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Abstract

Addressed herein is a facile method for the preparation of cobalt-silver (Co,—~Ag,) nanoparticles decorated mesoporous
natural phosphate (m-NP). Various Co,~Ag, @NP nanocatalysts were prepared in different forms of Ag and Co;0, including
mono- and bimetallic active sites. The bimetallic nanocatalysts were prepared by two different preparation methods, namely
in-situ (Ag—Co;0,) and ex-situ (Ag/Co;0, core—shell). In the first step, colloidal Co,~Ag, nanoparticles were synthesized in
solution and their formation was monitored by using UV-Visible spectroscopy. Furthermore, the obtained nanoparticles were
characterized by XRD and IR spectroscopy. All nanoparticles were deposited on m-NP using a simple wetness impregnation
method followed by a calcination at 500 °C. The prepared nanocatalysts were fully characterized by advanced analytical
techniques including IR, XRD, XPS, SEM—-EDX, FESEM, and TEM. The catalytic reduction of 4-nitrophenol was studied
as a model reaction to investigate the effect of synergy created between the metals, oxidation state, catalyst structure, and
preparation method on their catalytic activity. Accordingly, reaction kinetics and comparative study of various colloidal
Co,—Ag, and m-NP supported nanocatalysts in the reduction of 4-nitrophenol was carried out. The optimized conditions
were used to study the substrate scope of the catalytic reduction over various nitroarenes.

Keywords Heterogeneous catalysis - Mesoporous natural phosphate - Core—shell nanoparticles - Silver - Cobalt oxide -
Nitroarenes

1 Introduction

Hamza Orfi and Ayoub Abdelkader Mekkaoui contributed equally Monometallic nanoparticles are present in diverse sectors
to this study. considering their electrical, optical, chemical, or biologi-
cal applications [1-4]. However, in recent years, bimetallic
nanoparticles are highly preferred for various applications
due to their unique properties including bi-functionality and
synergistic effects between two distinct metal atoms [5-8].
From the catalytic point of view, bimetallic nanoparticles
Laboratoire des Sciences des Matériaux, Mathématiques et composed of two distinct metals form outstanding catalyti-
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Morocco effects created between the metal atoms [9-12].

Recently, special attention is paid to supported metal
nanocatalysts which possess high catalytic performance in
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converting them into the less time- and energy-consuming
ones. Furthermore, anchoring of metal nanoparticles on suit-
able support materials disclose heterogeneous catalysts pos-
sessing high activity and selectivity [15, 16]. Additionally,
the deactivation of active sites during chemical processes
could be declined or eliminated by using of supported metal
nanocatalysts, which results in the longer catalytic lifetime.
Moreover, supported metal nanocatalysts boost the catalytic
efficiency by increasing the surface area and the support
material can improve the catalytic efficiency of the anchored
nanoparticles via providing strong support-metal interaction
and improved distribution and dispersion, making them
more sustainable [19].

Many support materials have been reported so far including
metal oxides (AL,O5 [20], SiO, [14, 21], ZnO [13], CeO, [19]),
carbon based materials (commercially available carbon blacks
[22], carbon nanotubes [23], graphene [24]), natural clays [25],
and polymers [26]. However, natural phosphate (NP), which is
an attractive and cost-effective catalyst or catalytic carrier for
several chemical transformations, has received little attention as
a support material for the metal nanoparticles [15, 16], although
hydroxyapatite and fluorapatite have been extensively employed
in various catalytic applications [27, 28]. Taking into consid-
eration that mesoporous supports allow high distribution and
dispersion of active sites, we have recently reported the use of
mesoporous NP (m-NP) as a support material for the palladium
nanoparticles [15, 16]. According to the characteristic nanosized
particles and pores of m-NP, the developed Pd@NP nanocata-
lysts showed strong catalytic activity, high stability and recycla-
bility in hydrogen transfer reaction [15] and dehydroaromatiza-
tion of natural olefines [16]. Silver nanoparticles have been found
to be more efficient and easily available materials with diverse
contributions in various applications [29—31]. The diversity of
applications is owing to the tuning of their particle size, shape,
surrounding dielectric characteristics, and inter-particle interac-
tions [32]. The potential use of Ag nanoparticles is widely known
in catalysis, cancer therapy, electrochemical sensor, drug therapy,
and etc. [33]. On the other hand, cobalt and cobalt oxide nano-
particles have also various biomedical applications owing to their
distinctive properties [34]. In addition to biomedical applications,
they have been widely used in batteries, pigments dyes, electronic
thin films, capacitors, and gas sensors [35-37]. In the water elec-
trolysis, Co;0, nanoparticles play a significant role as a catalyst
[38]. Moreover, cobalt can exhibit variable oxidation states (C02+,
Co**, and Co*") which makes it an attractive transition metal
for various catalytic applications. Recently, several eco-friendly,
safe, easy, and inexpensive methods has been reported for the
synthesis of cobalt and cobalt oxide nanoparticles using a vari-
ety of chemical and physical processes [34]. In the last decade,
Co-based bimetallic systems has gained considerable importance
due to the combined properties of metals coming from their elec-
tronic and geometric effects [38, 39]. However, bimetallic cobalt-
silver nanoparticles could be deposited on adequate stabilizing

supports for a better dispersion and distribution of active sites
[40, 41]. Recently, reports are focused on grown cobalt oxide
(Co;0,) and silver (Ag) nanoparticles on reduced graphene
oxide (rGO) as a supercapacitor electrode material [40]. In addi-
tion, another Co;0,—~Ag ternary nanocomposite was carried out
through the decoration of fibrous polyaniline as a supercapattery
battery-type electrode [41]. According to the literature, numerous
studies have been reported on the catalytic performance of Ag/
Co;0, bimetallic system [42—44], in contrast there is a lack of
studies on Ag—Co;0, supported catalysts. Based on the catalytic
performance of supported Co—Ag bimetallic catalysts in selec-
tive allylic oxidation of olefins [12—14], we have chosen for the
first time to study the mono- and bimetallic Co—Ag nanoparticles
supported on m-NP as nanocatalysts.

