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ABSTRACT: A novel, unique, highly effective, and recyclable heterogeneous
catalyst, diethyl imidazolium hexafluorophosphate ionic liquid supported metal−
organic framework ([DEIm][PF6]@MOF-5), has been synthesized using a simple
impregnation method at ambient temperature. Characterization of the catalyst was
done through various techniques such as Fourier transform infrared (FTIR),
energy dispersive X-ray, X-ray diffraction (XRD), transmission electron
microscopy, scanning electron microscopy (SEM), elemental mapping, Raman
spectroscopy, X-ray photoelectron spectroscopy, and thermogravimetric analysis
(TGA) analyses. The kinetic study has shown the high catalytic performance of
[DEIm][PF6]@MOF-5 for the reduction of 4-nitrophenol (NP) compared to
other catalysts. The catalyst also exhibited efficient electrochemical activity toward
4-NP reduction. The catalyst was recyclable for more than seven cycles without
any significant loss in its catalytic performance. The recycled catalyst was further
studied using XRD, FTIR, SEM, and TGA analyses to investigate the structural
changes that occurred during the reaction. The catalyst maintained its structural integrity even after seven cycles.

1. INTRODUCTION
Metal−organic frameworks (MOFs) have attracted significant
attention from researchers in the last couple of decades due to
their exclusive features, such as controllable pore sizes, high
specific surface area, and unique surface chemistry.1 As a result
of these special features, various applications have been
reported using MOFs, including catalysis,2 gas storage and
separation,3 sensing,4 luminescence,5 drug delivery,6 and 4-
nitrophenol (4-NP) reduction.7−10 MOF-5 is among the most
widely used MOFs due to its remarkable properties, including
an open skeleton structure, high porosity, high surface-to-
volume ratio, and exceptional thermal stability. It is made up of
a three-dimensional (3D) arrangement of organic linkers and a
tetrahedrally coordinated Zn4O metal cluster (e.g., terephthalic
acid, 1,3,5-benzene tricarboxylic acid, etc.).11 MOF-5’s
unrivaled characteristics make it an ideal material for various
uses, such as in medicine,12 Friedel−Crafts alkylation
reactions,13 hydrogen evolution reaction,14 C−H activation
and functionalization,15 oxidation reactions,16 Suzuki−Miyaura
coupling reaction,17 4-NP reduction,18−20 etc.
Because of a characteristic five-membered imidazole ring,

imidazolium ionic liquids (ILs) have recently become superior
functional materials. This is because of their nonflammability,
low volatility, high thermal stability, and other character-
istics.21−25 They have been employed in organic reactions such
as epoxide ring-opening reaction,26 biodiesel synthesis,27 to
enhance oil recovery,28 and 4-NP reduction.29 Imidazolium ILs

containing a hexafluorophosphate anion [PF6−] have gained
attention because of their thermophysical properties, the
solubility of gases on them, and some other applications.30

However, ILs used in homogeneous catalysis have drawbacks,
such as the need to use an enormous amount of ILs as catalysts
or solvents, resulting in large quantities of waste that are
difficult to get rid of. Therefore, such processes are not deemed
environmentally benign. Thus, to overcome the drawbacks of
homogeneous catalysis utilizing ILs and to make the catalyst
heterogeneous, these ILs are impregnated on appropriate
supports to integrate the benefits of ILs and the support
materials such as silica,31,32 chitosan,33 cross-linked poly-
mers,34,35 magnetic nanoparticles (NPs),36,37 carbon nano-
tubes,38 MOFs,39 etc.
Human health and safety issues have become important in

the last few years as a result of serious environmental
contamination. Among the various types of contaminants,
nitroaromatic compounds (NACs) are not only very poison-
ous but also highly explosive.40 Hence, the presence of NACs
can lead to soil and water pollution, posing a significant
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environmental hazard and cytotoxic effects in different
biological systems.41 Nitrophenols are identified as a significant
toxic and carcinogenic pollutant in agricultural and industrial
wastewater due to their water solubility.42 They cause
impedance to all living organisms in water resources.43

4-NP, a well-known organic hazard in industrial and
agricultural wastewater, has precarious effects on the liver,
kidneys, eyes, and the central nervous system. It has been
classified as one of the most harmful and highly toxic
pollutants by the US Environmental Protection Agency.44−46

