the aforesaid nanostruc-
tured catalysts  (Fe3O4@Ni-BTC NPs,  Fe3O4@Co-BTC NPs, 
 Fe3O4@Ni–Co-BTC NPs (II), Ni–Co-BTC MOF, Ni-BTC 
MOF and Co-BTC MOF) was studied in the selective aero-
bic oxidation of alcohols under solar light irradiation.

Fourier transform infrared (FT-IR) spectroscopy was 
utilized to authenticate the structure of  Fe3O4-MAA NPs 
(I) (a),  Fe3O4@Ni-BTC NPs (b),  Fe3O4@Co-BTC NPs (c), 
 Fe3O4@Ni–Co-BTC NPs (II) (d) and Ni-Co-BTC MOF (f). 
The obtained results are shown in Fig. 1. As it is evident 
from Fig. 1a, the relatively strong absorption band located at 
579 cm−1 is assigned to the Fe–O vibration of  Fe3O4 NPs in 
the  Fe3O4-MAA NPs (I) structure [40]. The asymmetric and 
symmetric stretching vibrations of carbonyl (C=O) (the car-
boxylic acid groups) appeared as two weak absorption bands 
at 1627 and 1417 cm−1, respectively (Fig. 1a) [40]. In the 
FT-IR spectra of  Fe3O4@Ni-BTC NPs and  Fe3O4@Co-BTC 

NPs (Fig. 1b, c), four strong absorption bands at 1623, 1578, 
1444 and 1372 cm−1 could be attributed to the asymmetric 
and symmetric stretching vibrations of coordinated car-
boxylate groups with Ni or Co ions [41]. Furthermore, the 
absorption bands at 3595 and 3446 cm−1 which are ascribed 
to the O–H stretching vibration, inferring the existence of 
the coordinated water molecules in the MOF structure [42]. 
It is worth mentioning that all distinctive absorption bands in 
the FT-IR spectra of  Fe3O4@Ni-BTC NPs and  Fe3O4@Co-
BTC NPs, are the same as the absorption bands of  Fe3O4@
Ni-Co-BTC NPs (II) (Fig. 1d) [43–45]. Besides, in order to 
confirm the stability of Ni–Co-BTC MOF in the structure of 
 Fe3O4@Ni–Co-BTC NPs (II), the FT-IR spectrum of pure 
MOF was recorded (Fig. 1f). As it is evident from Fig. 1, the 
FT-IR spectrum of  Fe3O4@Ni–Co-BTC NPs (II) is com-
pletely similar to the FT-IR spectrum of Ni–Co-BTC MOF, 
indicating stability of MOF structure in the magnetic nano-
structured catalyst. According to the obtained results, now, it 
could be concluded that  Fe3O4@Ni-BTC NPs,  Fe3O4@Co-
BTC NPs,  Fe3O4@Ni–Co-BTC NPs (II) and Ni–Co-BTC 
MOFs are iso-structured and consequently show similar 
adsorption bands (Fig. 1b–d and f).

The phase purity and crystalline structure of 
 Fe3O4-MAA NPs (I) (a),  Fe3O4@Ni-BTC NPs (b), 
 Fe3O4@Co-BTC NPs (c) and  Fe3O4@Ni–Co-BTC NPs 
(II) (d) were confirmed via surveying the X-ray diffrac-
tion (XRD) patterns. As it is evident from Fig. 2a (A), the 
characteristic peaks at 2θ = 30.53° (2 2 0), 35.81° (3 1 1), 
43.54° (4 0 0), 54.08° (4 2 2), 57.34° (5 1 1), 63.28° (4 
4 0), and 74.62° (6 2 2) are related to the cubic structure 
of  Fe3O4 MNPs (Ref. Code: 98-001-7261). Furthermore, 
to confirm the crystalline stability of MOFs in the mag-
netic core–shell structure of catalysts, the XRD patterns 
of pure MOFs were recorded (Fig. 2b). As can be seen, 
due to similar crystalline structure of Ni-BTC MOF, Co-
BTC MOF and Ni-Co-BTC MOF, all of them exhibited the 
same XRD patterns (Fig. 2a–c (B)) [43–45]. In the case of 
 Fe3O4@Ni-BTC NPs and  Fe3O4@Co-BTC NPs, both of 
them show similar diffraction peaks at 2θ = 17.53° (2 2 0), 
18.71° (1 1 1) and 27.15° (2 0 2), which are in good agree-
ment with the reported literature [42] (Fig. 2b, c (A)). It 
is obvious that well defined diffraction peaks of  Fe3O4 
MNPs, Co-BTC MOF and Ni-BTC MOF are appeared in 
the XRD pattern of  Fe3O4@Ni-Co-BTC NPs (II), cor-
roborating the successful synthesis of bimetallic magnetic 
core–shell like nanostructured catalyst (Fig. 2d(A)). More-
over, no impurity peaks were detected in the XRD pattern 
of  Fe3O4@Ni–Co-BTC NPs (II), indicating the presence 
of both ion metals (Ni and Co species) did not change the 
original crystallinity of MOF structure. Interestingly, the 
particle size of MOF structures is dependent to the solvent 
content, according to the reported literature by Zhang et.
al.[44]. As a result, increasing in the ethanol content leads 

