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Graphical abstract

Urra, FedNOgy PEG 4N, Ap™D,

Grapheneovide AL

FetDHy,  w-Fe,0,
Reduced graphene nyjde
One pot in-situ synthesis of Ag/Fe,O; anchored rGO assisted by urea and PEG 4000 is described. The

novel nanohybrid materia (Ag/Fe,0s-rGO) is used as highly efficient magnetically separable
heterogeneous catalyst for chemosel ective reduction of nitroarenesto corresponding amines.
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Abstract

The present work reports about one-pot hydrothersyathesis of a composite of Agis
anchored on reduced graphene oxide (rGO) via honemges chemical precipitation of
Fe(OH}and simultaneous reduction of Ag(l).The pristimueous suspension of graphene
oxide (GO) synthesized by Hummers method is mixéth we(NG)s.9H,0O, AgNG;s, urea and
polyethylene glycol (PEG 4000).The mixture undedraghermal conditions transforms into
Ag/a-Fe,03-rGO nanohybrid. Here PEG 4000plays dual role ofastant as well as reducing
agent for Ag(l). The synthesized Aghe-rGO nanocomposite was used as magnetically
recoverable catalyst for room-temperature chemosedereduction of aromatic nitro groups to
the corresponding amines.

Keywords: Reduced graphene oxide; Magnetic cataNitibarenes; Chemoselective.

1. Introduction

Selective reduction of aromatic nitro compoundsnanes is one of the highly useful organic
transformations[1]. Functionalized aromatic amiaes important feedstock for the synthesis of
agrochemicals, dyes, pharmaceuticals, polymers,vandus other industrially important fine

chemicals[2-4]. In industry, the reduction of ngromatics is carried out in the gas phase using a
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nickel, copper or iron catalyst in the presencevafious hydrogen sources[5,6]. The most
commonly used method for the production of aromatignes is the reduction of corresponding
nitro substrates, using stoichiometric amounts eafucing agents. However, these traditional
noncatalytic processes are environmentally nonaswble because of generation of the large
amount of waste[6-8]. Homogenous catalysts generditsolve in reaction media, thus
providing more readily-accessible active catalgites, which results in mild reaction conditions
and good selectivity. These catalysts, however,ehbmited usages due to problems in
separating the products contaminated with unstasieluesas well asrecycling of the expensive
catalysts[9].Whereas the catalytic reductions tbrgroups in the presence of metal complexes,
metal sulfides or metal powder have various pratticawbacks, such as toxic by-products and
inefficient reusability[4,10-12]. Magnetic nanopelés (NPs) can play a dual role in serving
both as catalysts as well as magnetic carriersataflysts. Noble metal NPs possess fascinating
physicochemical properties and their catalytic\éiotis have been extensively explored in recent
times. However, these NPs tend to aggregate ddieeto high surface energy during reaction
which eventually diminish their catalytic activityg]. Industrial applications of these NPs are
also limited due to their high cost and poor recaligityfrom the reaction medium. These
problems are usually overcome by immobilizing nabkgtal NPs of specific shapes and sizes on
various solid supports[14-16]. Among the solid sagg magnetic NPs and porous carbon
materials have received great attention in recast[p7-18]. Magnetic nanoparticles are easy to
separate from the reaction medium by use of extenagnet while carbon materials possess
high specific surface area. The combination of éhigpes of materials may significantly can
further improve activity and dispersibility of n@ébmetal NPs[19-22]. Recently, heterodimeric