Because of the use of explosives, medications, insecticides, and
dyes, it has become ubiquitous in the environment.47 It is also
reported that low quantities of 4-NP in water are hazardous to
human health as well as aquatic life due to their mutagenesis
effects and probable carcinogenicity.48 In humans, the short-
term inhalation of 4-NP has been proven to cause headaches,
sleepiness, nausea, and cyanosis.49 When damaging 4-NP is
released into the soil, it can harm crops, water bodies, and the
ecosystem.50−54 Moreover, 4-NP is exceptionally stable and
resistant to degradation naturally by microbes.55−57 The
removal of 4-NP from industrial wastewater is thus a
complicated process. In comparison to the electrochemical58

and photo-oxidation59 strategies, catalytic reduction of 4-NP to
4-aminophenol (4-AP) is a more effective way to eliminate 4-
NP. The amine functionality in 4-AP exists in various
physiologically active natural compounds, dyes, and ligands
for transition-metal catalyzed processes. Hence, reducing the
nitro group into an amine group is an easy way to eliminate 4-
NP from waste materials. 4-APs are also important
intermediates in the synthesis of medicinal compounds,

photographic materials, agrochemicals, polymers, and rubber
materials because the amino group acts as a site for further
derivatization.60 As a result, the catalytic degradation of 4-NP
to 4-AP using a heterogeneous catalyst is advantageous for
environmental protection and has practical industrial applica-
tions.
Continuing our recent publications on the synthesis and

applications of IL-based catalysts,61−63 we present here the
synthesis of [DEIm][PF6]@MOF-5 as an effective and
reusable catalyst for the reduction of 4-NP to 4-AP.

2. EXPERIMENTAL SECTION
2.1. Preparation of the Catalyst. 2.1.1. Preparation of

MOF-5. With minor modifications, MOF-5 was prepared
according to a previously published technique.64 Terephthalic
acid (5.065 g, 30.5 mmol) and trimethylamine (8.5 mL) were
dissolved in 400 mL dimethylformamide (DMF) in a usual
manner to obtain a homogeneous solution. Zn (OAc)2·2H2O
(16.99 g, 77.4 mmol) was dissolved in DMF (500 mL) and
added to the homogeneous solution gradually for a period of
15 min with steady stirring. The mixture was further stirred for
another 2.5 h. The as-obtained precipitate was filtered and
steeped overnight in DMF (250 mL). It was then filtered off
and submerged in CHCl3 (350 mL, high-performance liquid
chromatography grade). Over seven days, the solvent was
exchanged three times: after two days, three days, and seven
days. The product was evacuated overnight to a pressure of 10
mTorr after the bulk of the solvent was decanted. The product
was activated for 6 h at 120 °C.

Scheme 1. Synthesis of (a) MOF-5, (b) [DEIm][PF6], and (c) Catalyst [DEIm][PF6]@MOF-5
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2.1.2. Preparation of IL [DEIm][PF6]. 2.1.2.1. Preparation
of IL (1,3 Diethyl Imidazolium Bromide) [DEIm][Br]. KOH
(1.122 g, 20 mmol), 1-bromoethtane (2.1792 g, 20 mmol),
and imidazole (0.6808 g, 10 mmol) were mixed in a round
bottom flask containing acetonitrile (10 mL) and refluxed for
about 4 h under a nitrogen atmosphere. Then it was cooled
down to room temperature (RT), and the extra solvent was
evaporated under vacuum to obtain [DEIm][Br].

2.1.2.2. Preparation of IL (Diethyl Imidazolium Bromide
Hexafluorophosphate) [DEIm][PF6]. The IL, diethyl imidazo-
lium hexafluorophosphate ([DEIm][PF6]) was prepared
according to the literature with some modifications.65−68 In a
50 mL round bottom flask, a mixture of diethyl imidazolium
bromide (1.7599 g, 10 mmol), potassium hexafluorophosphate
(22.0813 g, 11.79 mmol), and double distilled (DD) water (10
mL) was stirred at RT for 12 h. On completion of the reaction,
the organic layer of the reaction mixture was washed with DD
water (3 × 10 mL), and the product was dried under a vacuum
for 8 h to obtain [DEIm][PF6].

