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ABSTRACT

In this paper, we report an in-situ synthesis bfesisupported on cobalt oxide (Ag/&,)
nanoparticles (NPs) and studied the catalytic dgtiof this material as an eco-friendly,
simple, recyclable and efficient catalyst for g photocatalytic oxidation of aromatic
alcohols. Ag nanopatrticles with the sizes of 2-5 supported on spherical ¢y with the
radius between 40 and 60 nm were synthesized byogeneous chemical precipitation
followed by hydrothermal heating. The as-synthasizatalyst was thoroughly characterized
by powder X-ray diffraction (XRD), scanning elecstrmicroscopy (SEM), energy-dispersive
X-ray spectroscopy (EDX), elemental mapping, trassimn electron microscopy (TEM), X-
ray photoelectron spectroscopy (XPS), Fourier faans infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA) and dsorption-desorption isotherm (BET) analysis. It
was observed that the catalysts with 1 wt% of silleading shows high activity and
selectivity toward the target aldehyde product. Effects of different reaction parameters
such as reaction time, oxidant and solvent werestigated and studied in detail. The
synergistic effect between the surface Ag NPs angDgZnanospheres plays a vital role

toward very high catalytic activity.
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1. Introduction

During last few decades, preparation and charaet®sn of inorganic materials with
nanosized dimensions and morphological specifitifs become highly important and
received a great deal of interest in various sa@eawed technology fields [1-7]. Recently,
nanomaterials have attracted much research attedtie to their applications in medicine,
biology, electronics and chemical industries [8-1Mphnostructured materials with low
density and high specific surface area are cormidsuitable candidates for a variety of
applications. Their significantly enhanced activign be attributed to their highly accessible
surface area with a large number of active sit@s1f]. It was observed that nanomaterials
doped with another metal boost their catalyticogdficy to great extent due to synergistic
effects [14]. Noble metal nanomaterials such agesibnd gold have shown tremendous
potential for applications in various fields inciag catalysis [15, 16]. Their controlled effect
as dopants on various transition and nontransitieial oxide supports, such as titania,
alumina, and silica, has provided a new aspecthé&r tutility in catalytic science and
technology [17-21]Several green methods for the synthesis of Ag remicfes (NPs) are
known [22]. Synthesis methods for supported tréosinetal oxide nanomaterials such as
sonochemical methods, microwave irradiation, angovaleposition have been studied and
they have their own advantages and disadvantagespite significant research efforts,
controlled and easy synthesis of Ag-supportegdzoanomaterials in solution is still highly
challenging. Development of a facile method for #athesis of Ag-supported €y
nanomaterials with desired size, shape and morghkaostill considered a challenging task.
Huang et al has synthesized Ag-decorated ;09 nanosheets on nickel foamia a
hydrothermal method and it was found that the maoiquyy of CgO,4 can be controlled by
adjusting the hydrothermal time and the conceminatif reactants [5]. Herein, we report a
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simple and reproducible preparation method forsynethesis of silver supported on £q
spinel nanoparticlesia a hydrothermal synthesis followed by calcinatiSilver supported
on Cg0O,4 nanoparticles was synthesized by an in-situ sgmhgrocedure and it was found
that the in-situ synthesis procedure is better tlia®m impregnation method for the
photocatalytic oxidation of alcohol. The added adage of the synthesis procedure is that it

can be applied on a large scale synthesis (up .10

Oxidation of alcohols is one of the most importar@nsformations in synthetic organic
chemistry [23, 24]The oxidation products are known to be essenti@rimediates in the
manufacture of agrochemicals, fine chemicals, phasuticals and high-value commodity
chemicals [25, 26]. With a growing concern with momic and environmental acceptability,
researchers across the world are devoting mucht dffoaccomplish such oxidation with
oxygen or hydrogen peroxides [27-30]. Several denelcatalysts have been developed for
environmentally benign oxidation of alcohols to lmaryl compounds [31]. Recently,
photocatalytic oxidation of aromatic alcohols wherelehyde was obtained as a major
product using a nanostructured catalyst has beantefest among researchers [32-35]. In
particular, Jinget al. have reported on the use of,bOs spheres for the photocatalytic
oxidation of benzyl alcohol [36]. Zharey al. have reported on the photocatalytic oxidation
of benzyl alcohol over Ti® nanorods loaded with Au-Pt nanoparticles. They ehav
immobilized the Au-Pt nanoparticles on pi@anorods where photocatalytic activity for
benzyl alcohol was obtained under visible lightdgliation [37]. Perovskite materials were
also studied for the selective photocatalytic ottataof benzylic alcohols [38]. Ziaraét al
has synthesized graphene highly wrapped yolk@sheD, (G-HW-Y@S-TiO2)
nanomaterials for photocatalytic performance inbleslight oxidation of aromatic alcohols
and found that the selectivity of aldehyde wasan&ven after 12 h of reaction [39]. Dieg

