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The present study investigates the possibility to abate 4-nitrophenol (4NP), a well-known persistent contaminant
in wastewaters, using Layered-Double Hydroxides (LDH) based catalysts, non-noble metals-based and Critical
Raw Materials-free materials used for 4NP reduction with NaBHy. It is reported the study of the effects of several
parameters on the overall reaction kinetic by in situ monitoring of the 4NP reduction through UV-Vis Spec-
troscopy, as: (i) LDH’s trivalent and divalent cation nature, (ii) LDH thermal treatment, (iii) substrate/catalyst
ratio, and (iv) stirring rate. The reasons that led to increased activity were identified and correlated with cat-

alyst’s structure characterization. The results pointed out that LDH enhance synergic effect of nickel and copper
by increasing reducibility which is further raised when defective mixed oxide by calcination is obtained. This
resulted in enhanced 4NP reduction which could be further increased by calcination providing a highly reducible

mixed oxide.

1. Introduction

In the last few decades, more and more people are becoming con-
cerned about water pollution by organic compounds related to industrial
activities, particularly in developing countries [1-3]. An example of
these alarming xenobiotic compounds is represented by 4-nitrophenol
(4NP), an organic pollutant already listed as an environmentally
important toxic compound. 4NP is currently exceeding the concentra-
tion limits established by the law in several industrial effluents, and,
despite its well-known danger, it is still largely employed for the
manufacturing of drugs, dyes, leathers, insecticides (such as ethyl and
methyl parathion), and even explosives [4,5].

This pollutant is a slightly yellow substance quite stable and soluble
in water, characteristics associated to its easy infiltration in both surface
and groundwater, as well as its unlikely biodegradation [4,6,7].

Currently, the traditional wastewater treatment strategies seem to be
not effective enough for this recalcitrant compound. Thus, innovative
approaches such as the catalytic reduction of the nitro group into an

ammine, have attracted increasing attention. The resulting 4-aminophe-
nol (4AP), besides being a much less worrying compound, could also
been recovered and employed for the production of paracetamol, dyes,
pigments, and agrochemicals, representing thereby a remarkable
example of closed-loop process [8,9].

The 4NP reduction in aqueous solution is also considered a model
reaction for catalytic efficiency tests since it shows the following inter-
esting benefits [8,10]: (i) it does not work without a catalyst due to its
intrinsic high energy activation barrier related to the repulsive forces
between the 4-nitrophenolate anion and the hydride, used as reducing
agent; (ii) it is a single step reaction; (iii) it does not show any co- and
by-products; (iv) it follows a pseudo 1st order kinetic when one of the
reagents (NaBH4) can be used in large excess and, consequently, its
concentration can be assumed constant during time. Thus, albeit this
reaction should theoretically be of the 2nd order, due to the just
explained feature, it fits a 1st order kinetic trend when sodium boro-
hydride is used as the chosen reducing agent; (v) both 4-nitrophenolate
and 4-aminophenolate are chromophores, hence, an in-situ reaction
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monitoring is possible through UV-Vis analysis. Indeed, 4NP shows an
intense absorption peak at 400 nm, whereas the product shows an ab-
sorption peak at 300 nm; (vi) it is a relatively fast reaction (5-60 min)
and it could be directly performed in a UV-vis quartz cuvette; (vii) the
reaction can be carried out in water and at room temperature.

The 4NP reduction to 4AP mechanism is still under study, but the
kinetic and mechanistic studies carried out by Wunder et al. on metal
nanoparticles have highlighted a Langmuir-Hinshelwood mechanism for
the reaction [10,11]. The mechanism highlights that sodium borohy-
dride is responsible for both 4NP deprotonation and hydrogen produc-
tion on the surface of the catalyst [12,13]. Then, once 4NP reaches the
catalyst surface too, it reacts with atomic hydrogen giving, after
desorption from the catalyst surface, 4AP.

At the moment the most employed class of catalysts for the 4NP
reduction into 4-aminophenol is represented by metallic nanoparticles,
which increases the catalyst cost and use platinum group metals
[14-24]. In this paper, we have considered non-noble, and CRM-free
metal based Layered-Double Hydroxides (LDHs) worthy candidates for
this reaction. Indeed, LDHs have been used in this field only as supports
for the actual active phase, until now [25,26], while no one has still
exploited these materials directly for them catalytic activity. It goes
without saying that LDHs could present several benefits if compared to
their current competitors, namely a lower production cost, a quite
extended and optimised structure tunability, no need of a support to
increase resistance and stability, a higher filterability from the reaction
mixture, and, hence, a potentially higher reusability. Here, we report for
the first time, the catalytic performance of highly active Ni-based
layered-double hydroxides and of the respective oxide obtained
through calcination of the LDH.

Layered-Double Hydroxides (Fig. 1) are a class of anionic clays
consisting in positively charged metal hydroxide layers (M2* octahedra
sharing edges with a partial M>*/M?* substitution) and interlayer an-
ions (A%) for charge compensation, the latter, together with water
molecules, are considered to randomly move, with oxygen atoms mainly
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located in between two hydroxyl groups of the adjacent layer [27]. LDHs
are described by the following general formula: [M(I);_xM
(11D (OH)21* " (A%/)- mH,0. LDHs are known for their tuneable compo-
sition and properties and, hence, their wide range of applications,
namely anion exchangers [28], molecular sieves, catalyst supports[29],
flame retardants [27], electrochemical sensors [30], drug delivery [31],
polymers filling [32], and, more recently, catalysis [33-41] and pho-
tocatalysis [42-51]. In catalysis, LDHs and their thermal decomposition
products (i.e. mixed oxides) are applied for basic catalysis (polymeri-
zation of alkene oxides [52], aldol condensation [53]), reforming of
hydrocarbons [33,54,55], hydrogenation reactions (production of
methane, methanol, higher alcohols, paraffins and olefines from syngas,
hydrogenation of nitrobenzene) [56-58], oxidation reactions[59-61],
exhausted gas treatment [62], support for Ziegler-Natta catalysts [27,
63].

