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Guest Editorial

Salil Varma Arvind Kumar Tripathi

It has given us immense pleasure to be associated with the special thematic issue of SMC bulletin on
catalytic materials. Catalytic reactions play all important roles in our life. Most biological reactions that
build the human body and control the functioning of the brain and other vital organs, photosynthesis,
and majority of chemical processes that are utilized in chemical technology are all catalytically driven.
Utility of such processes in the industry range right from oil refining by cracking of crude petroleum for
the production of chemicals by hydrogenation, dehydrogenation, partial oxidation and organic molecular
rearrangement to ammonia synthesis and fermentation at baker’s shop. All these reactions occur repeat-
edly by a sequence of elementary steps that include adsorption, surface and lattice diffusion, chemical
rearrangement of the adsorbed reaction intermediates and desorption of the products.

Keeping in terms with the current development of materials for their application in the field of catalysis,
this issue covers topics ranging from development of materials of varied morphologies and physico-
chemical properties and their application as catalysts in usage varying from environmental remediation,
electro-catalysis, fine chemical synthesis, hydrogen generation, nuclear reactor safety and various other
processes of relevance to Department of Atomic Energy. The role of computational chemistry in design-
ing of catalysis materials has also been included in this issue. The editors thank the authors from different
organisations for their valuable contributions to scientifically enrich this special issue.

The next issue of the bulletin is proposed to be on the theme of “Carbon based Materials”. Readers are
encouraged to send their feedbacks which will enable us to improve the SMC bulletin.
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From the desks of the President and Secretary

Dr.Sisir K Sarkar Dr. P. A. Hassan
President Secretary

Dear Fellow Members and Readers,
Greetings from the Executive Council of Society for Materials Chemistry (SMC).

Since its inception, SMC has been actively involved in bringing out theme-based bulletin issues which serve
as a platform to highlight the advances made in the field of materials chemistry and also encourage young
researchers / academicians to join our fast growing society already having more than 700 life members.
During the past few months, our efforts have been focused on the preparation for organising the 2nd Na-
tional Workshop on Materials Chemistry - Catalytic Materials (NWMC-2013 : CAT-MAT ) to be held at
Anushaktinagar during November 22-23, 2013. This event is fully supported by DAE-BRNS and is being
jointly organized by SMC and Chemistry Division, BARC. It is really a pleasure to bring this special issue on
“Catalytic Materials” which is being published on the eve of NWMC-2013. We would like to put on record
our sincere thanks to the Guest Editors Dr. Salil Varma and Dr. A. K. Tripathi who have taken keen initiative
to bring out this issue on Catalytic Materials.

Catalytic materials play an important role in enabling development of advanced technologies for the sus-
tainable growth of society and economy. Designing new catalytic materials with specific properties has been
of great interest to material chemists. This issue comprises eight contributed articles spanning over the en-
tire spectrum of catalyst materials ranging from design, development; synthesis and applications. There is
no doubt that this field will continue to develop strongly, with contributions from researchers in chemistry,
physics, chemical engineering and material science. It is also hoped that our readers will enjoy the mix of
topics presented here and perhaps find the inspiration to push this field a step further toward greater suc-
cess in both knowledge development and commercialization. We would like to acknowledge the individual
and collective contributions of the authors and editors of this issue. They represent an admirable group
of busy but unselfish professionals volunteering their limited time tending to the scientific “commons” on
which we all depend

Finally, we wish to express our gratitude to all members of SMC for their continued support and coopera-
tion in the growth of the society.
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Designing of Nanoarchitectures for Photo and Electrocatalytic Applications

Aparna Ganguly?, Oruganti Anjaneyulu®, Debashree Das® and Ashok K Ganguli <"
“ Nanoscale Research Facility,Indian Institute of Technology, Delhi, New Delhi 110016
"Department of Chemistry, Indian Institute of Technology, New Delhi- 110016
¢ Institute of Nano Science & Technology, Mohali, Punjab 160062.

E-mail: ashokgangquliiitd@gmail.com

Abstract

Designing of environmentally benign, effective and low-cost materials for the production of clean energy
carrier i.e. hydrogen has been of immense interest. Direct approaches for degradation of organic pollutants
and water splitting process include semiconductor particles as photocatalyst. This article discusses and
highlights the development of catalysts and also discusses the various aspects that affects electro and
photo catalysis. We will be discussing in detail the wet chemical synthesis that allow to tune the size,
morphology and band gap of the anisotropic nanostructures including (type -1I) core-shell architectures.
We also highlight the importance of alloy nanoparticles, metal oxides and metal nanoparticles designed
for electrocatalytic studies (hydrogen and oxygen evolution) along with the various parameters which
collectively leads to enhancement of the efficiency of the catalysts.