al has reported graphitic 38s,-based polymers for photocatalytic oxidation of naabic
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alcohols. The study reveals that vacancy defettiersemiconductors plays an important role
in enhancing the photocatalytic activity of semidoctor photocatalysts [40]. Qet al has
studied noble metal nanoparticle-functionalizedn¥tal organic frameworks for aromatic
oxidation of alcohols to aldehydes. It was obsertieal the photocatalytic oxidation of
aromatic alcohols to aldehydes was enhanced ovetUi@w66-NH, or Au/UiO-66
photocatalyst, but the activity was suppressed &teoading [41]. All the materials have
their own advantage and disadvantage. Moreovethallreported process uses an atom-
economic catalyst system that utilizes availableegrand clean renewable solar energy
which is favorable from an environmental standpdiawever some suffers from multi-step
catalyst synthesis procedure, long reaction rum,donversion or low selectivity. Therefore,
we herein report a simple single step proceduré&isynthesis of silver supported orsOp
spinel nanoparticles and studied its activity fawieonmentally friendly photocatalytic
oxidation of aromatic alcohols. It was found thlaé tsynthesized nanomaterials is highly
active for photocatalytic oxidation of aromatic @ols and a small loading of silver is

sufficient for high conversion and selectivity tawsa the target product aldehyde.

2. Experimental

2.1 Catalyst preparation

A spherical Ag/CeO, spinel nanoparticlexatalyst was prepared by surfactant-
assisted hydrothermal method through the modiboatof a synthesis method
previously reported by us [42]. The benefit of thiecedure is that the catalyst can be
synthesized on a large scale (up to 10 g) andhiglaly reproducible manner. First,
11.96 g of Co(N@6H,O and 0.16 g of AgN®were dissolved separately in a
minimum volume of distilled water. The resultaniusions were then mixed and
stirred magnetically. Subsequently, 1.8 g CTAB al&sd in a mixture of 50 ml
distilled water and 2 ml ethanol was added to tlireechsolution. Through the gradual
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addition of an ammonia solution, the pH of the soluwas adjusted to 8 followed by
the addition of 0.1 g of hydrazine and was finaltyred for another 20 min at which
point the mixture turned into a homogeneous satwwith a jet black color. Then, the
precursor solution was transferred into a 50 mloaave with a Teflon liner and was
held at 180 °C for 12 h. After washing with excé®© and ethanol, the obtained
sample was dried at 80 °C for 12 h. The as-obtapedursor powder was then
calcined in a quartz reactor inside a tubular tase furnace for 4 h at 550 °C to
obtain the Ag/Cg¢0, spinel nanoparticlegatalyst powder. The catalyst was also
prepared by the impregnation method and the cgptatton method. The loading of
the silver nanoparticles was confirmed by indudyivaupled plasma atomic emission
spectrometer analysis (ICP-AES).

2.2 Photocatalytic oxidation of alcohol

Liquid phase photocatalytic alcohol oxidation wasfprmed in a 100 mL quartz
reactor equipped with magnetic stirrer with &@mosphere under simulated sunlight
irradiation. The 20 mg of photocatalyst was suspdnd 10 ml acetonitrile, used as a
solvent, followed by the addition of aromatic aloblfl mmol). The reaction was
performed under the irradiation of a 300 W Xe lamhout UV and IR cut-off filters.
At regular intervals of the photooxidation reactiansmall portion of the sample was
withdrawn from the reaction mixture for analysidieTconversion and selectivity of
the product were calculated by gas chromatograpB¢, (Agilent 7890) using
methylbenzene as an external standard.