2.1.3. Preparation of the [DEIm][PF6]@MOF-5. The
catalyst, IL ([DEIm][PF6]) supported on MOF-5 ([DEIm]-
[PF6]@MOF-5), was synthesized by a simple impregnation
method. A mixture of [DEIm][PF6] (1.080 g, 4 mmol) and
MOF-5 (1 g) in ethanol (10 mL) was agitated at RT for 24 h.
The resultant precipitate was filtered and rinsed three times
with ethanol and oven-dried at 100 °C to obtain [DEIm][PF6]
@MOF-5 as a white powder.
2.2. Reduction of 4-NP. Reduction of 4-NP was achieved

with the help of UV−visible spectroscopy screening between
200 and 550 nm. In the beginning, a standard solution of 4-NP
in DD water (20 mg/L, 50 mL) was prepared for the catalytic
reduction. In a 250 mL round bottom flask, a mixture of 25 mL
of 4-NP solution (aqueous), 25 mL of freshly prepared sodium
borohydride solution in DD water (100 mg/L), and 5 mg of
[DEIm][PF6]@MOF-5 was then added to it. The reaction
mixture was kept under continuous stirring at RT. 1 mL of the
reaction mixture was taken out every 30 s, diluted to 2.5 mL
with DD, and promptly examined by a UV−visible
spectrometer. The catalyst was filtered off, washed many
times with DD water, and then oven-dried for further use.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of the Catalyst.

The synthesis of the catalyst [DEIm][PF6]@MOF-5 is
illustrated in Scheme 1
The Fourier transform infrared (FTIR) spectrum of MOF-5

is displayed in Figure 1a. Peaks appearing at 1600 and 1387
cm−1 were assigned to the symmetric and asymmetric
stretching of C−O bonded to Zn.69 Another peak at 1660
cm−1 was referred to the stretching vibration of the C�O
group of terephthalic acid.70 The peaks falling in the range
1135 to 952 cm−1 and 900 to 670 cm−1 corresponded to the
in-plane and out-of-plane bending vibrations of the C−H bond
of the benzene ring in the benzene-1,4-dicarboxylate linker,
respectively.71 The peak at 546 cm−1 was ascribed to Zn−O
stretching. In the FTIR spectrum of [DEIm][Br] (Figure 1b),
the peak at 3140 cm−1 was due to the C−H bond of imidazole
ring,63 whereas the peaks at 2974 and 2852 cm−1 were
attributed to the −C−H stretching vibrations of −CH2 and
−CH3 groups positioned at the nitrogen atoms of the
imidazolium ring.72 The peaks at 1631 and 1450 cm−1 were
attributed to C�N and C−N stretching vibrations of the
imidazole ring.72 In the spectrum of ([DEIm][PF6]) (Figure

1c), all the above characteristic peaks of diethyl imidazolium
cation were present at their appropriate values. The presence
of the [PF6] anion was indicated by a sharp peak at 842 cm−1

Figure 1. FTIR spectra of (a) MOF-5, (b) [DEIm][Br], (c)
[DEIm][PF6], (d) fresh catalyst [DEIm][PF6]@MOF-5, and (e)
recycled catalyst.

Figure 2. XRD spectra of (a) MOF-5, (b) fresh catalyst [DEIm][PF6]
@MOF-5, and (c) recycled catalyst.
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in the fingerprint region.73 Furthermore, the presence of the
[PF6] anion was confirmed by the Raman spectrum of the
catalyst (Figure 3b), showing a peak for the P−F bond at 633
cm−1.
In the FTIR spectrum of catalyst [DEIm][PF6]@MOF-5

(Figure 1d), all characteristic peaks of [DEIm][PF6] and

MOF-5 were present in the graph at their appropriate
positions, confirming the formation of the catalyst [DEIm]-
[PF6]@MOF-5.
X-ray diffraction (XRD) studies of MOF-5, fresh catalyst

[DEIm][PF6]@MOF-5, and recycled catalyst are shown in
Figure 2. Figure 2a shows the XRD pattern of MOF-5
displaying characteristic peaks at 2θ = 6.80, 9.65, 10.20, 12.12,
13.20, 15.62, 17.12, 20.62, 22.50, 25.34, 28.34, 30.88, 32.30,
33.50, and 42.60° which were consistent with that reported
previously.18,70,74 The XRD of the catalyst [DEIm][PF6]@
MOF-5 was almost similar to MOF-5, showing peaks almost at
the same 2θ values (Figure 2b).
Raman spectroscopy of MOF-5 and catalyst [DEIm][PF6]@