nanocrystals with noble metals and iron oxides Hasen synthesized and used as magnetic
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reusable catalyst. Park and co-workers synthesfaedre;O, heterodimer nanocatalysts and
applied them for the chemoselective reduction efoncompounds[23]. Jang et al. reported a
simple and one pot synthesis of Rh®g heterodimer nanocatalyst and demonstrated their
application as magnetically recoverable catalyst éfficient and selective reduction of
nitroarenes[24]. A core-shell magnetic Fe@Au NRshared graphene oxide have been recently
reported for chemoselective and regioselective aoln of aromatic nitro group[19].
Recently,copper nanoparticles loaded onsGr@SiQhave been designed and catalytic
performance was investigated in the reduction offraatic nitro compounds[25]. Although above
cited noble metal supported on iron oxide magnaditocatalysts have various advantages, such
as easy recovery and good efficiency, however #ivity and selectivity are affected by steric
and diffusion factors[6]. Therefore, such hetercgtim nanocatalysts if supported on porous
carbon material, the surface area is substantialtyeased and nanocatalyst can be evenly
dispersed in the pores[26]. Graphene oxide has pemren to be one of the most important
porous carbon supports for anchoring metal nanigpesf27-31].Graphene oxide possesses very
large specific surface area (up to 400 to 1530gi) and also exhibits high utilization of its
surface area because both sides of its nanoshreets@essible[28,32].Therefore, there exists a
great possibility of high synergistic effect betweeoble metals and GO, which can greatly
enhance the performance of the material. Ag NPpa@tgd on various metal and metal oxides
nanoparticles including magnetically recoverablenapearticles have been the subject of
considerable interest for past several years[38].the best of our knowledge, Ag supported
Fe,0; embedded on rGO has not been reported.As a padrobngoing research on synthesis
and application of nanocatalysts[34-37], herein remort development of one-pot hydrothermal

synthesis of Ag/F£; embedded rGO and studies of its catalytic actifetyroom-temperature
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chemoselective reduction of aromatic nitro groufdg& morphology, structure and composition
of as-prepared catalyst were characterized by war@malytical techniques. The catalyst showed
superior performance and good selectivity for réidancof nitroarenesto amines by hydrazine
hydrate.

2. Experimental

2.1 Materials and physical measurements

Graphite powder, ferric nitrate and silver nitratere purchased from Sigma Aldrich. Urea and
PEG 4000 were purchased from Merck India Ltd. Deutiktilled water was used throughout
the experiment. FT-IR spectrum was recorded on Kitrix with Bruker 3000 Hyperion
Microscope with Vertex 80 FT-IR system. Thermognairic analysis (TGA) was performed in
air on a Netzsch STA449F3 thermal analyzer maimtgifiow rate of 20 mL/min and heating
rate of 10°C/min. XRD measurements were carriedooua Bruker AXS D8-Advance powder
X-ray diffractometer with Cu-K radiation {=1.5418A) with a scan speed of 2°/min.
Transmission electron microscopy images were obthon a JEOL, JEM2100 equipment. The
sample powders were dispersed in ethanol undecamm and TEM grids were prepared using
a few drops of the dispersion followed by drying amr. Nitrogen adsorption-desorption
isotherms were obtained with a Micromeritics ASAPLQ surface area and porosity analyzer.
Magnetism of the material was studied using a LiadesVSM 7410 at 300 K.

2.2 Synthesis of Graphene Oxide

Graphite powder (GP) was oxidized by modified Humsnanethod[38,39].In detalil,
concentrated HPO, and concentrated 80, were mixed in a 250 mL round bottomed flask
(RB), followed by addition of graphite powder. TR8 was put in a preheated 50°C water bath

under magnetic stirring, followed by slow additiohKMnO, and the stirring was continued for
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another 6 h.This was followed by addition of ditlitd,O, into the solution without interruption
until no bubbles were produced,while the colorha $olution changed from black to purple and
finally became bright yellow. The mixture was sdrfor another 3 h. The solid product thus
obtained was cooled to room temperature and segbbst centrifuge. Product was then washed
with HCI (5%), alcohol, and deionized water to abtéhe graphene oxide. The collected
sediment was dispersed in alcohol and treatedsoltieally. Subsequently, the concentration of
the graphene oxide suspension was calculated lghwgi the mass of the sample after drying at
90°C for 24 h.

2.3 Synthesis of AgtFe,03-rGO nanocomposite

An amount of 0.80 g of Fe(N{3.9H,O (2 mmol) and 0.084 g of AgN{0.5 mmol) were added
to 20 mL of a 1.8 mg mt GO aqueoussolution while stirring.To this 1.08fgiea(0.0018 M)
and 2 g of PEG 4000 (0.5 mmol) were added andltbgeamixture was sonicated for 15 min at
25°C. After sonication for 15 min about 80 mL demmu water was added to the resulting
solution and transferred into a 100 mL Teflon-liretdinless steel autoclave, and heated at 180
°C in an electric oven for 8 h. The resulting blgooduct was cooled to room temperature,
washed withdeionized water and ethanol severalkstifmally, the productwas dried at 50°C in a
vacuum oven for 3 h. For comparison, bare nanaAg0; material without GO was also
prepared under the similar condition.