The reduction of 4-nitrophenol in aqueous solution repre-
sents an established “model catalytic reaction” for evaluation
of the catalytic activity of metal nanoparticles [45, 46]. In
wastewater, nitrophenols and other nitro-derivatives are one
of the most common organic contaminants due to their use as
herbicides, insecticides, and synthetic dyes [47]. Moreover,
they are present in many unexploded landmines worldwide
as dangerous high-energy explosives [48]. Additionally, nitro
compounds are carcinogenic with genotoxic risks to humans
and wildlife [49]. In contrast, the amines that are generally syn-
thesized from the catalytic reduction of nitro compounds play
a crucial role as important industrial intermediates. Accord-
ing to the significance of the reduction of nitro compounds,
the development of an effective and recyclable catalysts has
attracted enormous attention in the chemical industry [50, 51].
Recently, several bimetallic nanoparticles have been studied
such as Au-Pt [52], Hg—Pd [53], Pt-Pd [54], Au-Ag [55],
Ag—Cu [56], Pd—Co [57, 58], NiPd [59], and FePd [60].

Herein, we report the preparation, characterization, and
catalytic application of Co,~Ag, nanoparticles supported on
m-NP. Several mono- and bimetallic colloidal Co,—Ag, nano-
particles in solution and supported on m-NP were prepared
and tested as nanocatalysts in the 4-nitrophenol reduction. The
deposition was carried out using wetness impregnation method
to prepare four types of Co,—~Ag, @NP supported nanocata-
lysts. The prepared nanocatalysts were fully characterized and
their catalytic performance was evaluated in nitroarene reduc-
tion as a model reaction.

2 Experimental

2.1 Materials Synthesis

2.1.1 Preparation of Mesoporous Natural Phosphate

The natural phosphate (NP) was obtained from the region

of Khouribga, Morocco [61]. The NP was treated by sev-
eral techniques involving attrition, sifting, calcinations
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(900 °C), washing and re-calcination. After its treat-
ment, the NP has the following chemical composition:
CaO (54.12%), P,05 (34.24%), F (3.37%), SiO, (2.42%),
S0O; (2.21%), CO, (1.13%), Na,0 (0.92%), MgO (0.68%),
Al,05 (0.46%), Fe,05 (0.36%), K,0 (0.04%) and numer-
ous trace metals in ppm.

Natural phosphate was subjected to several grinding and
sieving as described in our previous studies to obtain a
mesoporous support with a particle size of <45 pm [15,
16]. Due to its nanosized particle size and pores, the m-NP
represents a good choice as a catalytic carrier for nanopar-
ticles deposition [15, 16].

2.1.2 Synthesis of Co,~Ag, Colloidal Solutions

According to our previously described procedure [15,
16], we have prepared four different types of colloidal
Co,—Ag, nanoparticles in solution. Typically, monometal-
lic Ag nanoparticles (x=0, y=1), Co nanoparticles (x=1,
y=0), in situ Co—Ag nanoparticles (x=0.5, y=0.5) and
ex-situ Co/Ag (core/shell) nanoparticles (x=0.5, y=0.5).
UV-Visible spectroscopy was used to monitor the forma-
tion of all the prepared colloidal Co,—Ag, nanoparticle
solutions.

2.1.2.1 Synthesis of Monometallic Silver Nanoparti-
cles Colloidal silver nanoparticles in solution were syn-
thesized by (i) mixing in a 500 ml flask a solution of
AgNO; (0.6 mmol) in distilled water (50 ml) with a previ-
ously stirred solution of sodium carboxymethylcellulose
(CMC-Na, 0.222 g) as a surfactant dissolved in a mixture
of water/ethanol (40 ml/10 ml). Then, monodispersed Ag
(0) nanoparticles were obtained by (ii) adding an addi-
tional amount of water/ethanol (110 ml/ 40 ml) to com-
plete 250 ml of solution mixture under stirring that will be
(iii) refluxed for 17 h under air.

2.1.2.2 Synthesis of Monometallic Cobalt Nanoparti-
cles Monodispersed cobalt nanoparticles were synthe-
sized using the same procedure in silver nanoparticles
preparation, using Co(NO;),,6H,0 (0,6 mmol) as a pre-
cursor of cobalt.

2.1.2.3 Synthesis of Bimetallic Co-Ag Nanoparticles The
in-situ monodispersed bimetallic Co—Ag colloidal solu-
tion was synthesized by (i) mixing and stirring two aqueous
solutions (0,3 mmol in 25 ml) of metal precursors AgNO,
and Co(NO;),-6H,0. (ii) In a 500 ml flask, the metal pre-
cursors solution was mixed with a previously stirred solu-
tion of sodium carboxymethylcellulose (CMC-Na, 0.222 g)
in a mixture of water/ethanol (40 ml/10 ml). (iii) The vol-
ume was completed to 250 ml by adding water/ethanol
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(110 m1/40 ml) and (iiii) the solution mixture was refluxed
for 17 h under air.

2.1.2.4 Synthesis of Bimetallic Co/Ag Core/Shell Nanoparti-
cles First, (i) monodispersed silver nanoparticles were syn-
thesized by the same described procedure. Thereafter, (ii)
an aqueous solution of Co(NO3),-6H,0 (0.3 mmol in 25 ml)
was added to the monodispersed Ag (0) and the mixture was
refluxed for 17 h to obtain Co/Ag core/shell nanoparticles.