1. Introduction

21 century has witnessed revolutionary growth in
technological and industrial sectors. This rapid change
has led to depletion of natural sources like fossil fuels
as well as environmental problems associated with
hazardous wastes, contaminated ground water and
toxic air contaminants. The major challenge of today’s
materials chemist is to find remediation for all these
problems. Catalysis (Photo and Electro) is one of the best
approaches towards a solution for energy conversion and
the destruction (or) transformation of hazardous chemical
wastes [1]. Photocatalysis is a chemical process catalyzed
by semiconductor solids that can absorb visible and UV
light, remains chemically and biologically inert and photo
stable, is inexpensive and nontoxic [2]. Major breakthrough
for photoelectrolysis came in 1972 when Fujishima and
Honda discovered electrochemical photolysis of water on
titanium dioxide [3]. Watanabe and coworkers evaluated
the photocatalytic ability, photoinduced hydrophilicity of
various metal oxides to decompose organic compounds.
Based on their study, metal oxides were classified into
four categories based on their behavior over the two
photochemical reactions: (1) active in both photocatalytic
oxidation and photoinduced hydrophilicity (TiO,, SnO,,
Zn0O); (2) only active in photo catalytic oxidation (SrTiO,);
(3) only active in photo induced hydrophilicity (WO,, V,O,);
(4) and inactive over both processes (CeO,, CuO, MoQO,,
Fe,0,, Cr,0,, In,O, [4]. Among the photocatalysts studied,
TiO, is the only material used at industrial scale due to its
photoactivity, higher stability and lower cost [4] and is one
of the most explored photo catalytic materials. Among the
three phases known (rutile, antase and brookite) anatase

is mostly used in photocatalytic applications owing to its
inherent superior properties [5, 6]. Effect of substitution
of p block elements (B, C, N, F, S, P, and ) either at Ti*
and O* lattice site provides favorable surface-electronic
structure, modulates the band gap energy for visible light
response and facilitates efficient charge carrier transfer
process [7-10]. Bamwenda et al reported the effect of
Au or Pt deposited on TiO, for the H, generation. The
rate of H, production is quite high for the Pt deposited
TiO, as compared to the Au deposited ones because of
the effective trapping and pooling of photogenerated
electrons as Pt sites have higher ability for the reduction
[11]. There are several other reports where Pt/TiO, has
been used for hydrogen production from methanol [12],
photoinduced reforming of organic compounds at room
temperature with simultaneous production of H, [13],
Pt and Au/TiO, photocatalysts for methanol reforming
[14] etc. The incorporation of TiO, nanoparticles with
graphene or graphene oxide (GO) nano sheets not only
increase the surface area of the nanohybrid materials but
also expanded the light absorption range and enabled fast
charge transportation, which enhanced capacity of rapidly
adsorbing and photo degradation of organic dyes [15].

To explain the photocatalysis by ZnO, Morrison
and Freund [16] utilized two new electrical measuring
techniques: “current doubling” for detection of hole and
free-radical based reactions and the “capacity method”
for the detection of electron based reactions. These
techniques in conjunction with standard chemical methods
were used to analyze the detailed reactions during ZnO
photocatalysis. Hydrogenated ZnO nanorod arrays were
known to show exceptional hydrogen production ability
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compared to ZnO powders. The superior photocatalytic
performance is because of the increased carrier density,
improved charge transport and large active surface area
[17].Wang et al demonstrated a novel and simple approach
to fabricate a 2D shell ZnO array structure to enhance the
interaction between incident light and the material [18].
The enhancement remarkably increased the two-photon
excitation efficiency of the material and, utilizing the two-
photon induced electron-hole pairs in ZnO, they realized
photocatalysis under monochromatic visible light for the
first time.

Xiao reported the synthesis of three-dimensional
arrayed ZnO/TNTs (TiO, nanotubes) heterostructure
which exhibits superior photocatalytic activities compared
toits counterparts of pure ZnO, TNTs. This can be attributed
to the excellent photostability, large exposed surface area
of TNTs to surrounding medium, interface between
ZnO and TNTs greatly promotes efficient separation of
photogenerated electron—hole charge carriers[19].

Liu et al [20] reported an ecofriendly method for the
synthesis of highly effective ZnO/g-C,N, photocatalysts.
Their study on photocatalytic mechanism revealed that
the electrons injected directly from the conduction band
of g-CN, to that of ZnO, results in the production of
*O* and *OH radicals in the conduction band of ZnO.
Simultaneously, the rich holes in the valence band of
g-C,N, oxidized Rhodamine B directly to promote the
photocatalytic degradation reaction. Balachandran and
Swaminathan reported [21] the hetero junction Bi,S,-ZnO
photocatalyst which exhibits higher photocatalytic activity
for the degradation of Acid Black 1in the UV region as well
as in the visible region because of the low recombination
rates of photoinduced electron-hole pairs.