Fig. 1  FT-IR spectra of  Fe3O4-MAA NPs (I) (a),  Fe3O4@Ni-BTC 
NPs (b),  Fe3O4@Co-BTC NPs (c),  Fe3O4@Ni–Co-BTC NPs (II) 
(d), the 7th reused  Fe3O4@Ni–Co-BTC NPs (II) (e) and Ni-Co-BTC 
MOF (f)
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to broadening the X-ray diffractions. Hence, it could be 
concluded that due to using pure ethanol (in the synthetic 
procedures), the X-ray diffractions of  Fe3O4@Ni-BTC, 
 Fe3O4@Co-BTC and  Fe3O4@Ni–Co-BTC NPs (II) are 
broader and accordingly have a small nano-crystallite size. 

The crystalline size of  Fe3O4@Ni–Co-BTC NPs (II) was 
estimated using Debye–Scherrer’s equation to be 29 nm.

To further insights into the porous nature of  Fe3O4-MAA 
NPs (I) and  Fe3O4@Ni–Co-BTC NPs (II), the pore-size dis-
tributions and BET surface areas were measured using  N2 
adsorption–desorption analysis. Figure 3 shows the nitro-
gen adsorption–desorption isotherms and the corresponding 
curves of the pore size distribution (inset). As can be seen in 
Fig. 3a and c, both samples show typical type IV isotherms 
with a distinct hysteresis loop, reflecting the mesoporous 
structure, according to the IUPAC classification. The BET 
surface area of  Fe3O4-MAA NPs (I) and  Fe3O4@Ni–Co-
BTC NPs (II) are calculated to be around 9.20 and 12.39 
 m2 g−1, respectively (Table 1). It is noteworthy that the 
 SBET value of the as-synthesized  Fe3O4@Ni–Co-BTC NPs 
(II) is not high, which could explain by the rearrangement 

Fig. 2  XRD patterns of A  Fe3O4-MAA NPs (I) (a),  Fe3O4@Ni-BTC 
NPs (b),  Fe3O4@Co-BTC NPs (c),  Fe3O4@Ni–Co-BTC NPs (II) 
(d) and the 7th reused  Fe3O4@Ni–Co-BTC NPs (II) (e), B Co-BTC 
MOF (a), Ni-BTC MOF (b) and Ni–Co-BTC MOF (c)

Fig. 3  The nitrogen adsorption–desorption isotherms of  Fe3O4-MAA 
NPs (I) (a),  Fe3O4@Ni–Co-BTC NPs (II) (c) and the corresponding 
pore size distribution curves (inset) (b and d)
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of pores under thermal removal of solvent [46] as well as 
slight aggregation of nanoparticles in pure ethanol [44]. 
Notwithstanding the small particle size in pure ethanol, 
using this solvent is responsible for the dropped porosity 
[44]. The specific surface area of  Fe3O4@Ni–Co-BTC NPs 
(II) was slightly higher than that of  Fe3O4-MAA NPs (I), 
which confirmed the successful synthesized of Ni–Co-BTC 
MOF structure. The derived data including specific surface 
area, pore volume and pore size are summarized in Table 1. 
According to Table 1 and Fig. 3b and d, the mesoporous size 
distribution calculated from the adsorption branch of the 
nitrogen isotherm (using Barrett–Joyner–Halenda analysis) 
shows a relatively narrow range from 3.071 to 3.079 nm. 
From the above-mentioned results, we can deduce that the 
photocatalytic activity of the sample is not directly related 
to its specific surface area.

