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Copper-based MOF, Cuz(SDBA),(HSDBA), as a
catalyst for efficient reduction of 4-nitrophenol in
the presence of sodium borohydridet
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Herein, we report the synthesis of the copper-based MOF, Cusz(SDBA),(HSDBA), using a solvothermal
method. The physicochemical properties of the as-prepared sample were examined by X-ray diffraction,
scanning electron microscopy, energy-dispersive X-ray spectroscopy, Fourier-transform infrared and UV-
vis spectroscopy techniques, and thermal analysis. Cuz(SDBA),(HSDBA) was then investigated as a catalyst
for the reduction of 4-nitrophenol (4-NP) in the presence of sodium borohydride (NaBH,) at 25 °C, and
related kinetics and thermodynamics analyses were carried out. In a nutshell, it can be emphasized that,
under our conditions, the Cusz(SDBA),(HSDBA) catalyst is able to completely reduce 4-NP to
4-aminophenol (4-AP) in a very short time such as 20 s. Additionally, Cus(SDBA),(HSDBA) can be re-used
for seven successive cycles without obvious change in its catalytic activity.
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1. Introduction

Nitroaromatic compounds such as nitrophenols are
important intermediates for industrial applications
including pharmaceuticals, leather, plastics, fungicides,
pesticides and  insecticides."®  Nevertheless, some
nitrophenols such as 4-nitrophenol (4-NP) are hazardous
as they cause eye inflammation, skin allergies and
respiratory problems.

It is therefore important to remove 4-NP from aqueous
solution. Different methods have been reported, and these
methods cover adsorption, photocatalytic degradation,
microwave-assisted catalytic oxidation and electro-Fenton.®**
The catalytic reduction of 4-NP to 4-aminophenol (4-AP) has
also been described. A variety of catalysts were reported for
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high recyclability, as is the case with N-doped reduced
graphene metal oxide nanocomposites for example.'®™
Metal-organic frameworks (MOFs) are a class of hybrid
porous materials, displaying high surface areas and tunable
pore size/volume.>” MOFs, specifically catalytic nanoparticles
supported on MOFs, can be used as catalysts for the
reduction of 4-NP to 4-AP. Examples are as follows:
nanoparticles of Ni@Pd supported on UiO-66-NH,,>* and Cu-
based 2D MOFs.>* MOFs were also utilized as a template for
the preparation of porous carbon. Examples are as follows:
nanoparticles of Co supported on a porous carbon stemming
from carbonization of benzene-1,4-dicarboxylic acid-based
MOFs,” and a comparable supported catalyst where the
nanoparticles were made of Fe.>® Such MOF-based catalysts
offer advantages such as high catalytic performance, as well
as drawbacks such as lack of stability. Thus, it is important
to further explore MOF-based catalysts showing excellent
performance in terms of kinetics and very good stability for
the reduction of 4-NP to 4-AP in aqueous solution and under
mild conditions.

In this study, we report the synthesis of the copper-based
MOF Cu;(SDBA),(HSDBA) using a solvothermal method where
4,4'-sulfonyldibenzoic acid (H,-SDBA) is used as a precursor.
The as-prepared catalyst was characterized employing various
techniques such as SEM-EDX, FTIR, XRD, UV-vis and TGA-
DSC. Our catalyst showed high efficiency as well as very good
stability towards the reduction of 4-NP using sodium
borohydride NaBH, as a reducing agent.

This journal is © The Royal Society of Chemistry 2022
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2. Methodology
2.1. Synthesis method

Cu;3(SDBA),(HSDBA) was synthesized under hydrothermal
conditions as follows (Fig. S1t). Copper nitrate trihydrate
Cu(NO;),-3H,0 (0.5 mmol; 99%; Sigma-Aldrich) and 4,4
sulfonyldibenzoic acid C;4H;00¢S (0.5 mmol; denoted H,-
SDBA; 98%; Sigma-Aldrich) were dissolved in 5 mL of
deionized water (resistivity >18.2 MQ cm). The solution was
transferred in a Teflon vessel (25 mL) that was sealed and
placed in a stainless-steel autoclave. Then, the autoclave was
placed in an oven preheated at 170 °C, and kept there for 3
days. It is worth mentioning that the time was optimized; the
crystals with the best quality formed after 3 days. After
cooling to room temperature, the as-obtained blue crystals of
Cu;(SDBA),(HSDBA) were filtered off and washed with water,
ethanol and acetone.