The LDHs employed in this work have been prepared following a
facile and industrially scalable co-precipitation technique, tuning both
the chemical nature and ratio of the metallic cations constituting the
layers of the structure. Catalytic activity of the catalysts was studied
through the reduction of 4NP to 4AP using NaBH,4 as the reducing agent
and systemic analysis of the catalyst’s composition and reaction pa-
rameters have been carried out to enhance the catalytic performances.
Characterizations of the catalysts have been performed to confirm the
obtainment of the desired LDH or oxide phase, as well as to explain the
differences in catalytic performance observed during the reaction tests.
In particular, a synergetic effect given by the presence of Ni and Cu
together has been shown to increase the catalytic activity in the 4NP
reduction reaction.

2. Material and methods
2.1. Materials

NayCO3 (CAS number: 497-19-8, Sigma Aldrich) has been used as
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Fig. 1. Layered Double Hydroxide structure.
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precursors for intercalated anions; while nickel(Il) nitrate hexahydrate
(Sigma Aldrich), copper(II) nitrate pentahydrate (Sigma Aldrich), zinc
(II) nitrate hexahydrate (Sigma Aldrich), iron(II) nitrate nonahydrate
(Sigma Aldrich), aluminium(IIl) nitrate nonahydrate (Sigma Aldrich),
and gallium(II) nitrate (Sigma Aldrich) have been used as divalent and
trivalent metallic cations. During the catalytic tests the following ma-
terials were used: sodium borohydride (NaBH4, 99%, Sigma Aldrich), 2-
nitrophenol (>99%, Sigma Aldrich), 3-nitrophenol (>99%, Sigma
Aldrich), 4-nitrophenol (>99%, Sigma Aldrich).

2.2. Catalysts preparation

LDHs have been prepared following a co-precipitation method. A
1 M solution of NayCOg is placed on a heating plate fixed at 56 °C. The
pH is then adjusted until the desired convenient value is reached with
nitric acid. The pH value of 9.5 is decided according to the Kps of the
metallic (Ni, Cu, Ga, Al, etc.) hydroxides to make them precipitate.
Then, the solution containing the metallic nitrates, in the right propor-
tion, is dropped from a dropping funnel in the first beaker. During the
dropping, the pH is maintained fixed by continuously adding NaOH 3 M
with a pipette. When the addition is over, the solution is stirred for 1 h at
56 °C (“aging”). Afterwards, the solid is filtered over a Buckner funnel
and washed with distilled water. The solid is dried over the Buckner and
eventually put in an oven at 75 °C overnight.

The LDH calcination has been performed at 400 °C for 3 h, heating
through a thermal ramp of 2 °C/min under static air conditions.

2.3. Catalysts characterization

Powder X-ray diffraction analysis (XRPD) was performed using the
Philips PW1050/81 diffractometer equipped with a graphite mono-
chromator and controlled by the PW1710 detection unit (Cu Ko,
A =0.15418 nm). A range of 20 from 5° to 80° was investigated at a
scanning rate of 0.05°/s. The XRPD analyses on the spent catalysts have
been performed using a Buker D2 Phaser diffractometer equipped with a
Lynx-eye 1D detector. A range of 26 from 5° to 80° was investigated at a
scanning rate of 2°/s.

The surface area of the catalysts has been calculated through a ni-
trogen physisorption analysis. The analysis has been carried out through
a SORPTY 1750 (Fisons Instruments) on samples with a mass of about
0.1g.

The redox properties of the catalysts used during 4-nitrophenol
reduction tests were studied carrying out temperature programmed
reduction/oxidation (TPRO) cycles. The analyses were carried out using
a ThermoQuest Instrument TPD/R/O 1100 Catalytic Surface Analyzer.
Before running any reduction/oxidation step, any sample was subjected
to a pre-treatment, flowing He (30 mL/min) while the temperature was
increased from room temperature to 150 °C and kept at this temperature
for half a hour. Afterwards, the sample was cooled down to 60 °C. Then,
TPR/O/R cycles were performed introducing into the system a 5% Ha/
Ar (30 mL/min), while the operating temperature was increased from
60 °C to 950 °C at the rate of 10 °C/min. An isotherm at this final
temperature of 30 min was performed. After, the system was purged
with He, while the temperature reached 60 °C. TPR was followed by
temperature programmed oxidation (TPO). A 5% Os/He (30 mL/min)
was introduced into the system, and, like the TPR, the temperature was
increased from 60 °C to 950 °C at the rate of 10 °C/min. After 30 min of
isotherm, the sample was cooled down until 60 °C in He, in order to
perform the final step of reduction.

PHI VersaProbe II (Physical Electronics), equipped with an Al Ka
(1486.6 eV) X-ray source, measured the XPS spectra. The survey spectra
were recorded with an analyser energy path of 117 eV, while the Cls,
Ols, Cu2p and Ni2p, core levels were measured at 23.5 eV passing en-
ergy. The X-ray beam size was 100 um at 25 W. A charge neutralization
procedure was performed by simultaneous irradiation of samples using a
low-energy electron beam and an ion beam before measuring the
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spectra. The position of the XPS peaks was referenced to graphitic
Carbon (284.80 eV). XPS peaks were deconvoluted by using the Multi-
pack Data Reduction Software (ULVAC-PHI, Inc), employing a Shirley
background curve.

TEM analyses were carried out using a TEM/STEM FEI TECNAI F20
microscope combined with Energy Dispersive X — Ray Spectrometry
(EDS), at 200 keV. The sample preparation was carried out by sus-
pending the powder in ethanol and treating it with ultrasound for
15 min and then depositing it on a metallic grid.

The leaching of the reaction solution was analysed using an Induc-
tively coupled plasma mass spectrometry (ICP-MS)7900 instrument
from Agilent Technologies in He mode. The instrument has been cali-
brated using Ni standard solutions, commercially available from Agilent
technologies.

2.4. Catalytic tests

2.4.1. Calibration

UV-visible spectroscopic analyses were performed in a 1 cm path
length cuvette using an in-situ Agilent Cary 3500 UV-Vis Spectrometer.
The extinction coefficient was determined by a calibration performed
with sample at known concentrations from which we got a value of
18,100 M~ ! cm™! which is close to the literature value of 18,000 M ™!
em ! [64].