2.1.3 Deposition of Colloidal Nanoparticles on Mesoporous
Natural Phosphate

The solution of as-prepared colloidal nanoparticles (Ag, Co,
Co-Ag, and Co/Ag) were used as precursors of nanoparti-
cles deposition on m-NP. The deposition was carried out
using simple wetness impregnation procedure by stirring
m-NP (0.95 g) in the appropriate colloidal solution followed
by 3 h of calcination at 500 °C (Scheme S1). The prepared
Co,~Ag, @NP nanocatalysts are designed Ag@NP, Co@NP,
Co-Ag@NP, and Co/Ag@NP, respectively.

2.2 Materials Characterization

Spectrophotometric analysis of the colloidal solutions was
investigated using a double-beam scanning spectrophotom-
eter (Shimadzu spectrophotometer, model biochrom). The
stretching vibration frequencies of the obtained nanopar-
ticles and nanocatalysts were recorded by FT-IR spectros-
copy in the range of 4004000 cm™! using a Bruker vertex70
DTGS. Diffraction data were collected at room tempera-
ture on a D2 PHASER diffractometer (BRUKER-AXS),
with the Bragg—Brentano geometry, using CuKa radiation
(A=1.5406 A) with 30 kV and 10 mA. X-ray photoelec-
tron spectra (XPS) were recorded on Thermo Scientific
K-Alpha spectrometer using an Aluminum anode (Al Ka,,
1468.3 eV). The binding energy scale was calibrated by
assigning the C 1s signal at 284.4 eV. SEM—-EDX measure-
ments were obtained with TESCAN VEGA3-EDAX scan-
ning electron microscope equipped with an energy disper-
sive X-ray detector (EDX). SEM images were acquired by
using a Zeiss Ultra Plus Field Emission Scanning Electron
Microscope (FESEM). Transmission electron microscopy
(TEM) observations were carried out at 120 kV (TEM,
Hitachi HT7800 with EXALENS) working at high-resolu-
tion (HR) mode with the magnification range of 10-600 k.

2.3 General Procedure for Catalytic Reduction
of Nitroarenes

The prepared Co,~Ag, @NP nanocatalysts were investigated
toward the catalytic reduction of 4-nitrophenol as a catalytic
model reaction and their substrate scope was investigated



Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:2192-2208

2195

on other nitroarenes. A typical reaction was carried out in a
round bottom flask at room temperature, by adding an aque-
ous solution of NaBH, (2.2%10"' M) as hydrogen source
and the aqueous solution of 4-nitrophenol (3.5%107> M) in
presence of Co,—~Ag, @NP (catalyst/substrate =35% wt.).
The catalytic reduction was monitored by UV—Visible
spectroscopy showing the decrease of absorbance at 400 nm
related to 4-nitrophenolate (obtained after the addition of
NaBH,) and the revelation of a new band at 300 nm indicat-
ing the formation of 4-aminophenol. The optimized condi-
tions were used to study the reaction kinetics in presence of
various colloidal Co—Ag nanoparticles and m-NP supported
nanocatalysts. The recyclability of the optimum prepared
nanocatalysts was carried out. Furthermore, the same con-
ditions were used in the reduction of various nitroarenes.
The resulting products were extracted from the aqueous
medium and the obtained organic phase was analyzed by
gas chromatography.

3 Results and Discussion
3.1 Materials Characterization
3.1.1 Colloidal Co,~Ag, Nanoparticles

The UV-Visible spectra of as-prepared Co,~Ag, colloi-
dal nanoparticles (Fig. 1) show a wide absorption band
around A, =420 nm attributed to surface plasmon reso-
nance (SPR) band of Ag nanoparticles (Ag, Co—-Ag, and
Co/Ag). In contrast to monometallic Ag nanoparticles,
the bimetallic Co,—~Ag, nanoparticles show an additional
band around 280 nm that could be assigned to the forma-
tion of silver oxide species [23, 62]. Moreover, the silver

Fig.1 UV-Visible spectra of
colloidal solutions of as-pre-
pared Co,-Ag, nanoparticles a
Ag, b Co-Ag, ¢ Co/Ag, and d
Co stabilized by CMC
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oxide absorbance was significant compared to SPR band
in the case of Co/Ag core—shell nanoparticles. While the
in-situ Co—Ag nanoparticles, represents an important SPR
absorbance as well as a moderate intensity of silver oxide
band. However, the absorbance band around 310 nm in the
UV-Visible spectra of colloidal Co and Co-Ag nanoparti-
cles can be attributed to the presence of Co(Il) species [63].
As a result of the UV-Visible spectra, we can conclude that
ex-situ colloidal solution (Co/Ag) promotes the formation of
silver oxide compared to in-situ one (Co—Ag) with absence
of cobalt band due to the core/shell structure.