2.2. Characterization methods

Cu;(SDBA),(HSDBA) was scrutinized by scanning electron
microscopy (SEM) and its chemical composition was
analyzed by electron dispersive X-ray spectroscopy (EDS). An
S-3000N microscope equipped with an ESED and an INCAX-
sight from Oxford Instruments was used. The samples to be
analyzed were prepared as follows. Cuz(SDBA),(HSDBA) was
dispersed onto a double-sided adhesive conductive carbon
tape that was attached to a flat aluminum sample holder,
and it was metalized using a 12 nm gold layer with a
Quorum Q150T-S sputter.

Elemental  analysis was  performed
PerkinElmer2400 CHN elemental analyzer.

Molecular analysis of Cuz(SDBA),(HSDBA) was performed
by Fourier-transform infrared spectroscopy (Perkin-Elmer
spectrophotometer). A thin transparent pellet was made by
compacting an intimate mixture of 2 mg of
Cu;(SDBA),(HSDBA) and 100 mg of potassium bromide KBr
(99%; Sigma-Aldrich). The spectrum was recorded at 45 scans
per minute at room temperature from 4000 to 400 cm™".

Structural analyses of Cus(SDBA),(HSDBA) were carried
out. In a first step, single crystal XRD experiment was
performed upon selection of Cus(SDBA),(HSDBA) crystals
using a polarized optical microscope. Single-crystal X-ray
data were collected using a Bruker four-circle kappa
diffractometer equipped with a Cu INCOATED micro-source,
operated at 30 W (45 kV, 0.60 mA) to generate Cu Ko
radiation (2 = 1.54178 A), and with a Bruker VANTEC-500
detector (micro-gap technology). The diffraction data were
collected, exploring over the reciprocal space in a
combination of f and w scans to reach a resolution of 0.85
A, with a completeness >95% and a redundancy >3. For
this purpose, a generic hemisphere collection strategy has
been developed using Bruker APEX3 and the software suite
was used.”” The exposure time was adjusted on the basis of
the size and diffraction quality of the specimens, each
exposure covering 1° in @ or ¢. Unit cell dimensions were
determined for least-squares fit of reflections with I > 4 s.

using a
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The structures were solved by direct methods implemented
in the SHELX package.”® The hydrogen atoms were fixed at
their calculated positions using distances and angle
constraints. All calculations were performed using APEX3
software for data collection, and OLEX2-1.2 (ref. 29) and
SHELXTL28 to resolve and refine the structure. All non-
hydrogen atoms were anisotropically refined. In a first step,
powder X-ray diffraction (PRXD) data were collected. The
PRXD patterns were measured using a Bruker D8
diffractometer with a Cu source operated at 1600 W, with a
step size of 0.02° and an exposure time of 0.5 s per step.
The PXRD measurements were used to check the purity of
the obtained microcrystalline product by comparison of the
experimental results with the calculated pattern obtained
from the single-crystal XRD data.