2.4.2. Kinetic studies

The 4NP stock solution has been prepared solubilizing 0.1391 g of 4-
nitrophenol in 100 mL of distilled water in a volumetric flask. Then,
0.5 mL of the previously prepared solution have been diluted in a 25-mL
matrass with distilled water. In a second 25-mL volumetric flask,
0.0085 g of NaBH4 have been solubilised in distilled water to obtain a
solution of 9.0-10 "2 M [65]. These two solutions have been mixed in a
beaker in which also 0.010 g of catalyst have been added. The final
solution has been mixed with a pipette. Afterwards, a part of this solu-
tion has been collected and added in a UV-VIS quartz cuvette to monitor
the kinetics of 4-nitrophenol reduction. A reference solution for the
UV-Vis measurements has been prepared with a 9.0-10~> M NaBH4
water solution. A spectrum is automatically recorded every minute at
25 °C until a satisfactory conversion is reached. Recycling tests have
been carried out by recovering the used catalyst at the end of reaction,
from both the cuvette and the beaker used to homogenize the reagents.
The catalyst has been separated by filtration over a Buckner funnel and,
after calcination of the recovered powder at 400 °C for 1 h, the catalyst
has been placed in a fresh solution of 4NP and NaBH4. The just described
procedure has been repeated at the end of every recycling test. The first
reaction, and consequently also the following ones, has been performed
using 1 mg of catalyst. The catalytic activity was compared with the
apparent kinetic constant and the conversion reached after a reaction
time of 240 s

3. Results and discussion
3.1. Catalysts characterization

The coprecipitation technique was used to prepare the layered
double hydroxide catalysts, namely NiAl 3:1, NiGa 3:1, NiCuAl
1.5:1.5:1, NiCuAl 2.25:0.75:1, ZnCuAl 1.5:1.5:1, and NiFe 3:1 (atomic
ratio) with intercalated carbonate anions, and XRD analyses have been
carried out to confirm the obtainment of LDH structure in our materials.
In general, among the possible metallic cations suitable for LDH prep-
aration, we have selected Ni and Cu as divalent cations and Al, Fe or Ga
as trivalent cations due to the following reasons: (i) they are inexpensive
and reliable materials, with a view of a possible future technology scale-
up, i.e., they are not Critical Raw Materials (CRMs) or Platinum Group
Metals (PGMs), and, moreover, (ii) their use as active materials’ sup-
ports for the 4NP reduction reaction is already reported in the literature
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[26,66,671.

Fig. 2 a shows the XRD patterns obtained from X-ray diffraction
analyses of the coprecipitated samples, which, indeed, confirmed the
formation of the LDH structure showing the characteristic diffraction
peaks of this phase. In fact, the XRD patterns present the typical
diffraction peaks of NiAl LDH according to JCPDS file [15-87], which is
characterized by diffraction peaks at 11.5° (003), 23.0° (006), 35.1°
(012), 39.7° (015), 47.4° (018), 61.4° (110), 62.1° (113), 65.9° (1016),
and 72.3° (202), with small shifts toward higher 26 given by the pres-
ence of different cations, namely Cu®>" and Zn%", that show a smaller
radius with respect to Ni?*, or Fe3* and Ga®", exhibit a bigger radius
with respect to A13". Nevertheless, all the characteristic reflections of the
crystalline phase are still distinguishable, confirming also in the cases of
NiCuAl, ZnCuAl, NiFe, or NiGa LDHs the formation of the desired LDH
structure. In particular, three intense diffraction peaks at low values of
26 are peculiar features of LDHs. The first of these, with Miller indices
003, provides information about the basal d spacing. Furthermore, dgo3
spacing values calculated for each sample agree with those found in the
literature, namely around 0.75 nm for intercalated carbonate anions. Fe-
based LDHs’ XRD patterns show an intense background noise that is due
to the fluorescence effect caused by the interaction of copper X-ray
source with iron.

The corresponding mixed oxide was obtained from NiCuAl 1.5:1.5:1
LDH by calcination at 400 °C. The oxide’s XRD pattern (Fig. 2b) presents
the typical diffraction peaks of nickel oxide according to JCPDS file
[15-87] which is characterized by diffraction peaks at 37.2° (111), 43.8°
(200), and 63.2° (220). Cu and Al partially substitute Ni in its cubic cell.
Indeed, according to the Bragg law, the lower the distance between two
adjacent crystallographic planes, i.e., the lower the cation size as in the
case of copper and aluminium compared to nickel, the lower is the
d space among the plane families and the higher is the X-ray incidence
ray (0). Therefore, a small shift in the NiCuAl mixed oxide XRD pattern
towards higher 20 values was noticed if compared to the nickel oxide
one listed before. Average crystal size was calculated by the Debye-
Scherrer formula and was found to be proportional to the copper
amount with dimensions of 5.3 nm, 5.0 nm, and 4.2 nm respectively for
NiAl 3:1, NiCuAl 2.25:0.75:1, and NiCuAl 1.5:1.5:1. This is consistent
with what was already reported in the literature[68]. In addition, the
formation of an oxide further reduced the crystallite size from 4.2 nm to
3.5 nm for the NiCuAl 1.5:1.5:1 sample due to the formation of a 3D
structure and the collapse of the 2D LDH’s layers.

Nitrogen physisorption analyses have been carried out for the pre-
pared samples to investigate the morphological properties and the sur-
face area values are reported in Table 1. They show that the presence of
aluminium as trivalent cation (M3+) in the LDH structure enhances the

Ni Fe 3:1 LDH
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Table 1
BET-Surface area values of the prepared samples.