The FT-IR spectra of the as-prepared Co,—Ag, nano-
particles and sodium carboxymethylcellulose (CMC-Na)
present some slight differences compared to the reference
CMC-Na (Fig. 2a), due to the formation of CMC-M (where
M=Co,-Ag,) in colloidal solutions by the possible inter-
actions between CMC and metal nanoparticles. However,
the FT-IR spectra (Fig. 2b) of the obtained nanopowders
after purification with washing with distilled water and
acetone, confirm the synthesis of pure CMC-M nanoparti-
cles structure (M = Ag; Co; Co—Ag; and Co/Ag). The vibra-
tion stretching of the significant band around 3445 cm™" is
attributed to the O—H group of molecular water and O—H
groups. Hence, the noticeable increasing of this band inten-
sity (3445 cm™') indicates the formation of cobalt hydroxide
species (Fig. 2b,) [64—66]. Furthermore, two main bands at
506 cm™! and 805 cm™! are related to the metal-oxygen and
the metal-OH bending vibrations (6(Co—O-H) and y(Co-0))
with additional bands related to Co—OH at 1059 cm™!,
1097 cm™!, 1263 cm™!, 1384 cm™!, and 1636 cm™!, com-
ing from Co(OH), formation [67-70]. On the other hand,
the slight absorption band around 580 cm™' that appears
in Co—Ag and Co/Ag samples can be attributed to Ag—O
stretching mode, which corresponds to a slight presence of

Wavelength (nm)
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Fig.2 FT-IR spectra of pure CMC-Na and a all as-prepared nanoparticles stabilized by CMC and b pure CMC-M (M= Ag; Co; Co—Ag; and Co/

Ag) nanoparticles after purification

silver oxide in bimetallic Co,—Ag, nanoparticles [71]. The
absence of this band in the monometallic Ag nanoparticles
confirms the complete reduction of silver precursors to Ag
(0), in consistence with UV—Visible spectra. All FT-IR
bands of monometallic Ag nanoparticles sample are attrib-
uted to CMC-Ag structure owing to the interaction with the
silver metallic species.

XRD analyses of the as-prepared nanoparticles indicate
the presence of intense peak at 20 =29.4° indexed to (104)
plane of NaNOj; phase in all samples (Fig. S1). The presence
of NaNOj can be explained by its formation during the inter-
action between CMC-Na and metal precursors M(NOj),,
which confirms the FT-IR results of CMC-M formation.
However, the XRD spectra of the obtained nanopowders
after purification, designed CMC-M (M =Ag; Co; Co-Ag;
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and Co/Ag), reveal the presence of Ag, Ag,0, Co(OH),, and
Co patterns (Fig. 3). We have noticed the presence of peaks
located at 20=18.07°, 32.15°, 38.04°, and 39.27°, which can
be indexed to (001), (010), (011), and (002) planes of hexag-
onal Co(OH), (JCPDS 96-101-0268), with crystallite size of
39.92, 34.76, 20.23, and 24.47 nm, respectively for CMC-Co
(Fig. 3). Furthermore, the presence of Ag (0) nanoparticles
was also confirmed by the wide peak around 26 =38°, which
is readily assigned to (111) plane of face centered cubic
metallic silver (JCPDS 96-150-9147), with crystallite size
of 2.15, 3.76, and 5.34 nm for CMC-Ag, CMC-(Co-Ag), and
CMC-(Co/Ag) respectively. In addition to Ag (0), the XRD
spectra show the presence of cubic phase of Ag,0 (JCPDS
41-1104) around 20=27.8°, 32.2° and 46.2° indexed
to (110), (111), and (211), with crystallite size of 34.41,
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40.97, and 42.8 nm for CMC-(Co—Ag) and 34.64, 13.12,
and 36.56 nm for CMC-(Co/Ag) respectively. In addition,
the bimetallic Co—Ag and Co/Ag nanoparticles point out
a remarkable absence of the intense pattern at 20=18.07°
related to Co(OH),, with presence of Ag,O phase which
present intense patterns in the case of core—shell nanopar-
ticles. Although, the same patterns could be attributed to
Ag,Co;_,0, phase [72]. Accordingly, the observed patterns
attributed to Ag, Ag,0, and Co(OH), phases are in good
agreement with the UV-Visible and FT-IR results.

[FAg (JCPDS No.96-150-9147)
i ) Co (JCPDS No.01-089-4307)
* Co(OH), (JCPDS No.96-101-0268)
o Ag,0  (JCPDS No.41-1104)

CMC—Co

Intensity (a.u.)

( MC %( o ~\0)

S pvged

CMC—HCo-Ag)

60 70 80

40 50
26 (°)

Fig.3 XRD spectra of CMC-Na and obtained CMC-M (M =Ag; Co;
Co-Ag; and Co/Ag) nanoparticles after purification

3.1.2 Co,~Ag,@NP Nanocatalysts

The deposition of Co,—Ag, nanoparticles on m-NP was car-
ried out using a simple wetness impregnation method fol-
lowed by calcination at 500 °C for 3 h. The FTIR spectra of
m-NP and Co,—Ag, @NP nanocatalysts indicate the stabil-
ity of the crystalline apatite after deposition and reveal the
characteristic bands of phosphate groups at 560-600, 960,
and 10301120 cm™! (Fig. S2).

The crystallite structure of the as-deposited Co,~Ag,
nanoparticles on the surface of m-NP was studied by XRD
analysis. All the patterns of the prepared Co,~Ag, @NP
nanocatalysts were not the same compared to the support
m-NP (Fig. 4). The peaks appearing at 20 =38.46° and
44.39° are indexed to (102) and (110) planes of face centered
cubic metallic silver, respectively, confirming the deposition
of Ag (0) nanoparticles on m-NP for the prepared nanocata-
lysts Ag@NP, Co-Ag@NP and Co/Ag@NP. By using the
wide peak at 20 =38.46°, the crystallite size of silver was
calculated to be 53.40 nm, 22.88 nm, and 29.12 nm, respec-
tively. However, the XRD patterns of Co@NP, Co-Ag@NP
and Co/Ag@NP confirm the presence of Co;0, indicated
by the peak at 260 =46.92°, which can be assigned to (400)
plane of cubic phase of the spinel Co;0, [73]. According
to the Scherrer equation [74], the crystallite size of Co;0,
were respectively 27.50, 37.20 and 27.49 nm. On the other
hand, XRD region of natural phosphate shows a significant
shifting of apatite peaks both in the deposition of monome-
tallic and bimetallic cobalt nanoparticles (Fig. 4b). While
the slight shifting of Co@NP patterns may be due to Co;0,
deposition on m-NP surface, the significant shifting for
Co—Ag nanocatalysts could be attributed to the presence of
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..... NN WP IVDIPE Tl SPIPIE Il I P
a Y Co,0, h i
+Ag I Co-Ag@NP i
i, ) | + + 4 | i Co- -\OC\'P
) var\'“"l-.m V uu«-.«»«-«’\u&/W» e w.f I~-./ W/ hﬁw"\m : ; : AN AR A
~ | y CoAg@~P | ~ :: } Co/Ag@NP
= A | L../' ] A = A
& WA e’ 1 N kst %thwMNM»A ‘\n—/L PN S A | o N,
il ~ i
2 Y Co@NP | 2 || i
= = Co@NP
7 2
s J IWW\W»«,‘A\ILJL‘F\WM-‘ e A
= =
— =]