The solid-state UV-vis spectra of Cuz(SDBA),(HSDBA) and
of the ligand H,-SDPA were obtained at room temperature
using a Perkin-Elmer Lambda 950 spectrometer within a
200-800 nm wavelength range. The spectra allowed the
determination of the gap energy Eg,, (in €V) that is defined
as the difference between the energy level of the highest
occupied molecular orbital (Egomo) and the energy level of
the lowest unoccupied molecular orbital (Eyumo):

hc
Egap = Enomo ~Erumo = hv = (1)
Alim

with 2 the Planck's constant, ¢ the speed of light in a
vacuum, and /i, the wavelength of the photon (nm). Eg,,
corresponds then to the lowest transition optical energy that
the material could be absorbed, and such an optical band
gap (in eV) can be calculated using the equation:

1241
gap :T (2)

im
Thermogravimetric ~ (TG) and  differential  scanning
calorimetry (DSC) analyses were performed with a

NETZSCHSTA 449 F3 simultaneous thermal analyzer under a
N, atmosphere at a heating rate of 10 °C min™" over a
temperature range of 31 to 900 °C using an open platinum
crucible. The sample weight used was about 4 mg.

2.3. Catalytic reduction of 4-nitrophenol

A 5 mL aqueous solution containing 2.1 x 10> mol of sodium
borohydride NaBH, (96%; Sigma-Aldrich) and 7.1 x 10™* mol
of 4-nitrophenol (4-NP; 99%; Sigma-Aldrich) was prepared. To
start the reduction reaction, 2 mg of Cuz(SDBA),(HSDBA) was
added to the solution. To follow the reduction of 4-NP,
absorbance values at 400 nm were recorded using a UV-vis
spectrometer (Varian Cary 5000 spectrophotometer; Agilent
Technologies). The experiment was repeated at various
temperatures (25, 35, 45 and 55 °C) to see the effect of the
temperature and determine the apparent activation energy of
the reaction under our conditions.
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3. Results and discussion

3.1. Morphological and molecular analyses of
Cu;(SDBA),(HSDBA)

Cu;(SDBA),(HSDBA) consists of blue crystals (Fig. S17), in fact
polyhedra of various sizes. There are polyhedra of dozens of
micrometers (up to 130 pum; Fig. 1a and b and S2aft), as well
as smaller particles located on the facets of the bigger ones
(Fig. 1c, and S2bt). Upon SEM observation, the sample was
analyzed by EDS and the presence of both Cu and S was
detected (Fig. S31). These two elements were quantified by
elemental analysis, with 43 and 8.4 wt% in good agreement
with the calculated contents (46.4 and 8.8 wt%). Two other
elements, H and N, were found, with 2.9 and 0.02 wt%
respectively (versus 2.2 and 0 wt% for the calculated values).
The FT-IR spectra of Cus(SDBA),(HSDBA) and the ligand H,-
SDBA are highly comparable (Fig. 2) in terms of the bands at
3470-3460 cm ™' (O-H stretching), 3100-2600 cm™ (C-H
aliphatic and aromatic stretching), 1700 c¢m™ (C=0
stretching), 1588-1584 c¢cm ™' (O-H deformation), 1570-1429
em™ (COO asymmetric and symmetric stretching), 1289-1166
em™' (C-SO,~C asymmetric and symmetric stretching), 1101~
1019 em™" (C-C and C-O stretching), and 750-576 cm™ " (C-S
deformation).’>*! The spectrum of H,-SDBA shows another
band peaking at 937 cm™' due to aromatic ring deformation
and C-S stretching; this band cannot be seen in the spectrum
of Cu;(SDBA),(HSDBA), which may indicate bonding between
the ligands and the metal nodes. The spectrum of
Cu;(SDBA),(HSDBA) shows an additional band, peaking at 519
em™ and corresponding to the vibrational signal of Cu-0,*”
thereby confirming the formation of Cu;(SDBA),(HSDBA) via
Cu-O bonds between the metal nodes and the organic ligands.