2.4General procedure for the room temperature teguof nitroarenes

In a typical procedure, 1.0 mmol of aromatic nitmmpound was slowly added to the stirred
aqueous suspension of 50 mg of freshly preparedpaaticles catalysts (Ag/Fe,0Os-rGO)and
the contents was stirredat room temperature foutabomin. A total of 0.2 mL of hydrazine

monohydrate was then added to the mixture andethetion contents was further stirred. Stirring



117 was continued for required time (Table 2) till cdetp conversion was achieved. Progress of the
118 reaction was monitored by thinlayer chromatographfter completion of the reaction, the
119 catalyst was separated magnetically from the reactiixture and the product was extracted by
120 ethyl acetate (3x5 mL).The organic layer was daeer anhydrous N&O, and filtered off, and
121 the solvent was evaporated at reduced pressureofAle products were characterized by
122 NMR (400 MHz with TMS as the standard).

123 3. Results and Discussion

124  Synthesis of a composite of Agdas anchored on rGO has been successfully achieved by
125 hydrothermal heating of a ferric hydroxide (Fe(@Hprecursor obtained by a homogeneous
126 chemical precipitation and simultaneous reductibrAg(l) (Scheme 1). Here, urea was used for
127 hydroxylation. Urea decomposes at the experimetdaiperature to Ni and CQ. NH;

128 combines with water to produce ammonium @QHand hydroxide (OFl ions. Here, hydroxide
129 anions are produced by hydration of urea, whichsea uniform rise in pH of the solution till
130 the solubility limit. The free OHions then combines with Eeions forming Fe(OH) It is

131 pertinent to mention here that polyethylene gly@@EG) with uniform and ordered chain
132 structure can act as a very useful surfactant mrabsize and morphology of the nanomaterials.
133 Normally for reduction of GO to rGO, a reducing agsuch as sodium borohydride, aluminium
134 hydride, hydrohalic acid, hydrazine etc. is reqdieut the main advantage of using urea lies in
135 the fact that no extra reducing agent is requifedhe present synthesis, hydroxylating agent
136 urea also served as reducing agent for GO. Her&, £/I0 also plays dual role assurfactant in
137 order to control the particle size, size distribatiof the nanoparticles and as well as reducing
138 agent for AQNQ.The Agh-Fe,0O; nanoparticles are grown on the surfaces of the cestiu

139 grapheme oxide nanosheets througlsitu reduction of the pristine GO under a hydrothermal
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treatment at 180°C for 8 h. The main advantagehis process is that uniform rise in pH
prevents the occurrence of high local supersaturatiallowing nucleation to occur
homogeneously throughout the solution.

<Scheme 1.>
3.1 Catalyst characterization
XRD analysis of the catalyst

<Fig.1.>

The powder XRD pattern was recorded for identifmabf phases exhibited by the synthesized
material. Fig.1 shows the powder XRD pattern of thenthesized AgtFe03-rGO
nanocomposite. The diffraction peaks matches wéh the reported data of-Fe,0O3; (JCPDS
File no. 87-1166).a-Fe,0O; possess a rhombohedrally centered hexagonal wteucf the
corundum type with a close-packed oxygen latticevtich two thirds of the octahedral sites are
occupied by Fe(lll) ions[40]. In addition, two diiction peaks atRvalues 38.19° and 44.46°
corresponds to (111), and (200) planes of faceecedtcubic Ag (JCPDS File no. 87-0720).
This indicates formation of pure AgFe0Os;nanoparticles. The AgiFe,0s-rGO nanocomposite
also showed an additional diffraction peak at 23hich can be attributed to (002) plane of
rGO. The average crystallite size of the syntheki2g/o-Fe,0s-rGO nanocomposite was
estimated by the Debye-Scherrer equation [34]MBkod, where'd’ is the average crystallite
size, )\’ is the wavelength of Cu-Kradiation, B’ is the full width at half maximum (FWHM) of
the highest intensity diffraction peald’ ‘is the Bragg diffraction angle and ‘K’ is the giea
factor, whose value is about 0.9. The average aligstsize of the synthesized AgFe,Os-rGO
nanocomposite was found to be 25.1 nm.