3. Results and discussion

<Fig. 1>

The phase purity and crystalline structure of Ag@owas investigated using powder

X-ray-diffraction (PXRD) analysis. The powder XRDatferns of the synthesized
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silver supported by GO, nanoparticles are presented in Fig. 1. The petl¥ af
19.0°, 31.2°, 36.9°, 44.8°, 55.7°, 59.3°, 65.3°174nd 77.3° confirmed the formation
of the face-centered cubic structureds;Gp nanoparticles. The diffraction pattern
matched the reported gy, patterns well (JCPDS 78-1969). No crystalline phafse
metallic Ag was detected by XRD for 0.5% and 1% @@O, (Fig. 1(a and b)),
indicating that the very small Ag-crystallites angghly dispersed over the g0,
support. Moreover, in addition to the diffractioegks of CegO4;, we observed an
additional peak at@®of 38.1° corresponding to the metallic Ag crydtades of (111)
which coincide well with the literature values (I&¥® File no. 89-3722) for 1.5%
Ag/Co30, and the spent catalyst (Figs. 1(c,d)). No impupeaks were observed,
indicating the high purity of the nanoparticles. Bliange in the XRD pattern of the
spent catalyst was observed even after five cyaflesuse (Fig. 1(d)).

<Fig. 2>

The morphology of the as-prepared Ag/sOgcatalysts was determined by scanning
electron microscopy. The representative SEM imaijebe fresh catalyst show an almost
spherical shape with the size of 40-60 nm (Fig&,t. The EDS pattern showed only the
presence of cobalt, silver and oxygen and no inipsrcould be observed in the spectra (Fig.
2(d)). The dispersion of silver on the nanocrystallCgO, was confirmed by the elemental
mapping of the catalyst that found a homogenousildigion of Ag on the nanocrystalline
Co304 support (Fig. 3). The spent catalyst also showkdmaogenous distribution (Fig. S2 in
ESI).

<Fig. 3>

<Fig. 4>
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High-resolution transmission electron microscopyR{HEM) analysis was carried out to
examine the particle size and distribution of tihves nanoparticles on nanocrystalline Og
(Fig. 4). The TEM image of GO, nanoparticles showed an almost spherical shapetiat
size of 40-60 nm. The average patrticle size okesihanoparticles was observed in the range
of 2-5 nm. The spacing of the lattice fringes wasfl to be 0.28 nm and 0.23 nm, possibly
due to the (220) plane of g0, and the (111) plane of metallic Ag, respectively.
Furthermore, the TEM image of the spent catalygy. (61 in ESI) shows almost the same
shape and size even after five reuses. The comdspp particle size distribution histogram
of the Ag nanoparticles showed a very narrow partgize distribution with the sizes
between 2 and 5 nm which is in good agreement thighvalues obtained from the XRD data
(Fig. S1in ESI).

<Fig. 5>

The metallic state and the surface composition e synthesized nanospheres were
investigated by X-ray photoelectron spectroscopy$X As shown in Fig. 5, the XPS
spectrum of the samples reveals the presence oAgheCo, and O elements. The Co 2p
spectrum of the fresh catalyst could be fittedwo spin-orbit doublets that are characteristic
of C®* and C8" and two shake-up satellites. The two main peak8@tl and 795.2 eV with
a characteristic peak difference of 15.1 eV camsmgned to the gpand 2p,, of Co** and
Co®', respectively (Fig. 5(a))[43]. The O 1s spectra thé fresh catalyst could be
deconvoluted to three different oxygen contributpeaks labeled asi& O nyg and Qgsat
the binding energies of 529.8, 531.8, and 533.2 @rresponding to the lattice oxygen,
hydroxyl oxygen and physically adsorbed oxygenqdOrespectively (Fig. 5(b)). The high-
resolution spectrum of the silver nanoparticlestaimed two prominent Ag 3gand Ag 3d,
peaks at the binding energies of 368.2 eV and 3&¥,Icorresponding to metallic Agnd

the two small peaks at 368.6 and 374.6 eV arelzstto the A§species (Fig. 5(c)) [44].
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<Fig. 6>