3.2. Crystallinity of Cu;(SDBA),(HSDBA)

The single crystal XRD analysis reveals that Cus(SDBA),(HSDBA)
is a 3D coordination polymer crystallizing in the triclinic crystal
system, with the P1 space group (Table S1t). The asymmetric
unit of Cus(SDBA),(HSDBA) consists in 2 SDBA*™ anions, 1 H-
SDBA™ anion and 3 Cu(u) cations (Fig. 3a). The structural
arrangement of Cuz(SDBA),(HSDBA) is shown in Fig. 3b along
the [010] plane. The structure may be described as clusters
(Cuz044) made of three polyhedra with shared apices which are
linked by SDBA>” anions. All of these dual strings run in parallel
with each other. The carboxylate groups of SDBA®>  are
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Fig. 2 FTIR spectra of Cuz(SDBA),(HSDBA (denoted as Cu-MOF) and
H,-SDBA.

connected to Cu(u) in two ways: a bis-tetradentate form results
in a diamond shape in the Cu,0;, cluster system, and the
SDBA” ligands take a bridging coordination mode us-COO™.
Each 1D single chain string has microporous cavities with sizes
of approximately 12.82(2) and 11.6(3) A? for Cu---Cu and S-S
respectively, and one possesses a 1D related square plane
geometry along the crystallographic a-axis (Fig. 3c).

The phase purity of bulk Cu;(SDBA),(HSDBA) (blue
precipitate) was examined by PXRD study. The PXRD pattern
shows sharp peaks showing high crystallinity (Fig. S4f). In
addition, the Bragg peak positions of the PXRD pattern
match well with those of the pattern calculated from the
single crystal XRD data, which indicates the successful
synthesis of a pure phase of Cuz(SDBA),(HSDBA). There is
nevertheless the presence of a small amount of CuO (peak at
ca. 35° due to the (111) plane; JCPDS: card no. 48-1548).

3.3. UV-VIS analysis of Cu;(SDBA),(HSDBA)

The UV-vis absorption spectra of Cu;(SDBA),(HSDBA) and the
H,-SDBA ligand were recorded in the solid state from 200 to
800 nm. The spectrum of H,-SDBA (Fig. S5t) exhibits two
strong absorption bands with the maximum being below 300
nm (i.e. Apax = 217 nm and Ay = 292 nm), which may be
contributed by the n-n* transition as well as the n-m*

Fig. 1 SEM images of Cus(SDBA),(HSDBA) at three different magnifications. Image (b) shows a magnification of the area of image (a) indicated by
the yellow box. Image (c) is a magnification of the surrounding area of image (b).
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Fig. 3 (a) Asymmetric unit for Cus(SDBA),(HSDBA). (b and c) Polymer coordination geometry for the ligand SDBAZ with Cu(i) metal centers.

transition of the aromatic rings, respectively.’® This value
corresponds to Ay, at 379 nm and the energy gap (Egap = 3.27
eV). This may classify the ligand as a semiconductor.** The UV-
vis absorption spectrum of Cuz(SDBA),(HSDBA) (Fig. 4) shows
a large band that corresponds to the charge transfer from O of
the ligand to Cu.*® The energy gap, calculated on the basis of
Aiim Of Cuj(SDBA),(HSDBA), was found to be 2.13 eV, which
allows classifying Cus(SDBA),(HSDBA) as a semiconductor.>®

3.4. Thermal stability of Cuz(SDBA),(HSDBA)

TG and DSC analysis were carried out to check the thermal
stability of Cuz;(SDBA),(HSDBA) (Fig. 5). Cus(SDBA),(HSDBA)

This journal is © The Royal Society of Chemistry 2022

is stable up to 200 °C, and above this temperature, it
overcomes five successive weight losses up to about 486 °C.
The first weight loss of 5.9 wt% is indicated by an
endothermic signal peaking at 223 °C. This is due to the
desorption of water incorporated into the pores of
Cu;(SDBA),(HSDBA). Then, the next four weight losses (41
wt%) are associated with four exothermic signals peaking at
322, 391, 411 and 486 °C. These indicate a stepwise
decomposition of the ligand.>” Between 493 and about 650
°C, the solid is stable, and it overcomes an additional
weight loss of 8 wt% up to about 750 °C. One may thus
conclude that Cus(SDBA),(HSDBA) is thermally stable up to
200 °C.