MOF-5 was performed (Figure 3). In the Raman spectrum of
MOF-5 (Figure 3a), a C�O stretching of the carboxylate
group was observed at 1611 cm−1,75 while in-plane bending
vibrations of the benzene ring were obtained at 1433 and 1135
cm−1. Another peak at 865 cm−1 was ascribed to out-of-plane
distortion modes of the C−H bond. In the Raman spectrum of
the catalyst [DEIm][PF6]@MOF-5 (Figure 3b), all character-
istic peaks of MOF-5 appeared with additional peaks at 1130
cm−1, which might be due to different skeletal modes of
vibrations of the imidazolium ring.76 The band at 633 cm−1

(P−F system structure) confirmed the presence of the PF6−
anion.77

We studied the surface morphology of MOF-5 and material
[DEIm][PF6]@MOF-5 using scanning electron microscopy
(SEM) analysis (Figure 4). The SEM image of MOF-5 (Figure
4a,b) showed its characteristic cubic symmetry. The SEM
image of the [DEIm][PF6]@MOF-5 (Figure 4c) showed that
the IL had been successfully doped on the surface of MOF-5
indicating that catalyst [DEIm][PF6]@MOF-5 has been
synthesized as visualized. Transmission electron microscopy
(TEM) analysis also distinctly displayed the distribution of
[DEIm][PF6] on the surface of MOF-5 (Figure 5a,b). Further,
energy dispersive X-ray (EDX) analysis showed the presence of
C, N, O, F, P, and Zn elements in the material’s structure

Figure 3. Raman spectra of (a) MOF-5 and (b) fresh catalyst
[DEIm][PF6]@MOF-5.

Figure 4. SEM images of (a, b) MOF-5, (c) fresh catalyst [DEIm][PF6]@MOF-5, and (d) recycled catalyst.
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(Figure 6). The elemental mapping of individual elements C
(Figure 7b), N (Figure 7c), O (Figure 7d), F (Figure 7e), P
(Figure 7f), and Zn (Figure 7g) showed their uniform
distribution throughout the material.
X-ray photoelectron spectroscopy (XPS) analysis was

carried out to study the surface information and chemical
composition of the catalyst [DEIm][PF6]@MOF-5 (Figure 8).
Figure 8a illustrates a scan survey of binding energies of the
elements Zn 2p, F 1s, O 1s, N 1s, C 1s, and P 2p. In the XPS
spectrum C 1s (Figure 8b), the peak at 284.88 eV was due to
the C�C bond of MOF-5 and the imidazolium cation,70,78

whereas the peak at 287.08 eV was ascribed to the C�O bond
of MOF-5.70 The binding energy at 401.2 V was attributed to
N 1s of the C−N bond of the imidazolium cation (Figure 8c).
Furthermore, the peaks at 685 and 133 eV (Figure 8d,e)
corresponded to F 1s and P 2p of the [PF6] anion,
respectively.79,80 The distinctive peak at 139 eV was ascribed
to the P−F bond of the [PF6] anion.79 The XPS spectrum of
Zn 2p (Figure 8f) showed two binding energy values at 1022.7
and 1045.5 eV, which were attributed to the 2p3/2 and 2p1/2 of
Zn 2p in MOF-5.81 The presence of Zn2+ species in MOF-5
was verified by a peak at 987.5 eV81 in the survey XPS spectra
(Figure 8a).

The thermal behavior of the catalyst [DEIm][PF6]@MOF-5
was studied by TGA analysis, and dual weight loss was
recorded (Figure 9). The first weight loss of 3.72% at 335 °C
was attributed to the removal of water and DMF from the
surface of MOF-5. In contrast, the second weight loss of 2.09%
at 440 °C corresponded to the thermal decomposition of
MOF-5.82