. Ul , * | Ag@NP
VWi s AN A

WM

Ag@NP

AAAAP A Vet

18]
n

26 (°)

30 5 50 55

Fig.4 XRD patterns of m-NP and the prepared Co,~Ag, @NP nanocatalysts
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silver oxide on the surface. In addition, the shifted peaks of
Co—Ag@NP and Co/Ag@NP nanocatalysts (Fig. 4b) might
be related to the intercalation with silver oxide peaks Ag,O
(111) and AgO (111) at 26=32.3° and 34.1°, respectively
(JCPDS 12-0793 and JCPDS 84-1547) [75]. The presence of
silver oxide species was detected in bimetallic nanoparticles
analysis and could be also explained by the metallic redox
interaction during the calcination process [76, 77].

The observed shifting of the characteristic XRD peaks
of the natural apatite leads us to study the lattice parameters
and the crystallite sizes of m-NP before and after deposition
of Co,—Ag, nanoparticles (Table SI). The lattice parameters
indicates that the deposition of Co,—Ag, nanoparticles does
not have a significant effect on the crystalline system of the
apatite support with a slight difference on lattice parameters
for the bimetallic nanocatalysts. However, the used colloidal
solutions for the deposition of these nanoparticles shows
an improvement resulting in a decrease of m-NP crystal-
lite size. Moreover, the deposited bimetallic nanoparticles
show interesting results especially for the deposited Co/Ag
core—shell nanoparticles.

To understand the exact local electronic and chemical
configuration of the deposited Co,~Ag, nanoparticles on
m-NP, XPS analyses were carried out. The chemical envi-
ronment and the oxidation state of silver and cobalt were
studied through the Ag 3d and Co 2p regions (Figs. 5 and
6). In addition to the representative elements of m-NP (phos-
phate, calcium, oxygen, fluor, and carbon), all XPS survey
spectra confirm the deposition of Co,~Ag, nanoparticles in
the prepared Co,-Ag, @NP nanocatalysts (Figs. 5 and 6a—d).

The XPS spectrum of monometallic Ag@NP nanocata-
lysts indicates that the deposited silver nanoparticles are in
metallic form (Fig. 5a and a;). While the major Ag 3d;,,
component is centered at binding energy (BE) of 367.39 eV
and the second spin—orbit pair of minor intensity Ag 3d;,,
is detected at BE of 373.16 eV. The Ag 3ds,, and Ag 3d;,,
are presented as a doublet with spin orbit split of = 6 eV,
which is in a good agreement with the characteristic data of
metallic silver [78]. On the other hand, the monometallic
nanocatalyst Co@NP shows two separated peaks, Co 2p;,
at BE of 779.68 eV and Co 2p,,, at BE of 795.05 eV with a
characteristic spin—orbit split of 15.37 eV (Fig. 6b and b,).
The Co 2p XPS spectrum indicates that the cobalt is depos-
ited as Co;0, [79].