Luo et al [22] reported novel hierarchical RGO-ZnO
composites exhibiting enhanced photocurrent and photo-
catalytic performance because of the large surface area
of hierarchical structured ZnO hollow spheres as well as
excellent electron transport and reduced electron—hole
pair recombination resulting from the graphene
.Pawar et al [23] recently reported the incorporation
of RGO into the CdS and ZnO structures, the photo-
degradation performance toward methyleneblue
(MB) degradation under visible light illumination was
significantly improved compared with that of just
CdS and ZnO. This composite degraded MB within 40
min. Photoluminescence quenching, increased optical
absorbance, and high specific surface area (23.08 m?g™)
also contributed to the high degradation efficiency. The
developed RGO-CdS-ZnO composites have a potential
application in water purification devices.

Apart from TiO, and ZnQO, there are several other
well studied semiconductor materials which include,
binary oxides [24-27]: WQO,[28, 29], V,0,[30, 31], Iron
oxides[32,33], Bi,0,[34,35], NiO[36,37], Nb,O,[38,39],
Ta,O,[40], ZrO,[41,42], CeO,[43,44], Ga,O,[45,46]. Binary
sulfides:CdS[47], Sb,S, [48] & ternary oxides: BiVO, [49],
Bi,WO,[50,51], Bi,MoO, [52,53] and oxyhalides like BiOX(X
=F, Cl, Br and I [54-55].

Another important process which has gained
importance over the past decade is electrocatalysis where
decomposition of water produces hydrogen and oxygen
at the cathodic and anodic electrodes respectively[56].
Electrocatalysis is enhancement of electrode kinetics by a
material by minimizing the over potential. A key process
in an electrocatalytic reaction is the adsorptive interaction
of the reactants with surface sites of the catalyst in the
presence of the electric field. This interaction is strongly
dependent on the surface properties of the catalyst. To
maximize this interaction for developing an efficient
electrode material i.e. high surface area, enhanced electrical
conductivity, high surface concentrations of corner and
edge atoms, low coordination numbers of surface atoms
and unique electronic properties (quantum size effects),
long term stability and low cost forms the essential
requirements. These are best met by nanoparticles of
transition metal oxides [57]. Considerable progress has
been made in development of oxygen evolving anodes
with low over potential like noble metals as Pt, Pd, alloys
as Pt,Co,[58] oxides like RuO,, IrO,, MnO,, PtO, and OsO,
[57,59,60] etc. Among the binary oxides of Ru, Pt and Ir,
RuO, is cheaper as well as it shows low overvoltage [61] but
these electrodes have less stability and are easy to corrode
during prolonged oxygen evolution [62] .Ternary oxides
with perovskite structures like LaNiO,, LaCoO,, SrFeO,
etc. and with spinel like Co,0,, MCo,0, (M- Ni, Mn, Cr)
have been found to be stable anodic electrodes [63]. Core-
shell structured Pt-Co nanoparticles exhibit high Pt mass
activity for the ORR making them promising candidates for
next generation proton exchange membrane fuel cells [64].
Abe and coworkers demonstrated a co-reduction strategy
for the preparation of Pt,Ti in the form of nanoparticles.
They have shown that both atomically disordered and
ordered Pt,Ti nanoparticles have a higher electrocatalytic
performance than conventional electrocatalysts in terms
of their low onset potentials for fuel oxidation and low
affinity toward CO adsorption. In particular, atomically
ordered Pt,Ti nanoparticles demonstrate a promising
performance as anode catalysts for direct fuel cells. The
high electrocatalytic performance of atomically ordered
Pt Ti nanoparticles shows that Pt-based intermetallic
compounds containing early d-metal elements, Zr, Hf, V,
Nb, or Ta, are worthy of further study[65].




In this review, we have tried to emphasize on the both
the catalytic processes (electro & photo) catalyzed by metal,
metal oxides, alloy nanostructures synthesized using wet
chemical methods. We have also investigated the various
factors that collectively affect the catalytic process and
enhance the efficiency.

2. Methodology

Three major routes have been explored for designing
the nanostructures viz, reverse micellar route, surface
functionalization and hydrothermal process.

Surfactant aggregates specially “reverse micelles” have
been extensively used for synthesis purposes [66]. Reverse
micelles contain aqueous core which acts as a microreactor.
The presence of surfactant helps in controlling the growth
of the particles. Scheme I shows a typical reaction between
two reactants within reverse micelles. Various types of
surfactants i.e. cationic and non-ionic surfactants have
been used for the formulation of microemulsions. The
product obtained post reaction was washed well with
solvent in order to remove the surfactant and dried at room
temperature (Fig. 1).