Sample Surface area (m?/g)
Ni Al 3:1 LDH 123
Ni Ga 3:1 LDH 78
Ni Fe 3:1 LDH 44
Ni Cu Al 1.5:1.5:1 LDH 76
Ni Cu Al 2.25:0.75:1 LDH 103
Zn Cu Al 1.5:1.5:1 LDH 60
Ni Cu Al 1.5:1.5:1 oxide 120

LDH’s surface area. In general, different surface areas are obtained when
the composition of the LDH is changed. Nevertheless, the highest surface
area is obtained for the NiCuAl 1.5:1.5:1 mixed oxide. Calcination is in
fact responsible for the high mixed oxide’s surface area, related to the
porosity created during the release of carbon dioxide by decomposition
of the carbonate ions in what is called a cratering effect, which occurs in
correspondence of the collapse of the hydroxide layers to form the
corresponding oxide [27].

The reducibility of the synthesized catalysts was analysed by
temperature-programmed reduction (TPR).

Comparing the reducibility of the different LDHs (Fig. 3a), the NiAl
sample shows two signals, both related to Ni reduction. The first peak
with maximum around 390-400 °C is attributed to the reduction of
surface NiO phase with no interaction with the mixed oxide or alumina,
while the second reduction temperature is assigned to the reduction of
Ni in strong interaction with the support [69]. Noteworthy, LDH
decomposition also occurs currently to the reduction, producing CO5
release [27]. On the other hand, it is possible to see that the ZnCuAl
sample presents a more visible signal, corresponding to a reduction
temperature of around 330 °C (onset at 263 °C), representative of the
copper reduction, and a broader peak at higher temperatures probably
due to the presence of bulk Cu species. Interestingly, when Ni and Cu are
present in the same sample, a synergetic reduction is observed. In fact,
NiCuAl sample shows an enhanced reducibility compared to the ZnCuAl
and NiAl LDHs. The sample display a sharp peak shifted towards lower
temperatures, related to reducible Ni and Cu species and a broader one
at higher temperatures related to the reduction of bulk nickel. Note-
worthy, the intensity of this broad band decreased while increasing the
copper content in Ni/Cu samples indicating that nickel was already
reduced at lower temperatures together with copper in this case. This
behaviour can be assigned to hydrogen spill-over provided by copper
that helps nickel reduction [70]. Moreover, increasing copper amount
(NiCuAl 1.5:1.5:1) led to increased reducibility, with a peak maximum
at 320 °C and an onset temperature at 240 °C. Indeed, the latter sample
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Fig. 2. XRD patterns of LDH (a), and of NiCuAl 1.5:1.5:1 LDH and its respective oxide obtained after calcination (b).
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Signal (a.u.)

Temperature (°C)

Fig. 3. TPR of (a) ZnCuAl 1.5:1.5:1, NiCuAl 1.5:1.5:1, NiCuAl 2.25:0.75:1, and
NiAl 3:1 LDHs; (b) NiCuAl 1.5:1.5:1 LDH and oxide.

presents a main reduction peak at lower temperatures and a less intense
shoulder, which indicates that a larger amount of bulk Cu and Ni has
been already reduced at lower temperatures. This suggests a synergetic
effect of Ni and Cu whose reducibility is increased when they are present
in similar amounts. Sample reducibility was further increased by
transforming the LDH into the corresponding mixed oxide (Fig. 3b). In
fact, the calcined NiCuAl 1.5:1.5:1 sample showed a further decrease in
reduction temperature with a shift of the peak maximum from 320 °C to
around 210 °C and of the onset from 240 °C to 190 °C. This can be
related to two different phenomena: first, the formation of a continuous
3D structure (mixed oxide) that allows for an easier charge

Cu2p3 Ni2p3

Intensity (a.u.)
Intensity (a.u.)
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delocalization through the oxide structure in contrast to the 2D-like
LDH; second, the formation of the oxide allowed for the obtainment of
smaller crystals with higher surface areas, as evidenced by XRD, which
can increase the sample reducibility [68].

The NiCuAl 1.5:1.5:1 oxide, obtained by calcination of the corre-
sponding LDH was further characterized by XPS, and the main results
are reported in Fig. 4a and Table 2.

The Cu2p spectrum shows one peak at 933.43 eV which is assigned
to Cu(OH), specie accompanied by two satellite peaks at 943.69 eV and
940.42 eV. The first peak is usually observed at higher binding energy,
934.67 eV, as reported in literature [71]. The shift at lower binding
energy suggests that the Cu is more electron-rich in the Ni-Cu mixed
hydroxide phase. The shape of the satellite peaks, together with the ratio
Cu/0 of about 0.53 (Table 3), are consistent with the presence of Cu
hydroxide phase on the catalyst surface. The Ni2p spectrum shows a
peak at 855.94 eV attributed to a Ni?" in the form of hydroxide phase
[72] and it is accompanied by a satellite peak at 862.80 eV [72]. The
Ni/O ratio of about 0.59 also supports this assignment. The Ols spec-
trum was deconvoluted in two main peaks. One component at 530.87 eV
is assigned to -OH species while the second component at 532.12 eV
represents Al-O species. This analysis shows that the surface of the LDH
catalyst is predominantly a mixed hydroxide phase.

After the heating treatment, the XPS spectra were reported in Fig. 4b
and Table 2. The Cu is present as Cu®" in the form of CuO with the peak
at 933.17 eV accompanied by two intense satellite peaks at 940.6 eV
and 943.43 eV. The shift at lower binding energy of the Cu?" peak
agrees with the presence of Ni-Cu mixed oxide phase as observed in the
LDH catalyst. The Ni2p spectra shows a main broader peak, and it is
deconvoluted in three components. One at 856.57 eV assigned to a
mixed Ni(II)/Ni(IlI) oxy-hydroxide phase, accompanied by two intense
satellite peaks at 861.51 eV and 864.84 eV. The single peak at 854.87 eV

Table 2
Weight percentage (% w) of the species presents on the top-surface obtained by
XPS analysis.

Sample 0O1s (% w) Al2p (% w) Ni2p3 (% w) Cu2p3 (% w)

LDH
Oxide

36.64
24.92

22.53
28.37

21.51
24.71

19.32
25.75

a) LDH

Intensity (a.u.)

T T T T 1 T T T
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Fig. 4. XPS spectra of NiCuAl 1.5:1.5:1: a) LDH fresh b) oxide fresh.