The size and morphology information of  Fe3O4@Ni–Co-
BTC NPs (II) were scrutinized using the field emission 
scanning electron microscopy (FE-SEM), transmission 
electron microscopy (TEM) and high-resolution transmis-
sion electron microscopy (HR-TEM). The results are shown 
in Fig. 4. As can be seen in Fig. 4a–d, the finally formed 
 Fe3O4@Ni–Co-BTC NPs (II) were composed of  Fe3O4 NPs 
core and a MOF shell, clearly demonstrated the formation 
of a core–shell structure with an average size of 10 to 47 nm 
(according to particle size distributions inset in Fig. 4a). In 
order to confirm the core–shell structure of  Fe3O4@Ni–Co-
BTC NPs (II), the HR-TEM images were provided. As 
it is evident in Fig. 4e and f, the  Fe3O4 NPs core is well 
encapsulated by the MOF shell. Furthermore, to further 
investigate the shape and morphology, the FE-SEM images 
were studied. Figure 4g clearly present the as-synthesized 
nanostructured catalyst with a microspherial morphology 
and uniform dispersion which mostly confirms the data 
obtained from TEM analysis. Additionally, as mentioned in 
the XRD section, the crystalline size of  Fe3O4@Ni–Co-BTC 
NPs (II) can be improved by using pure ethanol in the syn-
thetic procedure. Hereupon, the average crystal size of the 
as-synthesized MOF is estimated to be 31 to 44 nm which 
is very close to the particle size determined using XRD and 
TEM data.

To investigate the type of elements in  Fe3O4@Ni–Co-
BTC NPs (II), the energy-dispersive X-ray (EDX) technique 
was carried out. According to the data which are shown in 
Fig. 5, C, O, N, S, Fe, Ni and Co were present in the  Fe3O4@
Ni–Co-BTC NPs (II) composition.

Further investigation on the chemical composition of 
 Fe3O4@Ni–Co-BTC NPs (II) was done via surveying the 
EDX-mapping data which are given in Fig. 6. The EDX-
mapping results exhibited the attendance of C, O, N, S, Fe, 
Ni and Co elements in the nanostructured catalyst composi-
tion with a uniform distribution.

To investigate the thermal behavior of  Fe3O4-MAA NPs 
(I) and  Fe3O4@Ni–Co-BTC NPs (II), thermogravimet-
ric analysis was performed and the results are shown in 
Fig. 7. As it is evident from Fig. 7a, TGA thermogram of 
 Fe3O4-MAA NPs (I) exhibited three weight losses (25%) 
from 25 to 870 °C. The first weight loss (15.3%) up to 
180 °C is due to removal of physically adsorbed water mol-
ecules. The second weight loss (8.7%) occurred in the tem-
perature range of 180 to 680 °C, resulting from the decom-
position of the grafted mercapto acetic acid (MAA) and also 
degradation of crystalline water molecules. Likewise, the 
transformation of hydroxide groups to oxide form in the 
 Fe3O4 NPs which resulted  Fe2O3 NPs structure, is respon-
sible for the third weight loss (1.5%) from 744 to 870 °C 
[47]. Similarly, three distinct weight loss regions from 25 to 
870 °C were observed, in the case of  Fe3O4@Ni–Co-BTC 
NPs (II). Initial weight loss (9.22%) from 25 to 200 °C was 
ascribed to the loss of surface and inner water molecules 
from MOF structure [48]. Subsequently, the major weight 
loss about 49% (from 200 to 417 °C) was associated to the 
decomposition of BTC linkers and subsequently, the col-
lapse of framework structure [47]. After the final step of 
weight loss (0.8%) from 638 to 870 °C, residual materials 
were mainly composed of NiO,  Co3O4 and  Fe2O3 NPs. The 
above-mentioned results demonstrated that nanostructured 
catalyst is stable up to 300 °C temperature.

In order to explore the optical properties of  Fe3O4@Ni-
BTC NPs,  Fe3O4@Co-BTC NPs and  Fe3O4@Ni–Co-BTC 
NPs (II), UV–Vis. DRS analysis was applied. Accord-
ing to the results which shown in Fig. 8b, existence of 
strong absorption in the ultraviolet region and lower 
absorption in the visible light region indicates a classic 
semiconductor absorption property for  Fe3O4@Ni–Co-
BTC NPs (II) (Fig. 8b) [30]. Indeed, d–d transitions of 
 Co2+ and  Ni2+ in an octahedral coordination sphere in the 
 Fe3O4@Ni–Co-BTC NPs (II) structure are responsible 
for these absorption bands (at 650–470 and 450–200 nm) 
[49]. Due to the formation of bimetallic MOF structure 
 (Fe3O4@Ni-Co-BTC NPs (II), Fig. 8b), the intensities 
and positions of absorption bands were changed in com-
parison with  Fe3O4@Ni-BTC NPs (Fig. 8c) and  Fe3O4@
Co-BTC NPs (Fig. 8a). The absorption edge of  Fe3O4@