Potentiometric titration using an organic base (n-butyl-
amine) was used to determine the acidity of solid acid
catalysts. The computation of the electrode potential was
determined by the acidic environment around the electrode
membrane to calculate the acidity of the catalyst. The electrode
potential (Ei) obtained from the titration was supposed to
represent the total number of acid sites present in the titrated
material. Figure 10 shows the potentiometric titration curves
for MOF-5 and [DEIm][PF6]@MOF-5 with Ei values of
138.29 and 148.29 mV, respectively. According to the
literature, (Ei > 100 mV corresponded to a material having
very strong acid sites, and −100 < Ei < 0 mV assigned to a
material having weak acid sites),83 which revealed that MOF-5
and [DEIm][PF6]@MOF-5 had very strong acid sites. This
was due to the acidic nature of MOF-584 and [DEIm][PF6],

73

which boosted the Ei value of the final catalyst [DEIm][PF6]@
MOF-5.
3.2. Reduction of 4-NP. The catalytic performance of

[DEIm][PF6]@MOF-5 for the reduction of 4-NP to 4-AP was
evaluated using a model reaction of 4-NP and NaBH4 in the
presence of [DEIm][PF6]@MOF-5 in a quartz cuvette of 1 cm
optical path length at RT.
First, NaBH4 (100 mg/L, 4 mL) was added to the 4-NP

solution (20 mg/L, 10 mL), and the solution was stirred for 2
min. The color of the mixture changed from light yellow to
yellowish-green, and a high-intensity peak at 400 nm in the
UV−vis absorption spectrum was observed due to the
formation of 4-nitrophenolate anions. With the addition of
[DEIm][PF6]@MOF-5, the absorption peak at 400 nm
remained unchanged, but the intensity of the peak slightly

Figure 5. TEM images of (a) MOF-5 and (b) fresh catalyst [DEIm][PF6]@MOF-5.

Figure 6. EDX analysis of catalyst [DEIm][PF6]@MOF-5.
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decreased (Figure 11). The intensity of the peak at 400 nm
steadily reduced with a concurrent increase in the intensity of a
new peak corresponding to 4-AP at 300 nm85 at each time
interval of 30 s. The formation of 4-AP was indicated by the
piecemeal change in color of the solution from yellow to a
brighter and brighter color.
Moreover, we have carried out the reduction of 4-NP to 4-

AP using NaBH4 as a reducing agent without using a catalyst,
MOF-5, and IL [DEIm][PF6] separately, and the results are

summarized in Table 1. Without using any catalyst, the
reaction could not proceed (Figure 12a). We obtained 49% of
conversion of 4-NP to 4-AP by using [DEIm][PF6] as a
catalyst (Figure 12b). Then we used MOF-5 as a catalyst and
obtained 94% of conversion of 4-NP to 4-AP (Figure 12c).
The turnover number (TON) measures a material’s catalytic

performance for a specific reaction. It is the number of moles
of product isolated per catalyst active site. The turnover
frequency (TOF) is the TON per hour of reaction time,

Figure 7. Elemental mapping analysis of (a) [DEIm][PF6]@MOF-5 showing the presence of (b) carbon, (c) nitrogen, (d) oxygen, (e) fluorine, (f)
phosphorous, and (g) zinc.

Figure 8. (a) Survey XPS spectrum of catalyst [DEIm][PF6]@MOF-5, (b) high resolution XPS spectrum of C 1s, (c) high resolution XPS
spectrum of N 1s, (d) high resolution XPS spectrum of F 1s, (e) high resolution XPS spectrum of P 2p, and (f) high resolution XPS spectrum of Zn
2p.
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indicating the catalyst’s efficiency. The TON (1.44) and TOF
(14.38) calculations revealed that the catalyst was effective for
the reduction of 4-NP to 4-AP. The catalytic activity of
[DEIm][PF6]@MOF-5 was compared with previous catalysts,
as shown in Table 2.
3.3. Mechanism of Reduction. As confirmed from the

previous studies, the reduction of 4-NP does not occur only
with sodium borohydride (NaBH4, as a hydrogen generator)
because of the high kinetic barrier between mutually repelling
negative ions BH4− and 4-NP.85 Hence, a medium was
required to minimize the kinetic barrier. A study revealed that
electron transfer from NaBH4 to 4-NP could be possible using
gold NPs as a medium. The reaction was supposed to occur in
two steps: diffusion adsorption of 4-NP on NP surfaces and
electron transfer.89 Other researchers also supported this
mechanism using silver90 and copper NPs by overcoming the
reaction’s kinetic barrier. It was concluded that anything that
enhances electron transport could boost the reduction
process.91