React. Chem. Eng., 2022, 7, 908-916 | 911
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Fig. 4 UV-vis absorption spectrum of Cuz(SDBA),(HSDBA), where /max
and A;m are indicated.
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Fig. 5 TG and DSC analyses of Cuz(SDBA),(HSDBA).

3.5. Catalytic reduction of 4-nitrophenol

Cu;(SDBA),(HSDBA) was used for the reduction of 4-NP in
the presence of NaBH, in aqueous solution (30-fold excess of
NaBH, over 4-NP). 4-NP has an adsorption maximum at 400
nm in the reaction mixture, and its reduction was followed
by monitoring the decrease of the absorption band as a
function of time by UV-vis  spectrophotometry.
Concomitantly, a new band appeared, at 300 nm, evidencing
the presence of 4-AP as the reduction product of 4-NP
(Fig. 6). Under our conditions, and at 25 °C (Fig. 7), the
reduction of 4-NP started upon the addition of
Cu;(SDBA),(HSDBA) and it was totally reduced in 20 seconds.
This catalytic performance may be compared to some state-
of-the-art MOF-based catalysts (Table 1).>****' Under roughly
similar conditions, Cuz(SDBA),(HSDBA) is as efficient as
Pd@Co-MOF*° for reducing 4-NP in 20 seconds; however, our
Cu;(SDBA),(HSDBA) is free of a hydrogenation metal like Pd.
It is difficult to further discuss the performance of the listed
catalysts because of discrepancies in the reaction conditions,

912 | React. Chem. Eng., 2022, 7, 908-916
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NO, NH,
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NaBH,(aqueous solution)

OH OH
Fig. 6 Reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP).

Absorbance

L) L)
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Wavelength (nm)

Fig. 7 UV-vis spectra of the reduction of 4-NP by Cuz(SDBA),(HSDBA)
in aqueous NaBH, at different times (from 4 to 20 seconds). The
spectrum denoted as ‘Ref’ is the one monitored before the addition of
the Cuz(SDBA),(HSDBA) catalyst. Conditions: 5 mL; [4-NP] = 7.1 x 10™*
mol L™%; [NaBH,4] = 2.1 x 1072 mol L™%; 2 mg Cus(SDBA),(HSDBA); 25 °C

but it is reasonable to observe that Cuz(SDBA),(HSDBA) is
highly efficient in quickly reducing 4-NP at 25 °C.

Fig. 8a shows the decrease in the concentration of 4-NP
(CdCy) at 25 °C, as well as three other temperatures such as
35, 45 and 55 °C, as a function of time. The curves were
exploited to plot -In(C,/C,) as a function of time, as shown in
Fig. 8b. There is a good linear correlation, thereby confirming
that the reduction of 4-NP is consistent with first-order
reaction kinetics.** This allowed us to calculate the pseudo-
first order rate constants k that were found to be 0.25, 0.31,
0.34 and 0.36 s™* at 25, 35, 45 and 55 °C, respectively.

The activation and thermodynamic parameters for the
reduction of 4-NP by Cus(SDBA),(HSDBA) were calculated
using the Arrhenius and Eyring equations:

E,

In(k) = In(4) RT

(3)

k o kB AS* _ AH*
‘“(%) = ‘“(7) TR RT )

where E, is the apparent activation energy (J] mol™), 4 is the
pre-exponential factor, R is the ideal gas constant (8.314 ] K™*

This journal is © The Royal Society of Chemistry 2022
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Table 1 Comparison of Cus(SDBA),(HSDBA) to state-of-the-art MOF-based catalysts for the reduction of 4-NP. The catalyst weight, the concentrations
in 4-NP and NaBH,, the reaction temperature, the conversion and the related time are given