Hydrothermal (solvothermal) method is a low
temperature, wet chemical route for synthesis of highly
crystalline products (advantageous to increase the
photocatalytic efficiency of the material). Homogeneous and
less aggregated products can be obtained using this method.
Reaction occurs at elevated temperature and pressure. The
morphology and size of the products can be controlled
by adjusting the hydrothermal reaction conditions. The
sample obtained after hydrothermal treatment is subjected
to calcination at different temperatures.With the help of
hydrothermal treatment incorporation of various alkali
metal ions as well as transition metal ions into titanate
nanotubes has been achieved by ion exchange process in
alkaline condition.

For the synthesis of core-shell nanorods, the well-known
surface-functionalized method has been employed using
citric acid as a surface-functionalized agent. By varying
the concentration of the citric acid, core shell nanorods
with varying diameter and different shell thickness were
optimized. In the case of ZnO/CdS core—shell nanorods,
the reaction of carboxylic acids with ZnO is a well-known
reaction in surface science. Carboxyl groups are easily
self-assembled on the surface of the ZnO, because of their
strong adsorption energy via their carboxylate function
to the Zn centers. This surface functionalization helps
largely to form uniform coating on the ZnO core layer by
the segregation of the coagulated ZnO nanorods probably
by electrostatic interactions.
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3. Results & discussion

3.1 Photocatalysis

A detailed study has been carried out for the synthesis
and photocatalytic behavior of TiO,nanospindles [67].
Reverse micellar route has been explored to design the
synthesis of nanospindles of titanium dioxide & have
studied in detail the various factors that collectively decides
the efficiency of the photocatalyst. The use of w/o micro
emulsion offers a unique micro environment in which
mono dispersed nanoparticles of TiO, with a narrow size
distribution could be achieved. These anisotropic TiO,
nanostructures (spindles) have diameter of 6 nm and length
of 30 nm (Fig. 2a) with high degree of thermostability and
are observed to be monodispersed with high surface area
(~ 200 m*/g). TiO, nanospindles showed nearly twice the
photocatalytic efficiency of Degussa P25 TiO, and was
observed to be stable even after three cycles (Fig. 2b).

In addition, nanotubes derived from titanium dioxide
are considered to be a promising alternative and exhibits
a wide variety of applications including photovoltaic
(solar energy conversion), photocatalytic, semiconductor,
catalytic support, and gas sensing properties, especially
when prepared as a nanomaterial [68-70]. A systematic
study has been carried out to explore the various properties
of TiO-based nanotubes doped with nickel ions "l. The
stability of the samples, changes in shape and morphology,
change in textural properties (surface area), phase
change, photocatalytic activity, and hydrogen absorption
capacity as a function of calcination temperature have
been investigated. Where, titanate nanotubes containing
2.5 wt% Ni were synthesized from TiO, sol using
hydrothermal treatment under alkali condition followed
by a simple ion-exchange process. The study revealed
that the titanate phase containing Ni ions was converted
to the anatase phase after certain heat treatments but, at
the same time, the tubular morphology was partially lost.
Investigation of photocatalytic properties demonstrated
that the as-prepared Ni-titanate nanotubes were observed
to be photocatalytically inactive, but when heated at
temperatures below 500 °C their activity was significantly
enhanced with the change in phase. The calcined nanotube
samples carrying nickel ion showed better photocatalytic
activity than calcined nanotube samples containing protons
(Table 1). Photocatalytic efficiency can also be improved
by designing one dimensional core/shell nanorod with
type-II band alignment. The presence of a shell made of
semiconductor material with relatively wider band gap
can effectively protect the core from photo corrosion
especially in the case when the shell is not excited by
incident light. The internal field within the core material
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is thought to influence band bending at the core/shell
interface and promote the separation of photogenerated
charge carriers [72]. The micron-sized core is necessary to
provide the appropriate length scale for band bending and
light absorption [73, 74].

ZnO nanostructures that provide an ideal geometrical
structure for effective carrier transport and therefore
reduces the charge recombination and increases the
efficiency of ZnO photocatalyst. The ability to form uniform
CdS shell layers on one-dimensional nanostructures
(ZnO nanorod arrays) with control of the shell thickness
is a key step toward the high-efficiency photocatalysts.
This facilitates the effective injection of photogenerated
electrons from CdS into ZnO and reduces the rate of
recombination between electron—hole pairs. In type-I core/
shell heterostructures, both the electrons and the holes are
confined in the core compared to type-II structures, the
electrons and holes are separated between the core and
the shell, giving rise to a significant increase in the exciton

lifetime, which is advantageous for applications in both
solar cells and photocatalysis [75]. Core/shell nanorod
arrays of ZnO/CdS have been synthesized with varying
shell thickness by the surface functionalization method
using citric acid as a surface functionalizing agent [76].
Figure 3a indicates the bare ZnO nanorods whereas Fig.
3b shows the ZnO/CdS core/ shell structures.