Table 1  Specific surface area (SBET), total pore volume (Vt) and 
mesoporous diameter (Dmeso) of  Fe3O4-MAA NPs (I) and  Fe3O4@
Ni–Co-BTC NPs (II)

a The mesoporous size distributions were calculated using the BJH 
method of adsorption branch; data in parentheses are calculated from 
the desorption branch

Samples BET
(m2 g−1)

Vt
(cm3 g−1)

Dmeso
(nm)a

Fe3O4-MAA NPs (I) 9.20 0.019 3.079 (1.94)
Fe3O4@Ni–Co-BTC NPs (II) 12.39 0.031 3.071 (3.651)
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Fig. 4  TEM images (a, b), particle size distributions (inset a), HR-TEM images (c and d) and FE-SEM (e) images of  Fe3O4@Ni–Co-BTC NPs 
(II) and the 7th reused  Fe3O4@Ni–Co-BTC NPs (II) (f)
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Fig. 5  EDX spectrum of 
 Fe3O4@Ni–Co-BTC NPs (II)

Fig. 6  EDX-mapping of 
 Fe3O4@Ni–Co-BTC NPs (II)

Fig. 7  TGA thermograms of  Fe3O4-MAA NPs (I) (a) and  Fe3O4@
Ni–Co-BTC NPs (II) (b)

Fig. 8  UV–Vis. DRS spectra and Kubelka–Munke function (inset) 
of  Fe3O4@Co-BTC NPs (a),  Fe3O4@Ni–Co-BTC NPs (II) (b) and 
 Fe3O4@Ni-BTC NPs (c)

Author's personal copy



117Engineered Superparamagnetic Core–Shell Metal–Organic Frame‑Work  (Fe3O4@Ni–Co‑BTC…

1 3

Ni-BTC NPs,  Fe3O4@Co-BTC NPs and  Fe3O4@Ni–Co-
BTC NPs (II) are approximately 800  nm. The strong 
absorption bands which were observed in the ultraviolet 
region (200–300 nm) can be related to the π–π* transi-
tion in the ligand molecule [50]. Furthermore, the band 
gap energy of semiconductors could be calculated by the 
Kubelka–Munke equation and estimated to be 2.5, 3.2 and 
2.3 eV for  Fe3O4@Ni-BTC NPs,  Fe3O4@Co-BTC NPs and 
 Fe3O4@Ni–Co-BTC NPs (II), respectively. Moreover, to 
clarify the regional activity of  Fe3O4@Ni–Co-BTC NPs, 
two experiments were carried out under the optimized 
reaction conditions using Xe lamp (500 W, 200–400 nm) 
and blue LED lamp (400–700 nm) as the irradiation source 
for UV and visible region, respectively. According to the 
obtained results, the conclusion could be derived that the 
model reaction was performed in a higher yield in the 
presence of Xe lamp which is in line with the maximum 
absorption band observed in Fig. 8 (UV–Vis. DRS spec-
trum). These results clearly confirmed that the as-synthe-
sized nanostructured catalysts could be well excited under 
UV light irradiation.

To investigate the magnetic properties of  Fe3O4-MAA 
NPs (I) and  Fe3O4@Ni–Co-BTC NPs (II), the vibrat-
ing sample magnetometer (VSM) technique was carried 
out and the results are displayed in Fig. 9. Both samples 
exhibited superparamagnetic behavior, as it is illustrated 
in Fig. 9. It was found that the saturation magnetization 
values of  Fe3O4-MAA NPs (I) and  Fe3O4@Ni–Co-BTC 
NPs (II) are 71.5 and 37.52 emu g−1, respectively. As 
can be concluded, the observed decrease in the saturation 
magnetization (MS) intensity of  Fe3O4-MAA NPs (I) is 
related to encapsulation of the magnetic core by a MOF 
shell which confirmed the successful synthesis process.

3.1  Catalytic Performance of  Fe3O4@Ni–Co‑BTC 
NPs (II) in Aerobic Photocatalytic Oxidation 
of Alcohols

After fully characterization of  Fe3O4@Ni–Co-BTC NPs (II), 
the catalytic activity of this novel and unpresented nano-
structured photocatalyst was examined in the selective aero-
bic oxidation of alcohols at room temperature under solar 
light irradiation (Scheme 2).