Weight [4-NP] [NaBH,] Temp. Conv. Time

Catalyst mg mmol L™ mmol L™ °C % s Ref.
Au@FMOF* 1.5 7.2 500 50 100 200 38
Ag@MOF—lQQ/CCFSb —° 0.1 10 25 91 600 39
Pd@Co-MOF 5 2 48 25 90 20 40
Cu,0/Cu-MOF/rGO° 1 0.1 100 25 100 120 41
Cu-BDC? 5 0.1 100 25 100 120 24
Cu;(SDBA),(HSDBA) 2 0.7 21 25 100 20 This study

“ FMOF for ferrocene based metal-organic framework. > CCFs for carboxymethylated cellulose fibers. ¢ rGO for reduced graphene oxide. ¢ BDC
for benzene-1,4-dicarboxylic acid. ¢ Used in the form of membrane.

8+
= 298K (b)
104 % (@) “= 208K 74 | o 308K v
N\ ® 308K A 318K F i
- 4 318K 61 | v 328K v y/, E
! 5 P
i ) -
o 0.6 g 4 g
0.4 5
2
0.2 1
04
0.0 %
T T T T T -1 T T T T T T T T T
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)

Fig. 8 (a) Change in the concentration of 4-NP (C/Cop) with time due to its reduction by Cuz(SDBA),(HSDBA) in the presence of aqueous NaBHj,
and (b) evolution of -In(C,/Co) as a function of time. Conditions: 5 mL; [4-NP] = 7.1 x 10 mol L% [NaBH4] = 2.1 x 1072 mol L™} 2 mg
Cus(SDBA),(HSDBA); 25, 35, 45 or 55 °C.

mol ™), T is the absolute temperature (K), kg is the Boltzmann  AH* is the activation enthalpy (k] mol™). The evolution of
constant (1.381 x 1072* J K'%), & is the Planck constant (6.626  In(k) as a function of 1/7 and that of In(1/k) as a function of
x 107" J s), AS* is the activation entropy (J mol™ K™), and  1/T were plotted (Fig. 9).”> The apparent activation energy

-0.95 -6.75

(@) (b)
-1.00 [
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-1.05 4 = . =
o Ln(k)=-11516/T + 2.5347 sos . ;2"_"?885?44"7” e
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L]
-1.15 ] ~-6.90
s S
< -1.20 =
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0.0030 0.0031 0.0032 0.0033 0.0034 0.0030 0.0031 0.0032 0.0033 0.0034
T T

Fig. 9 (a) Evolution of In(k) as a function of 1/T for the determination of the apparent activation energy. (b) Evolution of In(k/T) as a function of 1/T
for the determination of the thermodynamic parameters AS* and AH*. Conditions: 5 mL; [4-NP] = 7.1 x 10™* mol L'%; [NaBH4] = 2.1 x 102 mol L'%;
2 mg Cusz(SDBA),(HSDBA); 25, 35, 45 and 55 °C.
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was found as E, = 9.7 k] mol™*. This is one of the lowest
values reported for the reduction of 4-NP with respect to
other catalysts, and it evidences the effective catalytic activity
of Cu;(SDBA),(HSDBA). For example, the E, reported for ionic
liquid-stabilized gold nanoparticles is 99.4 kJ mol™;** a
similar apparent activation energy was reported for a Pt-Pd
alloy.*> With respect to the activation enthalpy of
Cuz(SDBA),(HSDBA), it was found to be AH* = 7.0 k] mol *.*°
Higher enthalpies of 97 and 110 kJ mol™ were reported for
ionic liquid-stabilized gold nanoparticles** and palladium
nanoparticles,”” respectively. The activation entropy of
Cu3(SDBA),(HSDBA) was determined to be AS* = 232.4 ]
mol™ K™. The activation entropy is positive, which may
signify a dissociative mechanism.***’