The XPS spectra of both Co-Ag@NP and Co/Ag@NP
nanocatalysts were studied too (Figs. 5 and 6c, ¢, ¢,, d,
d, and d,). The Ag 3d spectra of the deposited bimetallic
nanoparticles were rather different from monometallic silver
one. In addition to the main existence of metallic Ag, the
bimetallic Co-Ag @NP shows a minor presence of Ag/Ag,0
mixed phase noticed by Ag 3ds;, (365.1 eV) and Ag 3d;,,
(370.64 eV) peaks [75]. In contrast, the metallic silver rep-
resents a minor phase for the deposited bimetallic core—shell
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nanoparticles, due to the major presence of AgO species
confirmed by Ag 3d;,, (370.65 eV) and Ag 3d5,, (376.64 eV)
[80]. The Co 2p spectra of Co—Ag@NP and Co/Ag@NP
nanocatalysts, present the same results observed for cobalt
monometallic deposition indicated by the presence of 2p,,
and 2p,,, peaks and two satellite peaks (Fig. 6¢c, and d,),
which is in good agreement with Co;O, XPS spectra [79].
In order to study the effect of nanoparticles deposition on
the structural and electronic chemical configuration of the
support material, XPS analyses of all prepared nanocatalysts
were also studied for major elements in m-NP structure (P
2p, O 1s, Ca2p, F 1s, and C 1s) (Fig. S3). The P 2p spec-
trum shows the typical P 2p;,, peak of natural phosphate
at BE of 133.2 eV with a slight difference in the electronic
configuration for bimetallic nanocatalysts and especially a
significant shifting observed for bimetallic Co/Ag core/shell
nanoparticles. These results indicated the interactions of the
deposited bimetallic nanoparticles with the phosphate group
in the natural apatite. While O 1s presents mainly two peaks
attributed to PO43_ +OH™ and O%*~, with the same remarked
peak position modification for bimetallic deposition may be
due to the deposition of silver oxide nanoparticles in the
surface. The binding energy of Ca 2p;,, and Ca 2p,,, matches
those reported in the literature for natural phosphate [81].
The differentiation in Ca 2p spectrum for deposited Co/Ag
core/shell nanoparticles could be attributed to the interaction
of calcium groups with the deposited silver oxide in the sur-
face of m-NP. The spectra of F 15 (684.9 eV for NP) confirm
the fluorapatite aspect of the m-NP used as a support for
the deposition of nanoparticles. The Cls spectra confirmed
the presence of carbonate in m-NP with the same noticed
spectrum modification for the core—shell deposition due to
the interaction of metallic nanoparticles with the support.
The analysis of XPS spectra of main m-NP elements
showed no-significant modification in terms of electronic
and chemical configurations for monometallic deposition on
m-NP surface. In contrast, the bimetallic deposition reveals
some modifications due to the presence of silver oxide spe-
cies (AgO and Ag,0) and to the important interaction of
bimetallic Co,-Ag, nanoparticles with the m-NP surface,
especially for deposited Co/Ag core/shell nanoparticles.
To investigate the morphology, the dispersion, and
the distribution of the deposited Co,-Ag, nanoparticles
on m-NP, FESEM images were recorded for all prepared
Co,-Ag, @NP nanocatalysts (Fig. 7). The FESEM images
indicated that nanoparticles deposition has no effect on the
m-NP morphology (Fig. 7a;, b;, ¢, and d,). The monometal-
lic deposition of silver nanoparticles formed well dispersed
and distributed nanospheres on the surface Fig. 7a, and a;).
The deposited nanospheres were identified as formed Ag@
NP nanocomposites on m-NP surface as showed by EDX
and elemental mapping analysis (nanosphere composed by
Ag and major m-NP (fluorapatite) elements) (Fig. §). On
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Fig.5 XPS spectra of deposited silver nanoparticles for a Ag@NP, ¢ Co-Ag@NP and d Co/Ag@NP nanocatalysts

the other hand, the deposition of cobalt leads to distributed
Co;0, nanograins on the mesoporous NP surface (Fig. 7b,
and bs). In contrast, the bimetallic nanocatalysts show dif-
ferent results compared to monometallic deposition (Fig. 7¢
and d). Both in-situ and ex-situ Co,-Ag, colloidal solutions
lead to the deposition of distributed silver nanospheres deco-
rated Co;0, nanograins (Fig. 8c; and d;). In case of Co/

Ag core/shell deposition, a slight differentiation in terms of
dispersion and distribution is noticed for the obtained silver
decorated Co;0, (Fig. S4).

TEM analyses were carried out to explore the shape and
size of the deposited nanoparticles on m-NP (Fig. 9). The
TEM images of the monometallic Ag nanoparticles depos-
ited on m-NP showed a well-dispersed nanoparticles with

@ Springer



2200 Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:2192-2208

Satellite

Intensisty (a.u.)

Satellite

Intensity (a.u.)

Co(@NP

1200 1000 800 600 400 200 O 810 805 800 795 790 785 780 775 770
Binding Energy (eV) Binding Energy (eV)

__ c i c2 Co -: .

Co-Ag@NP
Intensity (a.u.)
Satellite

Intensisty (a.u.)

L 1 L L L
E Satellite

"""" (ARRAREARES LR AR R LA RAR R R R R LR LR R NN T U L R WL L
1200 1000 800 600 400 200 0o S05 S00 795 790 785 780 173 770
Binding Energy (eV) Binding Energy (V)

_- d 1 d2 Co 2p3/2

1

1

Co/Ag@NP
Intensity (a.u.)

Intensisty (a.u.)

> Satellite

T T T T T rrrr[rrrr [ rr T[T e T
1200 1000 800 600 400 200 0 810 805 800 795 790 785 780 775
Binding Energy (eV) Binding Energy (eV)

Fig.6 XPS spectra of deposited Co;0, for b Co@NP, ¢ Co-Ag@NP and d Co/Ag @NP nanocatalysts

an average particle size of 10 nm, and confirm the observed =~ m-NP support by both Ag and Co;0, nanoparticles pos-
Ag@NP nanospheres by FESEM-EDX analyses (Fig. 9a). In  sessing good distribution and well-dispersion (Fig. 9¢c). In
the case of the monometallic deposition of cobalt, the images  contrast, the deposition of ex-situ Co,—Ag, colloidal solu-
revealed the presence of chain-like (deposited nanograins  tion exhibits the presence of Co/Ag core/shell nanoparticles
observed by FESEM) and cubic Co;0, nanoparticles depos-  formed mainly by Co;0, nanograins (core) decorated by Ag
ited on m-NP surface (Fig. 9b). The deposition of in-situ nanospheres and silver oxide film (shell) (Fig. 9d).
colloidal solution of Co,—Ag, exhibits the decoration of
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3.2 Catalytic Application
3.2.1 Catalytic Reduction of 4-Nitrophenol

The catalytic activity of Co,~Ag, @NP nanocatalysts
was evaluated for the reduction of 4-nitrophenol (4-NP)
as a well-accepted model reaction. The reduction reac-
tions were carried out using NaBH, as reducing agent in
aqueous medium under ambient conditions (Fig. S5). The
direct reduction of 4-NP by NaBH, is thermodynamically

feasible but kinetically restricted due to the lack of an effi-
cient catalyst [82]. The catalytic transformation is simple
and very fast with the advantage of monitoring the reduc-
tion by UV-visible spectroscopy. The use of mesoporous
natural phosphate alone cannot catalyze the catalytic
reduction of 4-NP.