E. Orfei et al.

Table 3
Weight Ratio of the species observed on the surface, by XPS analysis, for all the
catalysts investigated.

Sample Ni/Al Cu/Al Cu/Ni Cu/0 Ni/O
LDH 0.95 0.86 0.90 0.53 0.59
Oxide 0.87 0.91 1.04 1.03 0.99

is attributed to NiO. Finally, an additional relatively minor component
at 858.32 eV was attributed to Ni in mixed oxides. We could consider
this component a Ni aluminate species at the interface between the
particles and the support. This can be attributed to the higher affinity
exhibited by Ni toward Al in respect to the activity it exhibited toward
Cu [73]. It is important to note that all these peaks are slightly shifted at
higher binding energies in respect to those observed in literature [74,75]
suggesting that Ni is more electron deficient in the Ni-Cu mixed oxide
phase. The O1s is deconvoluted in four components. One component at
529.80 eV is attributed to Ni-O [72]; the peaks at 531.06 eV and
532.01 eV are attributed to Cu-O and Al-O species, respectively. The
small component at 533.62 eV is related to oxygen in Al-O or NiAl,O4
could be assigned to the metal that strongly interacts with oxygen as in
the NiAl;O4 species or to the adsorbed H20 on the surface [76].

3.2. Catalytic activity

The catalytic performances of the samples were examined in 4NP
reduction in the presence of an excess of NaBHy4, monitoring the reaction
process through UV-vis absorption spectroscopy to assess the influence
of different parameters on their catalytic activity, such as the nature of
the M?* and M3* cation, the co-presence of Ni and Cu, the effect of
calcination and of reaction operative conditions. When mixed with the
NaBHjy solution, the 4NP aqueous solution changes from light yellow to
bright yellow due to the deprotonation of 4NP, of which corresponding
absorption peak in the UV-Vis spectra can be easily detected at 400 nm.
The reaction mixture eventually turns into a colourless solution after the
reduction of the nitro group with a parallel decrease of the intensity of
the peak at 400 nm. In the meantime, an absorption peak at 300 nm,
corresponding to the amino phenolate molecule, begins to be visible in
the UV-Vis spectra. Therefore, the absorbance at 400 nm in the UV-Vis
spectra was used to calculate the conversion of 4NP during reaction
(Fig. 5), since the catalysts do not interfere in the same absorption range.

3.2.1. Effect of the M°" cation

At first, the effect of the trivalent cation on the catalytic activity in
4NP reduction was investigated by using Ni-based LDH with different
co-cations, namely Fe>*, Ga®", and AI**. Fig. 6 displays the catalytic
performance of Ni-based LDHs. Based on the results reported in Table 4,
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Fig. 5. Typical time-dependent evolution UV-Vis spectra during the catalytic
reduction of 4NP.
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the NiAl LDH showed the highest apparent constant (Kapp), and there-
fore the greatest activity. Indeed, using this sample, a 75% conversion
was reached in less than half time than its respective LDH with gallium
and iron as trivalent cation. This is related to the higher surface area of
the Al-containing sample, as suggested by the values of apparent kinetic
constants normalized by the active area of the respective catalysts,
which allowed for a higher contact between the substrate and the cat-
alytic active sites, providing a faster conversion. Furthermore, the tests
performed with pure alumina (Table 4), which showed no conversion,
confirmed the crucial requirement of having a reducible divalent cation
such as Ni in the catalyst structure. On the other hand, tests conducted
with pure NiO also showed no activity, indicating that the mixed
structure with interspersed Ni and Al cations has a crucial and positive
role in 4NP reduction reaction and catalyst activation.

3.2.2. Effect of the copper and nickel presence

Having assessed the positive effect of A1>* as trivalent cation and the
necessity of the interspersed structure in 4NP reduction, the attention
was shifted to the addition of another divalent cation (Cu®*") to replace
part of the Ni2¥, and able to cooperate with it in 4NP reduction. A series
of samples containing different amounts of Cu®?" in the NiAl LDH
framework, i.e., 0%, 25%, and 50%, (Cu/total Ni4-Cu) was tested. A
sample with a 100% Cu/total Ni+Cu, i.e., a CuAl sample was not pre-
pared due to the challenges in preparing a homogeneous LDH containing
a Cu>*/M(II) higher than 1 without forming copper compounds with
disordered octahedral sheets at the same time [27]. Thus, a ZnCuAl LDH
with a M2*/M3" ratio of 3 and equal amounts of zinc and copper as M*
was prepared and tested to show the catalytic activity of copper in the
absence of nickel using Zn?* as an inert M2" cation that helped the in-
clusion of Cu?* in the LDH framework. Fig. 7 shows the catalytic per-
formances of the above discussed LDHs. The obtained results, reported
in Table 5, show that adding Cu?* in the Ni-based LDH structure
increased the 4NP reduction. In particular, NiCuAl 1.5:1.5:1, which
contained equal quantities of nickel and copper, showed a so fast con-
version that it was not possible to calculate a kinetic constant for such
tests using the same amount of catalyst used for other catalytic tests
(10 mg), because nitrophenol was readily consumed before the first UV
analysis, i.e., in less than 1 min of reaction. The sample not containing
copper, NiAl and ZnCuAl, displayed the lowest apparent constants,
evidencing how the co-presence of Ni and Cu significantly increases the
reduction of 4NP. This was further evidenced by tests performed with
pure NiO and CuO as catalysts. The results, reported in Table S1, have
underlined that both catalysts’ activities are way worse (even negligible
in case of nickel oxide) when the Ni and Cu atoms are not present in the
same structure.