The inset shows optical absorbance spectra of the
uncoated ZnO nanorods, and ZnO/ CdS core shell nanorod
arrays with varying shell thickness. Core/ shell nanorod
with variable shell thickness (10—-30 nm) are obtained by
varying the concentration of surface functionalizing agent.
The role of shell thickness dependent on photocatalytic
properties have been investigated in detail and Table 2
tabulates the absorbance band, PL band, current, and
photocatalytic efficiency of ZnO and ZnO/CdS Core/Shell
Nanorod Arrays with varying shell thickness. ZnO based
nanostructures sensitized with inorganic semiconductor
nanocrystals such as CdS, In,S,, CdSe, PbS, InP, Ag,S and

Table 1. Effect of heat treatment on the crystallite size (anatase phase), BET surface area and percent
photonic efficiency for the Ni-TNT samples.

Sample | Calcination temperature | Anatase crystallite size (nm) | BET surface area (m%g) | Photonic efficiency
(mole S x m3)
Room temp. * 306.76 *

300 °C 3.721 279.30 0.2058

400 °C 9.887 203.21 0.5763
Ni-TNT 500 °C 17.67 114.27 0.4417

600 °C 24.5 78.764 0.2584

700 °C 38.3 37.422 0.1049

800 °C Rutile 20.097 0.0605

900 °C Rutile 03.420 0.0032

"Anatase is absent in the phase, ™ Photonic efficiency is nearly zero.

Table 2. Absorbance Band, PL Band, Current, and Photocatalytic Efficiency of ZnO and ZnO/CdS Core/
Shell Nanorod Arrays with Varying Shell Thickness

Sample Shell Thickness | Absorbance Band PL Band Current (A) Photocatalytic
(nm) (nm) (nm) Efficiency (%)
ZnO - 372 380 9.22 x 10-7 70.0
ZnO/Cds1 10 425 460 8.09 x 10-6 85.0
ZnO/CdSs2 15 442 473 1.62 x 10-5 91.5
ZnO/CdS3 30 465 490 1.75 x 10-5 98.0




Bi,S, can generate multiple electron—hole pairs per photon
and consequently enhance the photocatalytic efficiency
[77]. For an efficient electron transfer between the sensitizer
(here In,S,) and photocatalyst (ZnO), the energy level of the
conduction band of the photocatalyst must be lower than
that of the sensitizers. These results demonstrate that the
core/shell nanorod arrays provide a facile and compatible
frame for potential applications in nanorod-based solar
cells and as efficient photocatalysts.
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3.2 Electrocatalysis

Very fine and uniform nanoparticles of copper has been
obtained by the thermal decomposition of copper oxalate
nanorods in an argon atmosphere [78]. The precursor
nanorods were obtained using a microemulsion method and
has been extensively characterized using X-ray diffraction,
scanning electron microscopy, transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy
(XPS). The initial precursor of copper oxalate crystallizes in

Nucleation

reaction

Interchange of reactants
among the nanodroplets

Interchange of
reactants and
products

Mixing of
microemulsions

Growth and formation
of product

Figure 1: Mechanism of the formation of nanoparticles in microemulsions.
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Figure 2(a): TEM micrographs of TiO, nanospindles synthesized using reverse micellar
method (inset: TEM image of a single TiO, nanospindle) : (b) Photocatalytic degradation of
Rhodamine B at 546 nm as a function of irradiation time performed on TiO, nanospindles(a)
blank experiment(absence of catalyst) (b) at pH = 4 (C) Commercial TiO, (Degussa P25) (d)
atpH = 8.5 (e) at pH = 8.5 with O, purging. (inset: Cycling studies of photodecomposition
of TiO, nanospindles under UV light and photograph showing the degradation of rhodamine
B using TiO, nanospindles in 2h) [adapted from ref: 67].

the orthorhombic system (JCPDS- 210297).
On heating the precursor at 325 °Cin argon,
monophasic copper nanoparticles with a
face centered cubic (Fm3m) crystal system
was obtained. The crystallite size of the
particles was calculated to be 7 nm using
Scherrer’s formula. The average diameter
of the spherical nanoparticles was found to
be 4-6 (+ 0.2) nm and are highly crystalline.
The electrochemical properties of the Cu
nanoparticles were evaluated using cyclic
voltammetry. The concept of electroactive
surface area (ESA) [79-81] is very significant
for calculating the current density. ESA was
determined electrochemically by applying
the following formula [82].