In the present work, we have synthesized [DEIm][PF6]@
MOF-5 as a heterogeneous catalyst to promote the reduction
of 4-NP to 4-AP. The reaction was observed to progress
efficiently in the presence of a minute quantity of [DEIm]-
[PF6]@MOF-5, where [DEIm][PF6] helps in the adsorption
of 4-NP and NaBH4 on the surface of the catalyst (MOF-5)
thereby lowering the kinetic barrier. Then, the transfer of the
electron from BH4− (donor) to the nitro groups of 4-NP
(acceptor) was mediated by the catalyst surface (MOF-5). The
final product (4-AP) was formed in three steps.92 In the first
step, 4-NP was reduced to 4-nitrosophenol with the removal of

Figure 9. TGA analysis of catalyst [DEIm][PF6]@MOF-5.

Figure 10. Potentiometric titration curve of MOF-5 and [DEIm]-
[PF6]@MOF-5.

Figure 11. (a) Reduction of 4-NP to 4-AP using [DEIm][PF6]@MOF-5 at different time intervals and (b) complete reduction of 4-NP to 4-AP
using [DEIm][PF6]@MOF-5 after 30 min.

Table 1. Catalytic Activities of Different Catalysts for 4-NP
Reductiona

no. catalyst conversion % 4-AP yield

1 No catalyst
2 [DEIm][PF6] 49 50
3 MOF-5 94 95
4 [DEIm][PF6]@MOF-5 97 98

aReaction conditions: 4-NP (20 mg/L, 10 mL); NaBH4 (100 mg/L, 4
mL); catalyst (5 mg); time = 6 min.
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water followed by the second step in which 4-nitrosophenol
was further reduced to 4-(hydroxyamino) phenol which
ultimately gave 4-AP in the final step with the subsequent

elimination of water molecule. In Scheme 2, a plausible
mechanism is shown.
3.4. Kinetic Study. Ct/C0 was used to compute the

reaction conversion and assessed in terms of the relative
intensity of UV−vis absorbance (At/A0) at 400 nm. Ct is the
concentration of 4-NP at response time t, and C0 denotes the
starting concentration. Figure 13a shows the Ct/C0 versus
response time (min) plot. The linear relationship between
ln(Ct/C0) and reaction time, as shown in Figure 13b, revealed
that the reaction is of first-order for the reduction of 4-NP. The
following kinetic equation may be used to obtain the first-order
rate constant:

C C A A Ktln( / ) ln( / )t t0 0= =

where, At is the absorbance at any time t (min); A0 is the
absorbance at time t = 0, and K is the apparent rate constant,
estimated from the slope of ln(Ct/C0) versus t. K of
[DEIm][PF6] @MOF-5 was calculated as 0.945 min−1. Also,
the activity factor (defined as the ratio of rate constant over the
total mass of catalyst) of [DEIm][PF6]@MOF-5 was
calculated to be 63 min−1 mg−1. The catalytic performance
of [DEIm][PF6]@MOF-5 was compared with reported
catalysts under similar reaction conditions. For comparison,
the rate constant of Au@[C4C16Im]Br and Zn MOF@C was
reported as 0.0066 min−1, 0.2856 min−1, respectively,86,93 and
the rate constant and activity factor of KCC-1−IL/Au were
reported as 0.718 min−1, 57.4 min−1 mg−1, respectively.29 The
data showed that [DEIm][PF6]@MOF-5 had higher catalytic
activity and activity factor than the other reported catalysts.
3.5. Electrochemical Studies of [DEIm][PF6]@MOF-5

toward 4-Nitro Phenol Reduction.We also investigated the
reduction of 4-NP using cyclic voltammetry (CV) analysis on a
bare glassy carbon electrode (GCE) surface. Figure 14a shows
the cyclic voltammogram obtained at [DEIm][PF6]@MOF-5/
GCE in 0.2 M phosphate buffer solutions (PBS) (pH 6)
containing 1 mM 4-NP where the potential was scanned from
−0.8 to +1.2 V at a scan rate of 0.1 V/s. It was shown that the

Figure 12. Reduction of 4-NP to 4-AP using NaBH4 as a reducing agent in the presence of (a) no catalyst, (b) [DEIm][PF6], and (c) MOF-5.