TEM and EDSanalysis of the catalyst
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<Fig.2.>
The TEM image of the synthesized Agfe0O;-rGO nanocompositeis shown in Fig.2. From the
TEM image it can be seen that tirde,0; and Ag nanoparticles are distributed homogeneously
in the rGO sheets. Fig.2b shows irregularly shgmaticles ofa-FeO3; with diameter 10-35 nm
and Ag NPs of size 2-5 nm. It can be seen from3ign ESI Ag nanoparticles are in close
contact witha-Fe,0O3; nanoparticlehe spacing of the lattice fringes werefound tcsbparated
by 0.251 and 0.234 nm, possibly due to (110) plaine F&O3; and (111) plane of metallic Ag
respectively.The ED pattern indicated polycrystalinature of the material. The EDS pattern
(Fig.3) showed Fe, C, Ag and O, which confirms tfeemation of Agh-FeOs-rGO

nanocomposite.

<Fig.3.>
Raman spectra of the catalyst

<Fig.4.>

Fig.4 shows the SERS signal of GO andA§&0s;-rGO nanocomposite in the range of 1000-
1800 cm'.The materials showed two prominent peaks at 18621890 crit, which correspond
to D-band (defect (D) peak) and G-band (graphit¢ p&ak), respectively. The values are
consistent with literature reports [41]. The D-beBwband intensity ratio §flg) of these peaks
provide the disorder levels of the materials. Th#lgl of GO and Agt-FeOs;-rGO
nanocomposite were determined to be 0.826 and /1t66fiectively. The increase in the ratio of
In/lg of Agla-Fe,0s-rGO was recognized due to the reduction of GOQ® 1in the process of

synthesis of Agl-Fe,03-rGO.

TGA of the catalyst



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

<Fig.5.>
The TGA curves of GO and AgfFe0s-rGO nanocomposite are shown in (Fig.5 (a,b)). The
mass loss of 5 % at around 100-170°C which mayttoibwated to the removal of water molecule
trapped inside the GO and a maximum weight los65®6in the temperature range of 170-
525°C may be ascribed to the pyrolysis of the &bikygen-containing groups in the forms of
CO, CQ and steam. AgtFe05-rGO exhibits overall weight loss of only 17% whikie sample
was heated up to 800 at the heating rate of A0 per minute. This weight loss corresponds to

loss of residual oxygen-containing groups of rGa@nfrAgli-Fe0Os-rGO.
N,adsorption-desorption isotherm analysis of the catgst

<Fig.6.>
TheN, adsorption-desorption isothermof AgFe,Os-rGO nanocomposite (Fig.6) follows the
characteristics of a type IV isotherm with a typghyisteresis loop associated with aggregates of
plate-like particles forming slit-like pores [42[he material showed high BET specific surface
area and pore volume of 772.65(g) and 1.47(crig), respectively. The Barrett Joyner Halenda
(BJH) pore size distribution indicates that mosthe pores range from 5 to 20 nm as shown in
inset of Fig.6.
VSM analysis of the catalyst

<Fig.7.>
The magnetic hysteresis measurement Fig.7 ob-Ag/Os-rGO nanocomposite was carried out
at 300 K with the applied magnetic field sweepingnf -20000 to +20000 G. The magnetic
hysteresis loops showed a ferromagnetic behavithr airemnant magnetization (Vvbf 15.13

emu @' and coercivity (i of 572.03 G. The saturation magnetization of ABEO0:—rGO
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catalyst is 57.2 emu’g The nature of the hysteresis loop and value ifradon magnetization
clearly indicate strong ferromagnetic propertyted hanocomposite.
3.2 Catalytic activity of Agla-Fe,0Os—rGO nanocomposite for reduction of nitroarenes usig
hydrazine monohydrate at room temperature.
After successful synthesis and full characterizatad Agla-Fe,0Os-rGO nanocomposite, we
examined its catalytic activity for reduction oftroarenes to aromatic amines by hydrazine
hydrate. In order to get best results, the reactaiables such as solvent, and amount of catalyst
were optimized. For this purpose, nitrobenzene eh@sen as a model substrate. The experiment
was conducted under different solvevits acetonitrile, dichloromethane, toluene and wdtes.
evident from the optimization studies that waterthe best solvent for the present catalytic
system. The reaction was also studied at diffensole ratios of substrate, reducing agents and
catalyst (Table 1). A blank run in absence of tamlyst gives a very poor yield of the product
after a long reaction time.