To evaluate the catalytic performance of  Fe3O4@Ni–Co-
BTC NPs (II), the catalytic behavior of the above-mentioned 
nanostructured photocatalyst was investigated in the selec-
tive aerobic oxidation of alcohols in the presence of oxy-
gen air as an oxidant (open air), at ambient temperature and 
under solar light irradiation. To this end, the oxidation of 
benzyl alcohol was chosen as model reaction. To obtain the 
optimal reaction conditions, the effects of various param-
eters such as solvent and catalyst amount were studied on the 
model reaction. The representative results are summarized 
in Table 2. In our initial screening experiments, the effect 
of numerous solvents (including  H2O, EtOH, toluene, ethyl 
acetate, THF,  CH3CN and n-hexane) was considered in the 
model oxidation reaction (Table 1, entries 1–7). On the basis 
of the obtained results, the model oxidation reaction takes 
place in reasonable yield in  H2O as a green, inexpensive 
and efficient solvent (Table 1, entry 1). Due to the essential 
role of catalyst in this reaction, we turned our attention to 
determine the optimal amount of catalyst in model oxida-
tion reaction (Table 2, entries 8–11). After a few attempts, 
it was found that 0.004 g (1.28 mol% Ni: 0.596 mol% Co) of 
catalyst was required to achieve the reasonable yield of the 
desired product (87% after 3 h) (Table 2, entry 10). Higher 
amount of catalyst leads to formation of benzoic acid as 
an unfavorable by-product, whereas, a significant decrease 
in the yield was observed by applying 0.003 g (0.96 mol% 
Ni: 0.447 mol% Co) of catalyst (Table 2, entries 9 and 
11). Not surprisingly, a negligible yield was obtained in 
the absence of any catalyst or solar light irradiation which 
clearly explained their crucial roles in the photocatalytic 
oxidation of alcohols (Table 2, entries 12–13). To gain fur-
ther evidence in the efficient catalytic activity of  Fe3O4@
Ni–Co-BTC NPs (II), the model reaction was carried out 
in the presence of  Fe3O4@MAA NPs (I),  Fe3O4@Ni-BTC 
NPs and  Fe3O4@Co-BTC NPs, under optimized reaction 
conditions (Table 2, entry 10). To our delight, all of cases 
proceeded slowly and furnished the target product in lower 
yield (Table 2, entries 14–16). The observed unprecedented 
photocatalytic activity of  Fe3O4@Ni–Co-BTC NPs (II) in 
comparison with  Fe3O4@Ni-BTC NPs and  Fe3O4@Co-BTC 
NPs may be attributed to its calculated band gap (2.3 eV). 
The band gap of  Fe3O4@Co-BTC NPs is comparatively high 
(3.2 eV), therefore, high energy (such as UV light) is neces-
sary to activate it. As sunlight contains low percentage of 

Fig. 9  Magnetization curves of  Fe3O4-MAA NPs (I) and  Fe3O4@Ni–
Co-BTC NPs (II)
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UV light (~ 14%),  Fe3O4@Co-BTC NPs exhibit lower pho-
tocatalytic activity under solar light irradiation. Likewise, 
higher band gap of  Fe3O4@Ni-BTC NPs in comparison to 
 Fe3O4@Ni–Co-BTC NPs (II) leads to lower photocatalytic 
activity. Finally, the catalytic activity of Ni-BTC MOF, Co-
BTC MOF and Ni–Co-BTC MOF was evaluated on the 
model reaction and the results are summarized in Table 2 
(entries 17–19). As can be seen, the pure and magnetic cata-
lysts exhibit the same catalytic activity in the oxidation of 
benzyl alcohol. Furthermore, the relative standard deviations 
for the isolated yields was calculated to be 46.84%.

Encouraged by our initial studies on the optimized reac-
tion conditions and having the obtained results in hand, our 
attention was next focused on investigating the substrate 
scope of the oxidation reaction under the optimized reac-
tion conditions. As can be seen from Table 3, under the 