In other words, copper sites alone in the LDH or oxide structure are
not the key factors of fast nitrophenol reduction, but their co-presence
with Ni in a high surface area structure is fundamental to increase the
catalytic activity. This synergy was evidenced by TPR analysis, reported
in Fig. 3. Indeed, both NiCuAl samples showed an enhanced reducibility
compared to ZnCuAl and NiAl LDHs thanks to the hydrogen spill-over
provided by copper presence which decreased the reduction onset
temperature of about 20 °C and allowed for a homogeneous reduction,
hence, supporting the results obtained during the 4NP reduction tests.
This behaviour is more pronounced in the NiCuAl sample, where nickel
and copper are present in a 1:1 ratio (NiCuAl 1.5:1.5:1). Furthermore,
we can claim that the catalytic activities recorded for these samples are
just slightly influenced by their surface area, as evidenced by the values
of apparent kinetic constants normalized by the catalysts’ active surface
(Table 5); a further proof of the important role played by the presence of
Ni and Cu sites in the material.

Therefore, from that moment onward, our study has been carried out
with the aim of investigating other possible conditions able to further
enhance the catalytic activity of the most promising sample, namely the
NiCuAl 1.5:1.5:1 LDH.
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Fig. 6. Pseudo-first-order kinetic plot (a), and conversion plot (b) for the comparison of the activity of Ni-based LDH with different M®* cations.

Table 4
Values of apparent constants for pseudo-first-order reactions using Ni-based
LDH with different M>" cations.

Sample Kapp Kapp (min~1/ Active surface Kapp (min~/
(min?) mg) (m?) m?)

Ni Al 3:1 0.21 0.021 + 0.002 1.23 0.17 + 0.02
+ 0.02

NiGa3:1 0.15 0.015 + 0.007 0.78 0.19 + 0.07
+0.07

NiFe3:1 0.18 0.018 + 0.006 0.44 0.41 + 0.06
+0.06

Ni(IDO 0 0 - 0

Al,03 0 0 - 0

3.2.3. Effect of thermal treatment

High surface area mixed oxides can be obtained by calcination of
LDHs. In catalysis, layered-double hydroxides are mainly used after a
calcination treatment which guarantees the synthesis of homogeneous
mixed oxides. M>™ and M>* LDH’s cations are indeed able to rearrange
in spinel phases (M>*(M3*),0,) above 750 °C and/or in a mixed M2*/
M3+ oxide structures with interspersed cations when the LDH is calcined
between 350 and 700 °C [27,77,78]. The main benefits shown by the
mixed oxides deriving from LDHs are their high surface areas, thermal
stability and memory effect, i.e., the capability to reconstruct, under
mild conditions in water solutions, the LDH structure.
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—a— NiCuAl 2.25:0.75:1 LDH
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The NiCuAl 1.5:1.5:1 LDH, i.e., the most performant LDH between
the ones tested for the 4NP reduction reaction, has been subjected to a
calcination at 400 °C to evaluate the effect of the structural change on
the sample’s catalytic activity.

The NiCuAl LDH and oxide catalysts have been tested in the 4NP
reduction using, unlike before, 2 mg rather than 10 mg of catalyst to
obtain a kinetic profile that could be monitored with our operando UV-
Vis laboratory equipment. In fact, higher catalyst amount would lead to
a total conversion in less than one minute of operation which does not
allow drawing the kinetic behaviour of the catalyst, as mentioned in the
previous Chapter. Fig. 8 shows the catalytic performance of the samples,

Table 5

Values of apparent constants for pseudo-first-order reactions using LDH with
different M*" cations.

Sample Kapp Kapp (min~'/ Active surface Kapp (min~/
(min~ 1) mg) (m?) m?)
Ni Al 3:1 0.21 0.021 1.23 0.17 + 0.02
+0.02 + 0.002
Ni Cu Al Too fast with 10 mg of catalyst
1.5:1.5:1
Ni Cu Al 0.65 0.065 1.03 0.63 + 0.07
2.25:0.75:1 +0.07 + 0.007
Zn Cu Al 0.13 0.013 0.60 0.22 + 0.05
1.5:1.5:1 +0.05 + 0.005
90 - —a— NiAl 3:1 LDH
—&— NiCuAl 2.25:0.75:1 LDH
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Fig. 7. Pseudo-first-order kinetic plot (a), and conversion plot (b) for the comparison of the activity of LDH with different M2* cations.
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while Table 6 reports the apparent kinetic constant relative to the two
materials. First, it was possible to determine the apparent kinetic con-
stant of the LDH material which was 0.61 min~! under these conditions,
while one of 1.06 min~! has been observed for the oxide. The results
showed that calcining the LDH to mixed oxide enhanced the catalyst’s
activity, as it can be concluded also by looking at the conversion plot.
The enhanced activity of the oxide was related to the increased reduc-
ibility of the oxide with respect to the LDH, which has been confirmed by
the TPR analysis, reported in Fig. 3, where both peak’s maximum and
onset temperatures are decreased by 110 °C and 50 °C respectively.

3.2.4. Effect of the catalyst amount

To evaluate the effect of the catalyst amount, the reaction has been
conducted using 0.5, 1, and 2 mg of the same catalyst (NiCuAl 1.5:1.5:1
mixed oxide). As it is noticeable from Table 7 and Fig. S1 and S2,
quadrupling the oxide amount led to an apparent rate constant
enhanced by about five times (from 0.19 to 1.06 min~ D). Nevertheless,
the non-linear relationship between the catalyst’s amount and the re-
action kinetic constant could be an indication of diffusion limitations
phenomena, hence indicating that the reaction system is ruled by the
presence of external mass transfer and kinetic regimes. The apparent
kinetic constants found using the three different catalyst concentrations,
were normalised by the mass of catalyst used and the average rate
constant was found to be 0.5+ 0.1 min 'mg~!. The not negligible
standard deviation of Kap, suggested again the presence of both kinetic
and mass transfer regimes, and therefore, it can be claimed that the
reaction efficiency could be further implemented by dealing with the
mass transfer limitations and optimisation of reaction conditions (i.e.,
effect of stirring rate, 4NP concentration, amount of catalyst).

3.2.5. Effect of the reaction conditions

Reaction parameters have been investigated to reduce the effect of
mass transfer. The first reaction parameter that has been studied has
been the stirring rate, adding a magnetic stirrer inside the cuvette, in
which 1 mg of catalyst has been placed, for all the reaction time.