<Table 1.>

Best results were obtained when catalyst amouBDisng and ratio of substrate to reducing
agent is 1:4. Increasing the amount of reducinghabeyond four equivalents did not improve
the yield significantly. To demonstrate the scogeth® catalyst, a range of aromatic nitro
compounds were reduced to corresponding aminesogingloptimized reaction conditions and
the results are summarized in Table 2. Expectedigarenes with both electron withdrawing as
well as electron donating functional groups, afé@rdjood to excellent yields. All the products
were characterized by IR spectroscopy and meltoigtgletermination.To ascertain the role of
the catalyst, we have prepared Ag NPs anBe,O; NPs separately using our reported
methods[34,35] and used them separately as catalyseduction of nitroarenes to aromatic

amines and observed that independently they alswv statalytic activity but efficiency is

10
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significantly less compared to the nanocomposite. %¢n mixed these NPs (Ag NPs and
Fe,03; NPs) at room temperature and used this mixtureatdysts for reduction of nitroarenes
but we have not seen any improvement of the yidldhe product. The AgtFeOs; (Ag
supporteda-Fe03) was also synthesized and used as catalysts g goprovement in the
catalytic performance was observed butstill no wayparable to the performance of the Ag/
Fe,0s-rGOnanocomposite. This clearly indicates Ag NR$ &fre,O3 NRs in isolation, a simple
random mixture of these components as well asiA&gO; have significantly lowercatalytic
effect on reduction of nitroarenes. Therefore it ba concluded that role of rGO as a support in
Ag/o-Fe,03-rGO is very important in enhancing the performantehe composite catalyst.A
comparison between the present catalyst and sorttee gireviously reported catalytic methods
for reduction of nitroarenes to aromatic aminesuismarized in Table 3.The comparison reveals
thatcatalytic reaction presented hereinis bettan tto the some of the most efficient catalytic
reductions of aromatic nitroarenes to amines. Tdued advantage of the present catalyst is its
easy recovery and recyclability.

<Table 2.>

<Table 3.>
3.3. Recyclability of the catalyst
After completion of the reaction, the solid catalss separated magnetically from the reaction
mixture and washed thoroughly with acetone ande@u®r multiple cycles to check the
efficiency of the recycled catalyst. The catalygduction of nitroarenes to aromatic amines was
carried out with the reused catalyst under the samaetion condition. The activity of the
recovered catalyst after 5 consecutive runs didshatv any significant decline (Fig.8). The
TEM image of the spent catalyst showed an almasilasi size and shape to that of the fresh
catalyst (Fig.S2 in ESI).Leaching test has beemiathrout by procedure reported[41l]. To
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confirm that there is no leaching of Ag particlasridg the reaction, we have removed the
catalystagnetically after 15min of the reaction. The yield of the prod obtained at 15
minuteswas noted. The reaction was further continwghout the catalyst for another 15
minutes but we did not observe any increase inytbkel. Since Ag is one of the catalytically
active components of the composite, so if there heeh leaching of Ag NPs, we would have
observed some rise in yield. Therefore it can heedtthat there is no leaching of Ag NPs from
the Agbi-Fe,0s-rGO catalyst during the reaction.