optimized reaction conditions, a diversity of alcohols includ-
ing primary and secondary benzylic and aliphatic alcohols 
containing electron withdrawing and electron donating 
substituents efficiently converted to the corresponding alde-
hydes or ketones with high selectivity and reasonable con-
version. As expected, benzylic alcohols were found to oxi-
dize more quikly than aliphatic alcohols. Under the influence 
of electron donating substituents, the benzylic alcohols sub-
stituted by  OCH3 and  CH3 groups satisfactorily converted to 
their corresponding carbonyl compounds in short period of 
time with high to excellent conversion, while electron with-
drawing substituents produced the desired products in low 
conversions after prolonged reaction times (Table 3, entries 
5–7 vs 2–4 entries). It definitely demonstrates that the elec-
tron excitation from valence band easily occurred because 
of the increased cloud electron density of electron donor 
substituted aromatic rings. In comparison, o‐ and meta- sub-
stituted benzylic alcohols show poor reactivity than p‐sub-
stituted one (Table 3, entry 2 vs entry 3 and entry 6 vs 7). It 
should be pointed out that lower conversion was observed 
for aliphatic alcohols, a type of substrates which are dif-
ficult to undergo the oxidation reaction (Table 3, entries 
8–9). Finally, to show the merit of the current protocol in the 
generality and versatility substrate scope, photo-oxidation 
of secondary alcohols was performed. Table 3 obviously 
demonstrates that  Fe3O4@Ni–Co-BTC NPs (II) is not only 
a highly efficient nanostructured catalyst to catalyze a wide 
range of primary alcohols, but also is very impressive to 
accelerate the oxidation reactions of secondary alcohols 
(Table 3, entries 10–13). Moreover, the relative standard 
deviations for the conversion and selectivity of the products 
were estimated to be 37.12% and 0.72%, respectively.

There is no doubt that a more detailed study is required 
to understand the underlying mechanism of photocata-
lytic aerobic oxidation of alcohols. However, by analogy 
to the previously reported mechanism in the literature [32, 
51–64] and to gain further information about the role of 
primary active species, a series experiments were carried 
out. To conduct the tests, the optimized model reaction 
was performed under inert nitrogen  (N2) atmosphere or 
in the presence of different scavengers. That is, benzoqui-
none (BQ), ammonium oxalate (AO) and t-BuOH were 
introduced as scavengers for quenching superoxide radical 
 (O2

.−), photo-generated holes  (h+) and hydroxyl radical 
(OH·), respectively [30]. The suggested photocatalytic 
mechanism has been depicted in Scheme 3. Interestingly, 
the photo-oxidation of benzyl alcohol was proceeded in the 
presence of  N2 atmosphere, indicating that using water (as 
solvent) not only is more desirable from an environmental 
viewpoint, but also has a positive role in the oxidation 
progress (due to formation of OH·). Moreover, in order 
to clarify the possibility of electron donating effect of the 
alcohols in the progress of the reaction, one additional 

Table 2  Optimization of reaction conditions for aerobic photocata-
lytic oxidation of benzyl alcohol at ambient temperature

All reactions were performed at room temperature (20–27 °C), oxy-
gen air as oxidant agent (open air) and solar light irradiation
a The mol% result was obtained from ICP-OES analysis
b Reaction was performed in the absence of solar light irradiation 
(dark)
c Reaction was performed in the presence of  Fe3O4@MAA NPs (I)
d Reaction was performed in the presence of  Fe3O4@Ni-BTC NPs
e Reaction was performed in the presence of  Fe3O4@Co-BTC NPs
f Reaction was performed in the presence of Ni-BTC MOF
g Reaction was performed in the presence of Co-BTC MOF
h Reaction was performed in the presence of Ni–Co-BTC MOF

Entry Catalyst (mol% 
ratio of Ni:Co)a

Solvent Time (h) Isolated yield (%)

1 0.32:0.149 H2O 7 55
2 0.32:0.149 EtOH 7 40
3 0.32:0.149 Toluene 7 10
4 0.32:0.149 Ethyl acetate 7 15
5 0.32:0.149 THF 7 15
6 0.32:0.149 CH3CN 7 40
7 0.32:0.149 n-Hexane 7 –
8 0.64:0.298 H2O 6 70
9 0.96:0.447 H2O 4 79
10 1.28:0.596 H2O 3 87
11 1.6:0.745 H2O 3 70:30 

(Aldehyde:acid)
12 – H2O 24 –
13b 1.28:0.596 H2O 3 Trace
14c 0.004(g) H2O 7 Trace
15d 1.28 H2O 4 60
16e 0.596 H2O 6 45
17f 1.28 H2O 4 60
18g 0.596 H2O 6 45
19h 1.28:0.596 H2O 3 87
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Table 3  Scope and functional 
group tolerance in the 
photocatalytic oxidation of 
primary and secondary alcohols 
using  Fe3O4@Ni–Co-BTC NPs 
(II) under solar light irradiation

Entry Alcohol Product Time (h) Conver-
sion (%)

Selectivitya (%)