ESA = Q,/{Q,, (Culoading)}

QH is calculated by extrapolating the
curve obtained from cyclic voltammetry.
The Q,, for copper is 420 pC cm?[83,84].
The electroactive surface areas of Cu
nanoparticles on the glassy carbon electrode
and on the Pt electrode were found to
be 0.052 cm? mg™? and 0.119 cm? mg™
respectively. Copper nanoparticles were
used as electrocatalysts for hydrogen
evolution reaction by applying a negative
potential from -1.5 to 0 V for both the
working electrodes (glassy carbon as
well as platinum) in 0.5 M KOH solution.
Fig. 4 shows the HER study of copper
nanoparticles on (a) glassy carbon and
(b) platinum electrodes. The hydrogen
generation is according to the equations
given below:

M+HO+e- —> MH_ ,  + OH
MH +HO+e——> H,+OH +M
where M = electrocatalyst

2HO+2e —> H, + 20H
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For the glassy carbon electrode, two
redox peaks were observed at -0.61 V and
-0.36 V. These peaks are observed due to
the oxidation of Cu to Cu* and to Cu**. The
maximum current density was found to
be 12 (0.2) mA cm™ at an applied potential
of -1.50 V which is the current density for
HER. Also in the case of platinum as the
working electrode, two redox peaks were
observed at potentials : -0.62 V and -0.37 V
due to the oxidation of Cu nanoparticles.
Figure 3: TEM images of (1) ZnO nanorods , inset shows optical absorbance spectra of The maximum current density was 46 (+
the uncoated ZnO nanorods, and ZnO/CdS coreshell nanorod arrays with varying shell  0.6) mA cm™ at 1.50 V. The current density

;l(g)'j_:i_’z.jd : < |l ®  znoicas Gonm)

T T T T T
350 400 450 500 550 600 65
Wavelength (nm)

50 nm

thickness and (b) ZnO/CdS [adapted from ref: 76]. depends critically on the surface area and
morphology. The copper nanoparticles

8- 2, obtained by us show excellent stability for

2 50 cycles (recorded continuously). Stability

Glassy Carbon is also confirmed by the monophasic

N . m " nature of copper nanoparticles shown by
2 1% 0 x-ray diffraction pattern (Fig. 5a) after the
i n =0 hydrogen evolution reaction. The particles
E ) 2 0] remained stable spherical in nature as they
= 8 £ were before electrocatalysis, with average
e B ¥ diameters of 15-20 (+1) nm(Fig. 5b). Oxygen
o2 41 evolution reaction was also studied for

N+
A6 14 12 1.0 08 -06 04 02 00 02

Potential Applied (V)

these copper nanoparticles using cyclic
voltammetry. The electrode containing
copper nanoparticles as electrocatalysts
showed an increase in oxidation current
at 0.52 V potential for both the working
electrodes (glassy carbon and Pt). The
following reaction occurs at the electrode
surface

40H —> 2HO+0,+4e

-16 LN LN L BN B S BN LA B R |
16 -14 12 1.0 08 -06 -04 02 00 02
Potential Applied (V)

Figure 4: HER study of copper nanoparticles on (a) glassy carbon and (b) platinum
electrodes [adapted from ref: 78]. Schematic representation depicting the electrode
process.

8000

The peak current is proportional to the
amount of oxygen generated during the
electrochemical reaction. The maximum
current density at 0.8 V potential is 1.6
(£0.01) mAcm?and 15 (£0.3) mAcm? using
the glassy carbon and platinum electrode
respectively.

(111)
6000

g 4000
] (200)

eR08S @25 (311) Wet chemical methods were also
W - L )\(22, =) employed for the synthesis of core shell
B ' and composites of copper - cobalt. The
10 20 30 40 50 60 70 80 90 4100 hydroxide precursor was amorphous and
26 Scale on heating under hydrogen conditions

results in the formation of Cu-Co core-shell
Figure5: Powder x-ray diffraction pattern of copper nanoparticles (after HER over glassy — and composite type nanoparticles. With the
carbon electrode) and (b) TEM micrograph of copper nanoparticles after HER over glassy  help of XPS studies, it was concluded that
carbon electrode [adapted from ref: 78]. the shell consists of Cu-Co alloy, whereas




Figure 6: FESEM micrographs for Mg,MnQO, obtained from oxalate
precursor by heating at (a) 500° C (b) 600° C (c) 700° C (d) 800° C (e)
structure of cubic spinel structure[adapted from ref: 87].

the core comprises of Cu-Co composite particles and we
estimate the shell thickness to be ~15 nm, which matches
closely with TEM studies. Note that surface energies of
cobalt, copper and copper -cobalt alloy are 2.709, 1.934,
and 0.75 ] m?, respectively [85]. On the basis of the surface
energies, we may conclude that copper cobalt alloy would
prefer to be on the surface as is observed. By decreasing
the concentration of the reducing agent from 20 M to 1M
during the synthesis leads to the formation of a composite
phase containing Cu and Co (no coreshell structures).
PXRD patterns clearly show the formation of biphasic
mixture of copper and cobalt that could be indexed on
the basis of face centered cubic cell reported for copper
(JCPDS # 851326) and cobalt (JCPDS # 150806).