The specific surface area, pore volume and pomaetier play important roles in the
catalytic activity. The textural properties of tegnthesized Ag/CG, nanoparticles
were investigated using nitrogen adsorption anamgi®n isotherms (Fig. 6). The;N
adsorption—desorption isotherms of the samples dgpigal 1V-type isotherms with
high pore volume and specific surface area. The Bifface areas of the as-
synthesized nanoparticles and the spent catalyst measured to be 46.23 and 40.74
m?g?, respectively (Fig. 6(a)). The Barrett-Joyner-hidle (BJH) pore size
distribution indicated that most of the pores ardhie range from 2 to 15 nm (Fig.
6(b)). Table 1 summarizes the structural and tkital properties such as the surface
area, pore volume and pore size derived from tlregen adsorption and desorption
isotherms of the prepared nanomaterials.

<Table1>
<Fig. 7>

The surface-coordination of the organic surfactaalecules on the uncalcined nanoparticles
was studied by FTIR analysis (Fig. 7). A comparisinthe FTIR spectrum of a dried
uncalcined nanoparticles precursor with that ofdhleined nanoparticles was performed, not
only confirming the presence of the surfactant rmgles but also revealing the nature of the
interaction of the surfactant molecules with thetahexide surface. For dried uncalcined
nanoparticles, the O-H group stretching vibratiomsvobserved at 3472 @mThe peaks at
1632 cm® were attributed to the C=0 stretching vibratiom he peaks at 1382 and 1109
cm® were due to the C—N vibrational mode, confirmitg presence of CTAB in the
precursor (Fig. 7(a)). After the sample was washed calcined, the peak intensity of the

calcined nanoparticle decreased with two additipealks observed at 674 and 569 dmat
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can be attributed to the characteristic peaks efrttetal oxide (Co-O), confirming the

removal of the surfactant during the calcinatioig(F(b)).

<Fig. 8>

The TGA curve (Fig. 8) shows a two-step decompmsiiathway. The weight loss of 4.04%
in the first step (30-200°C) is due to the remaodathe physically adsorbed moisture in the
precursor. The weight loss of 32.16% in the secst®p (200-520°C) indicated the
combustion of CTAB from the surface and the subsetjgonversion of Ag/Co(OH)to

AQ/C0z0,.

The UV-visible light absorption properties of thentposites were measured by UV-Vis DRS
spectroscopy (Fig. S3(a) in ESI). The AgiOgcomposites shows a wide absorption range
over the visible light region. Band gaps were cla@d using the Tauc plot and the band gap
of Ag/Co;04was found to be 1.47 eV (Fig. S3(b) in ESI). Phatahescence (PL) was also
investigated at room temperature, and the Aglzocomposites were excited at the
wavelength of 310 nm and the characteristic gresis®on peak was observed at 492 nm

(Fig. S3(c) in ESI).

3.2 Catalytic activity

We have explored the catalytic activity of the &@sized nanomaterial for photocatalytic

alcohol oxidation. Various reaction parameters saglhe solvent, time and catalyst weight,
were optimized in order to obtain the best resulih benzyl alcohols chosen as the standard
substrate. The photocatalytic oxidation experimeas conducted under different solvents
viz. acetonitrile, dimethyl carbonate, trifluorotoluerigbutyl phosphate and water. It was

apparent from the optimization experiments thatautile was the best and most suitable

solvent for the present photocatalytic reactionb{@&). Table 3 summarizes the optimized
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parameters of various catalyst for the photocdtabficohol oxidation where aldehyde was

detected as the major product with benzoic aca msnor product.

<Table2>

To explore the individual role of the oxide, we baperformed the catalytic activity
measurements in the presence of commercially dlaildg and Cg¢O, and found a
negligible amount of activity. By contrast, whenetheaction was performed with the
commercially available Ag/G@, catalyst,we find an increase in the conversion of the
alcohol but the activity of the reported synthediz#lver supported on GO, is still not
comparable. This can be attributed to the smaliqudar size and high surface area which
leads to a high dispersion of catalyst comparethéocommercial catalyst, which has an
irregular shape and large particle size, leadinthéolimited accessibility of the catalyst for
the catalytic reaction. By contrast, the synthabsimanocatalyst consists of highly dispersed
nanospheres, leading to more exposed active susfasefor the catalytic reaction to occur.
Again, when the reaction was performed in absefdtleeocatalyst and in the presence of the
oxidant, we observed a negligible conversion amountlerscoring the vital role of the
catalyst in the photocatalytic oxidation reactioh alcohol and for the selectivity to

benzaldehyde.