<Fig.8.>
4. Conclusion
In summary Agi-FeO3-rGO nanocomposite has been successfully syntliebigehe one-pot
hydrothermal method. The role of urea as hydroxygaaigent and PEG 4000 as surfactant as
well as reducing agent are important features aof #ynthesis method. This novel
nanocomposite, AgtFe,0s-rGO, is used as recyclable catalyst in reductiorange of aromatic
nitroarenes to amines. To the best our knowledgeh sGO embedded nanocomposite has not
been previously used for conversion of nitroara@nesmines. This catalytic protocol has various
advantages such as high yields, elimination of lggneous catalysts, simple work-up and easy
separation and recycling of the catalyst. The gstahlso shows true heterogeneity as its
efficiency remains almost same after five cyclesecofke.
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Scheme caption

Scheme 1Synthesis of Agl-FeOs-rGOnanocomposite.

Figure captions
Fig.1. Powder XRD pattern of AgtFe0Os-rGOnanocomposite.

Fig.2.(a, b) TEM images (c) HRTEM image and (d)ED pat@irAg/a-Fe0s-rGO
nanocomposite.

Fig 3. EDS pattern of Agi-FeOs;-rGOnanocomposite.

Fig.4. Raman spectra of GO and Agfe,0s-rGOnanocomposite.

Fig.5. TGA curve of (a) GO and (b) Ag/FeOs-rGOnanocomposite.
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Fig.6. (a, b)Nadsorption-desorption isotherms of Agfe,0s;-rGOnanocomposite.
Fig.7. Room temperaturemagnetization hysteresis loop &-#,0s-rGOnanocomposite.
Fig.8. Catalytic activity of Agd-FeOs;-rGO nanocompositeagainst number of cycles.

Table captions
Table 1.Optimization of reductioof nitroarenes.

Table2. Reductiorof nitroarenesin presence of AgFe0;-rGO catalyst.

Table 3.Comparison of the literature reported catalyst i present catalyst.

Urea, Fe(NOy); PEG 4000, AgNO,
—

hydrothermal

Graphencoxide Ag

Fe(OH);  a-Fe,04

Reduced graphene oxide

<Scheme 1.>
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382 Table 1.

Entry  Substrate Catalyst Reducing agent Time(min) Temperature Yield(%)

(equiv)  (mg) (equiv) °C)

1 1 100 4 60 27 95
2 1 50 8 60 27 96
3 1 50 4 15 27 98
4 2 50 4 60 27 76
5 1 30 4 60 70 92
6 1 50 4 60 80 76

383
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385

386

387

388
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389 Table2.

Entry Substrate Product Time (min) Yield (%) Selectivi®p)
N02 NHZ

1 © © 30 98 >99
NO, NH,

) © © 25 08 >99
Br Br
NO, NH,

3 © © 45 97 >99
cl ]
NO, NH,

4 © © 30 95 >99
' |
NO2 NH,

5
SHENCII S
F F
NO, NH,

6 © © 60 95 >99
CHs CHj
NO; NH,

7 © © 30 99 >99
NH; NH,
NO NH,

8 Br Br

45 92 >99

NO, NH,
i CHj t ~CHs 40 95 >99

9
NO, NH,

NH, NH,
10 90 92 >99
390
391
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393

394

395
396

397

398

Table 3.

Entry Catalyst Solvent  Temp Time Yield/conversion Ref
°C (min) (%)
1 Ni NPs Water rt 75 99 conversion 4
2 Co NPs Water rt 300 50 conversion 4
3 AU/TIO, EtOH rt 180 99 conversion 43
4 Ni-F&O, Glycerol 80 180 94 yield 44
5 Au-Fe0O, EtOH rt 10 GCyield 99 23
6 Rh-FgO4 EtOH 80 60 99 yield 24
7 Pd-FegO, EtOH rt 60 90 yield 45
8 FeO,@SIO/EP.EN.EG@Cu Water rt 15 85yield 25
9 Reduced graphene oxide oHN.H,O 30 2880 97 yield 46
/H20O
10 Aglo-Fe03—rGO Water rt 30 98yield Present
Work
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Highlights

>

>

One pot in-situ synthesis of Ag/Fe;O3 anchored rGO.
PEG 4000 as surfactant and reducing agent for Ag(l).

Formation of Ag/Fe;,Os-rGO is confirmed by TEM, XRD, EDS and Raman

spectroscopy.

As-synthesized novel material exhibits pronounced activity as magnetic
catalyst.

The catalyst used for chemosel ective reduction of aromatic nitro groups.