The recyclability of Cuz(SDBA),(HSDBA) for the reduction
of 4-NP was studied. To do this, after each cycle, the spent
solution was filtered by centrifugation (3500 rpm, 10 min);
most of the filtrate was removed and the remaining solid was
washed with water and ethanol (with intermediate
centrifugation); the washed solid was then dried at 80 for 1
h; finally, the as-recovered Cus(SDBA),(HSDBA) was re-used
for another cycle by recharging with the reactants. Seven
cycles were performed (Fig. 10 and S6f). Under our
conditions, Cu;(SDBA),(HSDBA) is relatively stable: it exhibits
a conversion of 97% after the seventh cycle, and the time of
reaction slightly increases from 20 s for the first cycle to 25 s
for the sixth and seventh cycle. This is comparable to the
stability performance of Ag-nanoparticle-embedded FeO;-
0,@MIL-100(Fe)*® and better than that of Ag nanoparticles
immobilized onto MOF-199 supported by carboxymethylated
cellulose fibers.>> One may however mention that Cu-BDC is
fully stable over 5 cycles when used under more favorable
conditions (see Table 1). In sum, Cu;(SDBA),(HSDBA) is
active for the reduction of 4-NP in 20 seconds at 25 °C (under

100

80

Conversion%
()]
o
1

N
o
1

20

1 2 3 4 5 6 7
Cycles

Fig. 10 Conversion of 4-NP catalyzed by re-used Cuz(SDBA),(HSDBA)
in the presence of aqueous NaBH,, for 7 cycles. Conditions: 5 mL; [4-
NP] = 71 x 10™* mol L™ [NaBHs = 21 x 102 mol L' 2 mg
Cus(SDBA),(HSDBA); 25 °C.
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our conditions) and it is able to maintain 97% of its initial
performance in terms of conversion after 7 successive uses.
Cu;(SDBA),(HSDBA) thus positions itself as one of the most
efficient catalysts for the catalytic reduction of 4-NP in the
presence of NaBH,.

Cu;(SDBA),(HSDBA) recovered after the aforementioned 7
cycles of use (it is now called ‘used Cuz(SDBA),(HSDBA)’) was
analyzed by FTIR and XRD. The FTIR spectrum (Fig. S7t) of
used Cuj(SDBA),(HSDBA) is comparable to that of
Cu;(SDBA),(HSDBA) (Fig. 2), except for one signal at about
1500 cm ™. This could be explained by the reduction of C=0
of the ligand to C-O-H by NaBH,.** The PXRD pattern of
used Cu;(SDBA),(HSDBA) (Fig. S871) is different from that of
Cu;3(SDBA),(HSDBA) (Fig. S7f). This shows only the
diffraction peak at about 43.5°, which is ascribed to the (111)
plane of metallic Cu, formed by reduction of CuO ((111)
plane) by NaBH,. Otherwise, used Cuj;(SDBA),(HSDBA) is
amorphous, and the presence of one or more amorphous
phases could be explained by the agglomeration of the
Cus(SDBA),(HSDBA) particles.”® These changes are in line
with the slight evolution of the catalytic activity of
Cu;(SDBA),(HSDBA) after 7 cycles.

4. Conclusion

Cu;(SDBA),(HSDBA) has been successfully prepared using a
solvothermal method. Its purity and morphology were
examined by different techniques such as XRD, SEM-EDS,
FTIR, UV-vis and TGA-DSC. Under our conditions,
Cu;(SDBA),(HSDBA) has a high catalytic performance for the
reduction of 4-NP to 4-AP in the presence of NaBH, at 25 °C:
indeed, the reduction of 4-NP started upon the addition of
Cu;3(SDBA),(HSDBA) and 4-NP was totally reduced in 20
seconds. The activation energy, activation enthalpy, and
activation entropy, which were all determined through a
systematic study, are of 9.7 k] mol™, 7.0 k] mol™*, and 232.4 J
mol™ K™, respectively. Cus(SDBA),(HSDBA) was also assessed
for re-use over several successive cycles, and it has shown
very good stability; it typically kept 97% of its initial
performance in terms of conversion after seven cycles.
Cu;(SDBA),(HSDBA) is thus a suitable catalyst for the
reduction of 4-NP to 4-AP in the presence of NaBH, at 25 °C.
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