<Table3>

Taking into account this optimized parameter, wel@ed the scope of the reaction for
various substituted alcohols. It was observed that substituted electron-donating group
facilitates the oxidation reaction, whereas thectebm-withdrawing group retards the
formation of the aldehyde (Table 4). When the galtstis an electron-donating group such
as -CH and -OCHj, it facilitates the oxidation reaction with theaotion completed in a short

time with a somewhat high conversion. Whereas whiesn substrate is an electron-
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withdrawing group such as Br and F. aldehyde foionais hampered, so that the reaction
requires a long time to complete. The conversioth sglectivity are not so much affected,
however, we have drawn the conclusion with respectime. Based on the results and
previously reported methods, we proposed a possitdehanism as shown in Scheme 1.
Under the irradiation of visible light, the photogeated carriers were produced, the excited
electrons migrated from the valence band (VB) of@do the conduction band (CB). At the
same time, the electrons from the conduction bdr@@bgO, migrated to the Ag nanoparticles
where the surface plasmon resonance (SPR) actifyg also plays a vital role; the Ag
nanoparticle also absorbs photons producing eledtote pairs due to SPR, leading to the
prevention of the electron-hole pair recombinataomd an excellent photocatalytic activity.
The CB energy level of 0.50 V is more positive tllaa potential of @O, which is -0.046

V so that the electrons transfers to Ag when thés@educed tdO, which in turns produces
the superoxide radicaldOH). The superoxide radical converts the activatiedhol cation
radicals produced by the action of loles in the VB of C¢, on the alcohol to aldehyde
[40,45]. A comparison between the present catadyst some of the previously reported
catalytic methods for the photocatalytic oxidatiohbenzyl alcohol to benzaldehyde are

summarized in table S1 in ESI.
<Table4>

After each catalytic run and completion of the tmax; the solid catalyst was filtered from
the reaction mixture and washed with ethanol, anged for multiple cycles to check the
stability of the catalyst (Fig. 9). Negligible clggnin the activity of the recovered catalyst
after 5 consecutive cycle was observed, indicathng true heterogeneity of the catalyst
(Table 2, entry 7). The SEM image of the spentlgstashowed almost similar sizes and
shapes to that of the fresh catalyst (Fig. 2(c)rédver, a negligible amount of leaching of
the metal was detected during the reaction (conagons of both metals were <2 ppb).

11
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<Fig. 9>
4. Conclusions

In summary, we have presented a facile and simpiacant-assisted synthesis of silver
nanoparticles supported on the3;Op nanoparticlessia hydrothermal heating followed by
calcination. The methodology adopted for the sysithef the supported nanoparticle is
simple and can be readily utilized for large-slethesis. Initial characterization shows that
the nanopatrticle is spherical in shape with the siz40-60 nm. The synthesized nanoparticle
was evaluated as a catalyst for one-pot photodatalyidation of alcohol to aldehyde. The
catalyst with 1% Ag loading was found to have tiptiroum loading for the photocatalytic
alcohol oxidation to aldehyde with the high convansof 76% and aldehyde selectivity of

>99% within 8 h of reaction time.
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Figuresand captions

Fig. 1. XRD patterns of (a) 0.5% Ag/GO., (b) 1% Ag/Ca@Q,, (c) 1.5% Ag/CeO,, (e) 1
% Ag/C¢D, (spent catalyst).(*-Ag(111)).

Fig. 2. SEM images of the (a,b) fresh (c) spent and (dYEDS mapping of 1% Ag/GO,
nanoparticles.

Fig. 3. Elemental mapping of 1% Ag/g0, catalyst (a) Ag, (b) Co and (c) O.

Fig. 4. (a, b) TEM images, (c) HRTEM image (lattice frisy@and (d) ED pattern of 1%
Ag/Cg¢0,4 nanoparticles.

Fig. 5. XPS spectra of (a) Co 2p, (b) O 1s, and (c) AgRectrum of 1% Ag/GO;,
catalyst.