As it is clear from Fig. 9, the catalyst’s performances turned out to be
further enhanced when an important stirring, of at least 1000 rpm, is
applied to the reaction mixture. This outcome could be explained by a
better miscibility between 4-nitrophenolate molecules and the more
dispersed catalyst, that otherwise could settle at the bottom of the re-
action vessel. By increasing the stirring rate between 500 and 1000 rpm,
the rate of reaction increases, suggesting a region ruled by the presence
of external mass transfer at low stirring rates. Stirring the reaction
mixture in a range of 1000-1500 rpm is, on the other hand, the best
condition to make the kinetic constant independent from the agitation

0.04 —&— NiCuAl 1.5:1.5:1 LDH
—w— NiCuAl 1.5:1.5:1 oxide (calc 400°C)
-0.54
1.0
> -1.54
Q
Q
£ 20
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T T T T T
1 2 3 4
time (min)
a.
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Table 6
Values of apparent constants for pseudo-first-order reactions using NiCuAl
1.5:1.5:1 LDH and oxide.

Sample Kapp Kapp (min~!/  Active surface Kapp (min~/
(min ) mg) (m%) m?)
NiCuAl1l.5:1.5:1  0.61 0.30 + 0.01 0.076 8.02
LDH + 0.02
Ni Cu Al 1.5:1.5:1 1.06 0.53 + 0.04 0.12 8.83
oxide +0.07
Table 7

Values of apparent constants for pseudo-first-order reactions using NiCuAl
1.5:1.5:1 oxide in different amounts.

Sample Catalyst amount Kapp Kapp (min~'/
(mg) (min™) mg)

Ni Cu Al 1.5:1.5:1 0.5 0.19 £+ 0.05 0.38 + 0.05
oxide

Ni Cu Al 1.5:1.5:1 1 0.69 £+ 0.05 0.69 + 0.05
oxide

Ni Cu Al 1.5:1.5:1 2 1.06 + 0.07 0.53 + 0.04
oxide

speed as it is suggested by the constant Ky, obtained under these con-
ditions (Fig. S3).

3.2.6. Reusability tests

To complete the investigation on the NiCuAl 1.5:1.5:1 oxide catalyst,
a reusability study was also conducted. The apparent kinetic constant
and the conversion reached after a reaction time of 240 s have been used
to compare the catalytic activity of the recycling tests. As reported in
Fig. 10, the reaction rate constant, as well as the conversion, remained
almost constant, considering the errors associated to the analyses.
Furthermore, ICP analyses have been carried out on the reaction mix-
tures after removal of the catalyst to dispel any doubt about a possible
nickel and/or copper leaching, which could have contributed to a
decrease of activity, that, nonetheless, was not observed. No traces of the
mentioned substances have been recorded. Thus, this result agrees with
the stable activity of the catalyst during reusability tests.

3.2.7. Substituent effect and Hammett plot

To understand the structure correlation with the reactivity and the
reduction mechanism, the substituent effect on different isomers of
nitrophenol, namely, 2-, 3-, and 4-nitrophenol (Fig. 11) was studied
during the catalytic tests involving the NiCuAl mixed oxide catalyst
carrying out different tests using these three, respectively.

100 9 —a— NiCuAl 1.5:1.5:1 LDH
—vw— NiCuAl 1.5:1.5:1 oxide (calc 400°C)
80
g
= 60
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o
[
>
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3 4o+
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Fig. 8. Pseudo-first-order kinetic plot (a), and conversion plot (b) for the comparison of the activity of NiCuAl 1.5:1.5:1 LDH and oxide.
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Fig. 9. Pseudo-first-order kinetic plot (a), and conversion plot (b) for the comparison of the activity of NiCuAl 1.5:1.5:1 oxide used at different stirring rate.
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Fig. 10. - Plot of apparent kinetic constant (a) and conversion (b) per each run of the reusability tests performed with NiCuAl 1.5:1.5:1 oxide.
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Fig. 11. 2-,3-, and 4-nitrophenol chemical structures.

The Hammett equation (Eq. 1) was used to understand the overall
catalytic mechanism:

log(K/Ko) = op €Y

Where, K is the reaction equilibrium constant, Kj is the reference re-
action constant which considers a hydrogen atom as substituent of the
phenol, ¢ is the substituent constant, and p the reaction constant [79].
This correlation gives indication about the effect of the
electron-donating ability of the substituent group on the reaction kinetic
constant. Indeed, the stability of the nitrophenolate ion, higher in the

case of 2- and 4-NP, owing to the more resonance forms compared to
3-NP, affects the conversion rate of each isomer.

The results point out that the reaction rate obtained in the three tests
with different nitrophenols, albeit showing in each case excellent re-
sults, is affected by the position of the substituent groups. Indeed, the
Hammett plot shown in Fig. 12 indicates a good correlation between the
revised o values [80] and the reaction kinetic constants, with a positive
slope (p= 0.18). This result confirms that the reaction rate is correlated
to the electron-donating capacity and inductive effect associated with
the substituents’ position. Moreover, according to several studies found
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Fig. 12. Hammett plot for the effect of the substituent in NP isomers on the
reaction rate. Reactions carried out using 25 mL of a 2.10~* M NP solution,
25 mL of a 9.0-10° M NaBH, solution, and 1 mg of NiCuAl 1.5:1.5:1 oxide
as catalyst.

in the literature which thoroughly investigates the possible reaction
routes through KIE studies supported by NMR spectroscopy, our Ham-
mett kinetics sustains the observation of a negative charge, or hydride
transfer, in the transition state of the reaction, stabilised by the
electron-withdrawing groups [13,79,81].

Indeed, the rate of reduction for the different substrates follows the
order 4NP > 2NP > 3NP, namely the reaction proceeds faster as the
electron-donating ability of the substituent group increases (Table S2).