In presence of NaBH,, the 4-nitrophenol is converted
to 4-nitrophenolate ion which is noticed by the change of
color from light yellow to bright yellow, and the absorp-
tion peak shifting from 317 to 400 nm (Fig. 10a). After
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addition of the catalyst, the characteristic absorption peak
of 4-nitrophenolate at 400 nm started to decrease while a
new absorption band at 300 nm appeared due to 4-ami-
nophenol formation (Fig. 10b). In addition, the change in
the color of reaction mixture from bright yellow to color-
less solution was also an indication of the catalytic reduc-
tion of 4-NP (Fig. S5). The comparison of Co,~Ag, @
NP catalytic performances indicate that deposited silver
nanoparticles (Ag@NP) are more efficient compared
to Co;0, (Co@NP). However, the bimetallic Co,—Ag,

@ Springer

nanocatalysts reveal a great improvement in catalytic
activity in comparison to monometallic Ag@NP nano-
catalyst. These results reveal the great effect of bimetallic
synergy on the catalytic performance. On the other hand,
the deposited Co—Ag nanoparticles gave better catalytic
activity than the Co/Ag ones. The less catalytic efficiency
in terms of reaction kinetics of Co/Ag@NP nanocatalyst
could be due to the presence of silver oxide film on the
deposited core—shell nanoparticles. In contrast, Co-Ag@
NP presents a uniform distribution of Co;0, and Ag NPs
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a

Fig.9 TEM images of a Ag@NP, b Co@NP, ¢ Co-Ag@NP, and d Co/Ag@NP nanocatalysts
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Fig. 10 General presentation of UV—Visible spectra of a 4-nitrophenol transformation to 4-nitrophenolate in presence of NaBH, and b catalytic
reduction of 4-nitrophenolate to 4-aminophenol catalyzed by Co,~Ag, @NP
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(See Fig. 9). Furthermore, XPS spectra show silver oxide
as predominant oxidation state compared to Co—Ag@
NP where metallic silver is mainly the dominant specie.
The fact that metallic silver is the highly active catalytic
specie can explain the catalytic performance of Co-Ag@
NP compared to Co/Ag@NP. Consequently, Co-Ag@NP
was chosen as a model nanocatalyst to optimize the 4-NP
catalytic reduction.

The catalytic activity of 4-NP was investigated with vari-
ous amount of NaBH, (0.036 to 0.392 M) to determine the
optimal concentration of the reducing agent, in presence of
Co—-Ag@NP (Catalyst/Substrate =50% wt.) as the model
nanocatalyst. The reaction time was dependent on NaBH,
concentration with no effect on 4-NP conversion, which
indicate a high catalytic efficiency of the model nanocat-
alyst. Due to the presence of NaBH, excess, the catalytic
transformation rate was assumed to be dependent only on
the substrate, which can be fitted using a first-order rate law
to 4-NP concentration. During the optimization, the kinetic
of each catalytic reaction has been studied following the
reaction rate constant (k) calculated using In (A/A,) =—kt,
where A and A represent the absorbance at 400 nm at time
tand O (Fig. 11). The regular use of NaBH, excess in such
catalytic transformation could be explained by the increase
of produced BH, ™ ions which facilitate the catalytic hydro-
gen transfer process to convert 4-NP to 4-AP.

The effect of catalyst amount on the catalytic reduction of
4-NP was investigated using various catalyst/substrate ratio
(10 to 50% wt.) of Co—Ag@NP chosen as the model nano-
catalyst. The best result was obtained with 0.221 M NaBH,
concentration (Fig. 12). The total catalytic reduction of 4-NP
takes place from a moderate to a fast time. With a small
catalytic ratio of 10%, the total conversion of 4-NP with a
reaction time of 65 min indicates the efficiency of the devel-
oped Co—Ag@NP nanocatalyst. Starting from catalyst/sub-
strate ratio of 30%, high constant rate was obtained with a
shorter reaction time. The ratio of 35% was the best optimum
amount for the catalytic application with 98% of conversion

in 11 min and a rate constant of 0.4542 min~".

3.2.2 Substrate Scope and Limitations of Catalytic
Reduction of Nitroarenes in Presence of Co-Ag@NP
Nanocatalysts

The scope and limitations of the developed nanocatalytic
system were investigated in the reduction of several other
nitroarenes under the optimized conditions. As shown in
Table 1, all studied nitroarenes bearing electron withdraw-
ing or donating substituents were converted to the corre-
sponding amino products in a shorter reaction time com-
pared to previously published nanocatalyst PdA@NP [15].
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3.2.3 Nanocatalyst Heterogeneity and Recyclability

The heterogeneity of the nanocatalytic system was investi-
gated according to the metal leaching during the catalytic
transformation. First, the reaction was carried out in pres-
ence of Co-Ag@NP nanocatalyst and kept going for 2 min.
Thereafter, the nanocatalyst was removed from the reac-
tion mixture and then the absorbance was measured. After
nanocatalyst filtration, the absorbance of 4-nitrophenolate
remain constant, indicating that no reduction of 4-NP is
occurred even after 120 min of reaction (Fig. S6). This result
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Table 1 Co-Ag@NP catalytic performance for the reduction of various nitroarenes

Entry Nitroarene Aminoarene Solvent (Water/ Reaction time Kiapp (min~) Con-
Ethanol) (min) version

(%)