Fig. 6. (a) N> adsorption-desorption isotherm and (b) pore sigtildution curve of 1%
Ag/Cg0D,4 nanoparticles with different loading.

Fig. 7. FTIR diagram of (a) uncalcined and (c) calcined A§#Co;04 nanopatrticles.

Fig. 8. TGA/DTA analyses of the uncalcined 1% AgéOg nanoparticles.

Fig. 9. Recyclability test of 1% Ag/GQ®, nanoparticles.

Scheme 1. The possible mechanism for photocatalytic oxidabbaromatic alcohols.

Table 1. Textural properties of 1% Ag/GO,.

Table 2. Optimization table for photocatalytic oxidationtw#nzyl alcohol in presence
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w

of 1% Ag/CsD, catalyst .

Table 3. Activities of the different catalysts for photoabtic oxidation of benzyl alcohols.

Table 4. Activities of 1% Ag/Cg0O,4 nanostructure catalyst for photocatalytic oxidatd

substituted alcohols.
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R-CHOH
<Scheme 1>
Tablel
Catalyst (Ag/CeO4) Ag BET specific surface ~ Pore Volum&  Pore siz
loading  area (MY/g) (cm®/g) (hm)
Fresh catalyst 0.9 46.23 0.13 14.1
Spent catalyst 0.8 40.74 0.11 14.6

2 Total pore volume® Average pore diameter
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1 Table2

Entry Catalyst Time (h) Solvent Conversion (%) Selectivity (%)
(mg)
1 10 12 Acetonitrile 60 99
2 15 12 Acetonitrile 74 99
3 20 8 Acetonitrile 76 >99
4 20 4 Acetonitrile 58 >99
5 20 12 Acetonitrile 78 99
6 30 8 Acetonitrile 79 >99
7 20 8 trifluorotoluene 49 >99
8 20 12 dimethyl 76 97
carbonate
9 20 8 tributyl phosphate 94 32
10 20 8 Water 28 16
11 - 8 Acetonitrile 8 -
2
3 Table3
Entry Catalyst Conversion (%) Selectivity (%)  Yidib)
Ag-" 23 96 22

2 CaO4 " 34 94 32

3 Ag 27 96 26

4 Cq0,4*" 42 95 40

5  Ag/CaO,™ 46 96 44

6 1% Ag/Ca0O, nano catalyst 76 >99 75

7 1% Ag/CaO, nano catalyst 74 >99 73

8 0.5% Ag/CgO, 54 >99 53

9 1.5% Ag/C@O4 78 98 76

10  No Catalyst 8 - -

Conversion of benzyl alcohol based upon the FID4@€ults = [moles of benzyl alcohol

reacted/initial moles of benzyl alcohol used] x 18@lectivity of the product calculated by
total moles of the product formed/total moles afityg alcohol converted; Yield of aldehyde
= conversion x selectivity/100%Fresh catalyst. Spent Catalyst; com = commercial; us =
bare Ag and Cs, prepared by our method; imp = impregnation method.
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Table4

Entry Substrate Product Time Conversion Selectivity
(h) (%) (%)

o) 8 76 >99

1 gOH @AH

2 /@”m 0 6 76 >99
HsC @A "
H5C
3 /@”m o 9 75 >98
Cl
4 /©/\OH o 6 78 >99
H
O,N OZNI ]
5 /©/\OH o 10 74 >99
o oy
HO
6 g OH o 8 76 >99
HsC-\ /@AH
‘CHS H3CN
7 OH 0 4 78 >98
HsCO Q)LH
H3CO
8 OH o 9 75 >98
F ok
F
9 /©/\OH o 12 72 >98
Br
10 OH O 8 78 >99
oa
CH
3 CHs
11 OH o 10 76 >99
H
Br
Br
12 OH 0 6 79 >99
H
NO,
13 ©\/\OH 0 8 75 >99
[ I H
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Highlights

» One-pot hydrothermal synthesis of silver suppocigohlt oxide.

» 2-5 nm Ag-nanoparticles supported on 40-60 ngOgoanosphere.
» Room temperature photocatalytic oxidation of alddb@ldehyde.

» Alcohol conversion of 76% with 99% selectivity ddl@hyde.