Table 2. Comparison of Catalytic Activity of [DEIm][PF6]
@MOF-5 for the Reduction of 4-NP

no. catalyst TOF (h−1) reference

1 Au@[C4C16Im]Br 3 × 10−3 86
2 HAuCl4·3H2O 6.6 87
3 Au/graphene hydrogel 11.4 88
4 [DEIm][PF6]@MOF-5 14.38 this work

Scheme 2. Plausible Mechanism for the Reduction of 4-NP
to 4-AP
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reduction of 4-NP took place at −0.18 V with an enhanced
peak current of 12.8 μA.
Figure 14b displays the cyclic voltammograms for various

concentrations of 4-NP at [DEIm][PF6]@MOF-5/GCE in 0.2
M PBS (pH 6) at a scan rate of 0.1 V/s. The reduction peak
current increases linearly with increasing concentration (1, 2, 3,
4, and 5 mM) (Figure 14c), resulting in [DEIm][PF6]@MOF-
5 having efficient electrochemical activity toward the reduction
of 4-NP.
Figure 15 displays parameters of conversion of 4-NP, 4-AP

yield, and Faraday efficiency (FE) during eight successive
cycles to assess the electrochemical reduction of 4-NP to 4-AP
over [DEIm][PF6]@MOF-5. The FE can be calculated as
follows:94,95

F V QFE 3 4 AP 17= × × [ ] × ×

where F is the Faraday constant, [4-AP] is the concentration of
resultant 4-AP, V is the volume of the cathodic reaction
electrolyte, and Q is the quantity of applied charge. The results
of the parameters were 98% of conversion of 4-NP, 98% of
yield of 4-AP, and 98% of FE during eight successive cycles of
conversion of 4-NP to 4-AP over [DEIm][PF6]@MOF-5.
Thus, it was revealed that [DEIm][PF6]@MOF-5 had high
stability and efficiency toward the electrochemical reduction of
4-NP to 4-AP.
3.6. Recyclability of the Catalyst. To demonstrate the

catalyst effectiveness of the catalyst, we executed a recyclability
experiment using [DEIm][PF6]@MOF-5 throughout consec-

Figure 13. Plots of (a) Ct/C0 and (b) ln(Ct/C0) versus reaction time for the reduction of 4-NP over [DEIm][PF6]@MOF-5.

Figure 14. (a) Cyclic voltammogram of [DEIm][PF6]@MOF-5 in PBS (pH 6) at scan rate 0.1 V/s in the presence of 1 mM 4-NP on GCE, (b)
cyclic voltammograms of [DEIm][PF6]@MOF-5 in PBS (pH 6) at scan rate 0.1 V/s in the presence of different concentrations of 4-NP, and (c)
calibration plot of the 4-NP sensor.
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utive cycles of 4-NP reduction. Using the same method of the
reduction reaction, it was found that [DEIm][PF6]@MOF-5
retained the catalytic activity for more than seven cycles
affording 4-AP in excellent yield with insignificant loss in
catalytic performance (Figure 16). The recovered catalyst was
studied by XRD, FTIR, and SEM analyses. The FTIR
spectrum of the recycled catalyst (Figure 1d) showed that all
distinctive peaks (1676, 1630, 845, and 540 cm−1) of the
recycled catalyst (8th cycle) were present when compared to
the fresh catalyst (Figure 1c). The XRD spectrum of the
recovered catalyst (Figure 2c) showed no remarkable structural
change in the material after the seventh cycle (Figure 2b). The
surface morphology of the recycled catalyst was also
unchanged (Figure 4d).

4. CONCLUSIONS
In conclusion, we have designed and synthesized a novel,
proper, highly efficient, and ecofriendly IL-supported MOF-5,
[DEIm][PF6]@MOF-5, as a heterogeneous catalyst. The as-
prepared catalyst showed excellent catalytic activity for the
reduction of 4-NP to 4-AP in the presence of NaBH4 in just 6
min at RT with excellent yield (98%). Moreover, after
consecutive eight cycles of the reduction reaction, [DEIm]-

[PF6]@MOF-5 still maintained high conversion efficiencies of
over (97%). The notable features of our ecofriendly method
include high product yield (98%), reusability of up to eight
cycles, and high thermal stability of the material.
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