To conclude the study, the results obtained in this work were
compared with what has been reported in the literature. Our best
catalyst (NiCuAl 1.5:1.5:1 oxide) was able to perform at the level of the
already reported best ones with K,p, value of 1.2:1072 s71/mg, as it is
shown in Table S3. It is worth noticing that, in contrast to the other
materials employed nowadays in 4-nitrophenol conversion, the catalyst
optimised in this work is not made of noble metals (such as gold,
palladium, or platinum), it is not supported by any other materials, and,
finally, it is obtained with an easy and economic preparation technique.
All these benefits should be added to the already remarkable perfor-
mances that the oxide has shown during the tests, which can be
considered comparable or even higher than the ones reported in the
literature.

3.3. Characterization of the spent catalyst

To better understand the catalysts behaviour during reaction, in-
depth analyses on the spent (used) mixed oxide have been carried out.
Interestingly, as reported in Fig. S4b, the XRD of the spent NiCuAl
1.5:1.5:1 oxide highlighted the presence of two more phases as
compared to the fresh catalyst (Fig. S4a), i.e., a nickel aluminate phase
and a CuO phase. This change in the active phase structure could be
explained by a migration of copper atoms towards the catalyst surface
during reaction which, after air exposure, rapidly oxidise. Therefore,
thanks to the well-known affinity of metallic copper and CuO for nitro
group reductions [82-84], the just described behaviour involving the
formation of metallic copper over the catalyst surface during 4NP
reduction could represent the key aspect of this catalyst’s remarkable
activity in the reduction of 4NP to 4AP.

XPS analysis was further used to confirm this hypothesis by moni-
toring the oxidation state of the catalysts after the catalytic tests and
comparing them with the XPS results obtained on the as-synthesized
(fresh) catalysts.

The XPS analyses of the spent catalysts are similar to those obtained
for the fresh ones, except for the Cu2p spectra, reported in Fig. S5. Two
main observations can be made: (i) the satellite peak is less intense in
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respect to the fresh one (Fig. S5b) and the main peak at 932.85 eV is
shifted to a lower binding energy in respect to that observed in the fresh
sample, 933.17 eV, suggesting that the metallic Cu could be formed
during the reaction since an excess of NaBH4 has been used and NaBH4 is
a strong reducing agent and, thus, it can migrate toward the top surface
layer of the catalyst. Moreover, the Ols spectrum of the spent oxide
catalyst exhibits an increase of the component assigned to Ni-O
(529.80 eV), while, on the contrary, the one assigned to Cu-O
(531.06 eV) decreases, highlighting that part of copper oxide could be
reduced and migrate toward the top-surface. The weight percentage of
all the species analysed by XPS are reported in Table S4. By comparing
the LDH before and after the test, a similar amount of Cu and Ni, about
2% weight, migrates toward the top surface. Concerning the oxide
sample, the Ni that interacts more strongly with Al in respect to the Cu
does not migrate, maintaining the same amount of weight, about 24%,
in both fresh and spent catalysts. On the other hand, the Cu slightly
migrates toward the top surface passing from 25.75% to 26.40% after
reaction. These results support the surface enrichment of copper in
presence of NaBHy, that could be reduced to metallic copper favouring
the migration toward the surface, and hence facilitating the reduction of
4NP. A further confirmation of the copper migration towards the surface
has been shown by TEM analysis. The spent sample, illustrated in
Fig. 13, shows the presence of CupO nanoparticles over the surface, as
confirmed by EDS and SAED analysis. Indeed, on the one hand, EDS
analysis shows that these particles are only composed of copper, which
has segregated as metallic copper from the NiCuAl mixed oxide. How-
ever, these small metallic clusters are readily oxidized in air, as sug-
gested indeed by the results of SAED which show a p-spacing of 2.42 A,
characteristic of CupO. Furthermore, it is worth mentioning that a
possible reactivation of the oxidized copper, performed for instance
through a further in situ reduction with NaBH4 before a second reduc-
tion cycle, could benefit the reaction performances by restoring the
actual active sites, i.e., metallic Cu. In fact, the results of the recycling
tests, where stable conversion has been obtained over different repeti-
tions, suggest that the copper oxide is readily reduced to metal when an
excess of NaBH, is present in the reaction environment, restoring the
catalytic activity.

4. Conclusions

A series of LDHs with intercalated carbonates were synthetized
following a co-precipitation method for the 4-nitrophenol to 4-amino-
phenol reduction reaction varying the catalyst composition. XRD, TPR,
BET-surface area, XPS, and TEM analysis were carried out to study the
structural and morphological properties of the prepared catalysts and
propose structure-activity relationships.

Aluminium was identified as the best trivalent cation if compared to
Ga- or Fe-based LDHs, an outcome related to the higher surface area of
the Al-containing sample, which facilitates the substrate/active site
contact and, hence, the 4NP conversion.

Furthermore, a Ni/Cu synergetic effect was highlighted and
confirmed by means of TPR, XPS, and direct comparison with nickel and
copper containing catalysts. Catalytic performance has shown to be
further increased by calcination at 400 °C of the NiCuAl LDH to mixed
oxide.

The results obtained in this study demonstrate that NiCuAl-based
mixed oxide derived from LDH, in which nickel divalent cations are
partially substituted with copper, are promising catalysts for 4NP
reduction reactions. This remarkable behaviour has been explained and
proven, through XPS and TEM analyses, by the migration of copper
atoms towards the catalyst surface.

By varying the experimental parameters, it was possible to determine
the optimal reaction conditions (i.e., a stirring rate of at least 1000 rpm),
as well as the main challenges to overcome, such as the reaction rate’s
dependence on mass transfer.

The effect of substituents on the aromatic ring of the substrate was
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Fig. 13. TEM, STEM and EDS analysis of the spent NiCuAl 1.5:.15:1 mixed oxide.

studied and the Hammett equation was used to deepen the reaction
mechanism. 4NP was found the most reactive isomer due to its higher
stability once deprotonated. Besides, being a reaction linked to the
electron-donating capacity and inductive effect associated with the
substituents’ position, the Hammett plot showed the possibility of hav-
ing a negative charge, or hydride transfer, in the transition state of the
reaction, stabilised by the electron-withdrawing groups.

Finally, the catalyst was found to be stable as recycling tests showed
constant reaction conversion after repeated cycles.
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