1

H

OH

H

O 3 90 100

2

H

OH

Cl

H

O

Cl

4 70 100

3

H

OH

Cl

H

O

Cl

4 60 100

4

H

OH

O2N

H

O

O2N

5 65 100

5

H

OH

H3C

H

O

H3C

3 93 98

6

H

OH

H3CO

H

O

H3CO

3 98 98

7

H

OH

OCH3

H

O

OCH3

3 90 100

8 OH O 7 45 100

9 OH O 7 30 100

10

CH3

OH

CH3

O 7 45 100

11 OH
CH3

O
CH3

7 50 100
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experiment was carried out. To this end, the model reac-
tion was performed in the presence of toluene under  N2 
atmosphere. The obtained result clearly exhibited that par-
ticipation of water and electron donating effect of alco-
hol are promoter for the reaction in the presence of  N2 
atmosphere [65, 66]. When AO and t-BuOH were added 
separately to the oxidation reaction system, the conver-
sion of benzyl alcohol drastically decreased, indicating 
that OH· and  h+ should be the main active species in the 
oxidation of alcohols. The same effect was observed under 
aerobic conditions, implying the essential role of OH· and 
 h+ in this oxidation reaction. Moreover, an obvious inhibi-
tion phenomenon for photocatalytic reaction is observed 
by BQ (as  O2

.− scavenger) addition into the reaction sys-
tem. Based on the above results, the conclusion could be 
derived that the photocatalytic oxidation of benzyl alco-
hol is promoted by superoxide radicals (generated from 
accepting photo-generated electrons by oxygen), OH· 
and positive holes (which reacted with  H2O to produce 
OH·). Therefore, such an engineered nanostructured pho-
tocatalyst  (Fe3O4@Ni–Co-BTC NPs (II)) leads to exhibit 

excellent activity and selectivity towards the target prod-
ucts during the whole catalytic process.

The reusability of heterogeneous catalysts is one of the 
most important property from economic, environmental and 
industrial points of view. Therefore, to demonstrate the reus-
ability of  Fe3O4@Ni–Co-BTC NPs (II) a seven-cycle exper-
iments was performed under optimized reaction conditions. 
The recycling efficiency has been plotted in Fig. 10. In each 
run, after completion of reaction (3 h), the photocatalyst was 
separated by means of an external magnetic field and washed 
with ethanol three times. After drying at 60 °C overnight, the 
nanostructured photocatalyst was directly used for a subse-
quent reaction without further purification. Interestingly, an 
almost negligible decrease in the conversion and selectivity 
even after seven recycle run, verifying the long-term durabil-
ity and excellent reusability of this novel photocatalyst in the 
selective aerobic oxidation of alcohols.

Additionally, any structural changes of  Fe3O4@Ni–Co-
BTC NPs (II) after seven cycles in the selective aerobic 
oxidation of alcohols were investigated by FT-IR, XRD, 
FE-SEM and ICP-OES techniques. Surveying the FT-IR 

Table 3  (continued) Entry Alcohol Product Time (h) Conver-
sion (%)

Selectivitya (%)

12 OH O 7 55 100

13

H3C CH3

OH

H3C CH3

O 7 25 100

a Selectivity aldehyde/or ketone:acid. Reaction conditions: 1 mmol of alcohols in  H2O (10 mL), 0.004 g of 
catalyst, oxygen air (open air.), room temperature (20–27 °C) and solar light irradiation. Selectivity = cp/
(cr0 − cr) 100%,  cr0: the initial concentration of the reactant;  cr: the concentration of the reactant during the 
reaction,  cp: the concentration of the product during the reaction. GC yield based on an internal-standard 
method (using n-decane as an internal standard)

Valence band

h+ h+ h+

e- e- e-
O2

[O2]
.-

H2O

OH.