Four irreversible peaks were observed for both the
core shell & composite nanostructures. The peaks may
be understood as due to formation of four couples (in
basic medium): Cu/Cu* and Cu*/Cu?" for copper and
Co/Co* and Co*/Co*. At a potential of -1.2 V, Cu-Co
nanocomposite based cell leads to higher current density
than core-shell nanostructures. However, at about -1.5
V these two materials have almost the same hydrogen
evolution efficiency. The nanocomposite may therefore be
slightly better for HER activity at lower potentials than 1.4
V. The current density (~15 mA/cm?) for nanocrystalline
Cu-Co particles was found to be much higher (5 times)
than the current generated (~3 mA/cm?) for bulk Cu-Co
alloy[86].

Apart from metal & alloy nanoparticles, microemulsions
have also been used for the synthesis of oxide nanoparticles.
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Figure 7: Cyclic voltammogram (30 cycles) of Mg,MnO, obtained at
500° C shows the maximum current density at 14 mA/cm? with onset
potential at 0.65V. Inset shows the y, vs. T plot for the magnetic oxide
[adapted from ref: 87].

Mixed metal oxalates of magnesium & manganese have
been obtained using microemulsions made up of cationic
surfactants [87]. The oxalate precursor was calcined at
higher temperature to obtain the oxide. On increasing
the calcination temperature of the oxalate precursor from
600°C to800°C, particle size increased from 25 to 50 nm at
600 °C, to 60-90 nm at 700 °C and 100-120 nm at 800 °C as
confirmed from FESEM (Fig. 6). Electrochemical studies
(oxygen evolution reaction) have been carried out by
loading the catalyst nanoparticles (at 500 °C) on a glassy
carbon electrode acting as a working electrode. Oxygen
evolution reaction is an anodic process which is enhanced
with catalyst’s surface properties like high surface
to volume ratio [88]. These nanostructures show an
increased current at 0.65Vversus an Ag/ AgCl reference
electrode. Mg ,MnO, shows better electrocatalytic
efficiency (current density of 14mA /cm?, onset potential:
0.65V) towards oxygen evolution reaction compared to
other ternary manganites like MgMnQO, (current density:
0.06 mA/cm? onsetpotential:1.9V [89]) and ZnMnO,
(current density: 4-5mA /cm? onsetpotential: 1V [90]).
The cyclic voltammogram for 30 consecutive cycles
show negligible variation in activity which indicates its
stability in alkaline medium. The stability of the electrode
is important role for electrocatalytic applications [91].
Mg, MnO nanorods exhibits Curie-Weiss behavior
(50-300K) with a Weiss constant of 14K (Fig. 7). The
magnetic moment of this compound was observed to
be 3.91 uB which matches with the theoretical magnetic
moment of 3.87 uB thereby confirming the presence of
tetravalent manganese.
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4. Conclusions

The current research work is focused on electro and
photocatalysts which have applications in energy and
environmental issues. Highly active photocatalysts (TiO,,
Zn0O/CdS and ZnO/In,S.) have been synthesized by
microemulsion, surface functionalized and hydrothermal
route, along with copper, copper-cobalt alloy and
mixed metal oxides of magnesium & manganese as
electrocatalysts. The various synthetic parameters
like alkali concentration, reaction temperature and
reaction time play important role in the formation of
these nanoparticles. The high photocatalytic activity is
attributed due to small size, large surface area, crystalline
and anisotropic nature of the material. The electrocatalytic
properties of the nanosized metal and alloy nanoparticles
are found to be better than observed for the bulk
counterpart. Wet chemical routes discussed in this review
prove to be a useful method for the synthesis of various
types of oxide nanomaterials.
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Abstract

Cellulose acetate tin (IV) molybdate nanocomposite (CA/TMNC) has been synthesized by simple
and efficient sol gel process. The nanocomposite was characterized using Fourier transform infrared
spectroscopy (FTIR), transmission electron microscopy (TEM) and X-ray diffraction (XRD). The CA/
TMNC was explored for its photocatalytic activity for the degradation of methylene blue dye from aqueous
solution. The photocatalytic degradation of methylene blue dye was studied for 120 min with irradiation
at 660 nm wavelength. The dye degradation of 82% was recorded within 60 min of irradiation time. The
photodegradation of MB dye using nanocomposite was fitted well in pseudo-first-order kinetics.

Keywords: Photocatalysis, Nanocomposite, Methylene blue.

1. Introduction

Due to fast industrialization, natural water has been
polluted continuously by the release of effluents. Various
industries such as textile, paper, paints etc have been
discharging heavy metals and chemicals continuously
into water bodies. Such polluted water containing toxic
and carcinogenic substances may cause adverse effect
to the human health and creating immense threat to
ecological system, if not treated properly before release
into environment [1-3]. Due to the colorful nature of dyes
they can be easily visualized. Dyes are synthetic origin
and have complex aromatic molecular structure which
makes them more stable and difficult to biodegrade. The
dyes can decompose into carcinogenic aromatic amines
under aerobic conditions which can cause serious health
problems like allergy, dermatitis, skin irritation, cancer
etc to animals and human beings. So the attempt has been
made by researchers for the treatment of wastewater
containing dyes at source before being discharged into
water bodies.