1 3-Nitrophenol 3-Aminophenol Water 15 0.3037 99

2 Nitrobenzene Aniline 7/3 120 0.0118 97

3 4-Nitrotoluene 4-Toluidine 7/3 20 0.0896 98

4 2-Nitroaniline 2-Phenilenediamine Water 15 0.1788 90

5 4-Nitroaniline 4-Phenilenediamine Water 15 0.0511 90

6 3-Nitrobenzaldehyde 3-Aminobenzylacohol 7/3 15 0.0657 95

7 4-Nitrobenzaldehyde 4-Aminobenzylacohol 7/3 20 0.0579 96

8 4-Nitrobenzonitrile 4-Aminobenzonitrile 7/3 30 0.0337 92

9 Methyl 3-nitrobenzoate Methyl 3-aminobenzoate 7/3 15 0.078 94

10 3,5-Dinitrosalicylic acid 3,5-diaminosalicylic acid Water 10 0.3063 97

Reaction conditions: nitroarene (3.5%107> M), 0.221 M of NaBH, and 7 mg of Co-Ag@NP at room temperature

represents a response on the heterogeneity of the developed
nanocatalyst as no silver or cobalt nanoparticles are leached
into reaction mixture.

Furthermore, the catalyst stability and recyclability are
the key parameters for the heterogeneous catalysts for cata-
lytic applications. The reusability of Co-Ag@NP has been
carried out for four consecutive cycles (Fig. 13). After each
cycle, the nanocatalyst was recycled by decanting the ami-
nophenol product and adding the same initial amount of
4-NP until the fourth cycle. The decantation is performed
using an organic solvent. This adapted recycling method
allow us to investigate the reuse of the nanocatalyst but also
the reduction agent lifetime during the cycles. Hence, the
recycling process is more adaptable to atom economy fol-
lowing green chemistry and circular economy principals. In
the last cycle, a depletion of NaBH, was observed and an
adequate amount of reducing agent was introduced to com-
plete the catalytic reduction. The obtained total conversion
of 4-NP during the last cycle, confirms the great efficiency
in terms of catalytic stability and recyclability of Co—Ag@
NP for further cycles.

To confirm the stability in terms of active sites and cata-
lytic structure, the characterization of recycled nanocata-
lyst after the first and the last cycles were carried out. XRD
examination of the nanocatalysts revealed that the crystallin-
ity of the recovered Co—Ag@NP is similar to the fresh one
with no-modification of active sites Ag and Co;0, nanopar-
ticles (Fig. 13b). However, SEM analyses indicate a good
stability of the recycled nanocatalysts in terms of surface
morphology, dispersion, and distribution of Ag and Co;0,
nanoparticles (Fig. 13c). Moreover, EDX spectra reveal a
good stability of nanocatalysts elemental composition and
confirms the stable presence of Co—Ag nanoparticles during
the recyclability process (Fig. 13c).

3.2.4 Comparison of Catalytic Performance with Other Co-
and Ag-Based Catalysts

A comparison of the catalytic performance of the developed
Co,-Ag, @NP nanocatalysts with recent literature reports on
4-NP reduction catalyzed by various cobalt and silver based
catalytic systems is given in Table 2.

4 Conclusion

In a summary, we have reported a successful synthesis of
mono- and bimetallic Co,—Ag, colloidal nanoparticles and
their deposition on mesoporous natural phosphate (m-NP)
using wetness impregnation method. The characterizations
of Co,~Ag, nanoparticles using UV-Visible, IR, and XRD
clearly indicated the formation of Ag (0) and Co(OH), with
presence of silver oxide in the case of bimetallic Co,—~Ag,.
After the deposition of nanoparticles, all prepared Co,-Ag, @
NP nanocatalysts were fully characterized by IR, XRD,
XPS, SEM-EDX, FESEM, and TEM analyses. The struc-
tural, chemical, and physical characterizations confirmed the
presence of Ag (0) and Co;0, for monometallic deposition.
In contrast, the Co,~Ag, bimetallic deposition presented a
moderate amount of silver oxides due to metal synergic and
redox interactions. On the other hand, the microscopic anal-
yses revealed a stable morphology with uniform distribution
and dispersion of crystalline Ag and Co;0, nanoparticles on
the mesoporous NP. Moreover, the Co,~Ag, bimetallic depo-
sition forms silver nanospheres decorated Co;O, nanograins
on the surface. The prepared ex-situ nanoparticles present a
core—shell form of deposited Co/Ag on m-NP surface. The
catalytic performance of the prepared nanocatalysts was car-
ried out in nitroarene reduction using NaBH,, leading to
pseudo-first order reaction kinetics. The excellent catalytic
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Fig. 13 Recyclability of Co—-Ag@NP during 4-NP reduction: a Plot of the conversion and reaction time for 4 cycles, b XRD spectra, and ¢
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Table 2 Comparison of
catalytic performance of
developed Co,-Ag,@NP
nanocatalysts with other
catalytic systems reported in
literature

@ Springer

Catalyst Mass (mg) [4-NP] (mM) [NaBH,] Kapp (ms_l) References
(mM)
Pure Co 0.2 0.5 30 1.34 [57]
Ag nanodendrites 2 0.103 10 5.63 [83]
Ag@Pt/sepiolite 0.1 0.2 40 2.5 [84]
Pd-Co alloy 0.2 0.5 30 6.65 [57]
Pd@NP 1 0.5 30 0,94 [15]
Co@NP 1 0.5 30 0,54 This work
Ag@NP 1 0.5 30 4,01 This work
Co/Ag@NP 1 0.5 30 4,38 This work
Co-Ag@NP 1 0.5 30 7,57 This work
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activity of bimetallic Co-Ag@NP nanocatalysts with great
stability and recyclability, demonstrates the importance of
metal synergy and the choice of catalyst preparation method.
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