Eg=
2.3 eV

R-CH2OH

R-CHO

Conductive band

Scheme 3  Proposed mechanism for selective oxidation of alcohols to 
corresponding aldehydes/or ketones over  Fe3O4@Ni–Co-BTC NPs 
(II) in water under solar light irradiation
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aerobic oxidation of benzyl alcohol under optimized reaction condi-
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spectra exhibited that frequencies, intensities and shapes of 
absorption bands of the 7th reused  Fe3O4@Ni–Co-BTC NPs 
(II) are almost identical to those for the first one (Fig. 1d, 
e), confirming the structural stability of the as-synthesized 
nanostructured catalyst after 7 recycle runs. Moreover, no 
significant broadening or shifting in the typical diffraction 
peaks was observed, confirming the crystalline stability of 
 Fe3O4@Ni–Co-BTC NPs (II) even after seven recycle runs 
(Fig. 2e). Satisfyingly, the FE-SEM images exhibited no 
changes in the particle size or dispersion of the 7th reused 
 Fe3O4@Ni–Co-BTC NPs (II), according to the data sum-
marized in Fig. 4h. Likewise, to estimate the exact amount of 
metal ions (cobalt and nickel) in the fresh and the 7th recov-
ered  Fe3O4@Ni–Co-BTC NPs (II), the ICP-OES technique 
was performed. The obtained results showed that 1.49 and 
1.48 mmol of cobalt as well as 3.2 and 3.2 mmol of nickel 
are existed in 1.000 g of the fresh and the 7th reused nano-
structured photocatalyst, respectively.

According to this outstanding results in terms of physi-
cal properties including functional groups, crystallographic 
structure and morphology, it is now beyond any doubt that 
 Fe3O4@Ni–Co-BTC NPs (II) is thoroughly stable under the 
desired reaction conditions.

In order to confirm the unquestionable features of 
 Fe3O4@Ni–Co-BTC NPs (II) in the selective aerobic oxi-
dation of alcohols, the catalytic activity of this new-found 
photocatalyst was compared with some of the previously 
reported photocatalysts in the literatures. There is no doubt 
that all of the listed photocatalysts in Table 4 significantly 
improved the aerobic oxidation of alcohols. Nonethe-
less, the current study offers an efficient protocol which 
is much superior to almost all of the well-known catalyst 
systems (presented in Table 4) in terms of the reaction 
times (entries 1–3 and 6), solvent (entries 1–6), oxidant 

(entries 1–6) and percentage conversion (entries 1–2 and 
4–6) as well as irradiation source (entries 1–6).

4  Conclusion

In summary, we have been successfully fabricated  Fe3O4@
Ni–Co-BTC NPs (II) via a facile, reliable and cost-effi-
cient method. After characterizing the nanostructured 
catalyst with various spectroscopic and microscopic tech-
niques such as FT-IR, XRD, BET, TEM, HR-TEM, FE-
SEM, EDX, EDX-mapping, TGA, UV–Vis. DRS, VSM 
and ICP-OES, its catalytic activity was investigated as 
photocatalyst in the oxidation of alcohols exposed to solar 
light irradiation. Experimental results illustrate an unprec-
edented photocatalytic performance of  Fe3O4@Ni–Co-
BTC NPs (II) toward oxidation of alcohols (including 
primary and secondary aliphatic and benzylic alcohols) 
to corresponding aldehydes/or ketones with a remark-
able conversion and selectivity under mild conditions. 
Moreover,  Fe3O4@Ni–Co-BTC NPs (II) show excellent 
stability without decreasing photoreactivity during seven 
times reusing in the aerobic oxidation of alcohols. The effi-
ciency and long-term durability of this novel photocatalyst 
is significantly influenced by its particle size (10–47 nm) 
and unique bimetallic core–shell nanostructure. The pro-
tocol developed here could provide new insight into the 
design of various MOFs based solar light photocatalysts 
for organic transformations in future.
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Table 4  Comparison of the catalytic activity of the catalyst studied herein with those of the reported catalysts in the oxidation of benzyl alcohol

a Benzotrifluoride
b Polyaniline
c 2-Quinolinecarboxaldehyde
d Bismuth vanadate nanoparticles

Entry Catalyst Solvent Time (h) Conversion (%) Oxidant Irradiation source Irradiation 
wavelength 
(nm)

References

1 Ni-doped 
 NH2-MIL-125(Ti)

BTFa 10 21.5 O2 atmosphere 300 W Xe lamp < 420 [67]

2 PANIb/FeUiO Ethyl acetate 5 61 O2 atmosphere 500 W Xe lamp 200–400 [32]
3 QUIc-MIL-125(Ti) CH3CN 40 88 O2 atmosphere 5.0 W light LED lamp 200–500 [68]
4 UiO–66(NH2) BTF 4 30.12 O2 atmosphere 300 W Xe arc lamp < 420 [31]
5 Nano-BiVO4

d CH3CN 3 73 O2 atmosphere Blue LED 400–700 [69]
6 70Ti@SHK2 CH3CN 8 67 O2 atmosphere Solar light 200–800 [70]
7 Fe3O4@Ni–Co-BTC 

NPs (II)
H2O 3 90 air Solar light 200–800 Present study
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