A large number of conventional methods such as
chemical precipitation, ion exchange, electrodialysis,
ultra filtration, membrane separation, photodegradation,
electrochemical oxidation etc. have been have been
explored for the removal of organic pollutants [4-10].
However, conventional methods have not economically
and environmentally feasible for the removal of the dyes
and metal ions from polluted water. Adsorption is one of
the most effective techniques among the methods reported
for the degradation of pollutants due to its economically
viable, technically feasible and environmentally acceptable
[11-15].

Recently, organic- inorganic hybrid nanocomposite
materials have received much attention because of high
performance due to different integrated combinations
[16]. Organic materials have many limitations such as
decreased mechanical strength and less removal capacity at
high temperature [17]. The inorganic materials have some
limitations besides the advantages like good selectivity
for metal ions, stability at high temperature and radiation
fields [18]. Therefore, to overcome these limitations,
organic-inorganic nanocomposite material has been
introduced which were significantly used in environmental
applications [19-26].

Now a day, a significant attention has been drawn for
the synthesis of cellulose based nanocomposite material
due to its superior properties such as low cost, high-volume
application, easy processability, renewable nature and
possibility of recycling [24].

Thus the present work deals with the synthesis of
cellulose acetate-tin (IV) molybdate nanocomposite
(CA/TPNC) ion exchanger by simple sol-gel method.
The photocatalytic activity of CA/TPNC material was
explored for the degradation of methylene blue (MB) dye.
The synthesized composite material was characterized
by transmission electron microscopy (TEM), Fourier
transform infrared (FTIR) and X-ray diffractrometer. The
photocatalytic degradation of MB was determined using
ultraviolet visible spectroscopy.

2. Experimental

2.1 Reagents and instruments

All reagents used in this were of analytical grade.
The main reagents used were tin (IV) chloride, sodium
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dihydrogen phosphate (LobaChemia Pvt. Ltd., Mumbali,
India), Formic acid (E Merck Ltd., India), cellulose acetate
(CDH Pvt. Ltd., New Delhi, India). Double distilled
water was used for dilution and preparation of required
solution for synthesis. Absorbance of samples was
recorded using UV-Visible spectrophotometer (Shimadzu
UV-1601, Japan). A digital pH meter (Elico LI-10, India),
FTIR spectrophotometer (Perkin Spectrum-400), X-ray
diffractometer (X'pert Pro Analytical, Switzerland),
Transmission electron microscopy (Hitachi, H7500,
Germany), Muffle furnace (MSW-275, India) and water
bath incubator shaker were used.

2.2 Preparation of cellulose acetate-tin(IV)
molybdate nanocomposite (CA/TMNC)

Cellulose acetate-tin (IV) molybdate phosphate
nanocomposite (CA/TMNC) material was synthesis using
simple sol gel method as mentioned earlier [27,28]. In this
process, firstly 0.1 M solution of tin (IV) chloride was mixed
with 0.1M solution of molybdate phosphate in 1:1 ratio by
volume with constant stirring for 1h at room temperature.
The pH of the solution was adjusted to 0-1 with the
help of 1M HNO, The precipitates of tin (IV) molybdate
were formed. Further, the gel of cellulose acetate (CA)
was prepared in concentrated formic acid. The gel was
added to the precipitates of tin (IV) molybdate solution
and mixed thoroughly with constant stirring for 5h. The
resulting mixture was kept for 24h at room temperature
for digestion with random shaking. The supernatant
liquid was removed and precipitates were filtered under
suction. The precipitates were washed with distilled water

to remove the excess acid. The precipitates of CA/TMNC
were dried at 50°C temperature for 12 h.

2.3 Photocatalytic activity of CA/TMNC

The photocatalytic reaction was performed by the
slurry type batch reactor method [29]. A double walled
Pyrex vessel was used for experiment and temperature
of the vessel was maintained to 30+£0.3°C. For adsorption
studies, a suspension consisting of catalyst (CA/TMNC)
and dye solution was stirred and kept in dark to attain
the equilibrium. Whereas, in case of photocatalytic
experiment the suspension prepared from composite
ion exchanger and dye was five minutes and exposed
to natural solar light. At particular time intervals the
solution was taken (3mL) and centrifuged to eliminate
the composite ion exchanger particles. The concentration
of dyes was detected using UV-Vis spectrophotometer at
662 nm wavelength. The degradation efficiency of dye
was calculated as follow:

C.-C

e—tx 100
Ce

Where C and C, are the initial and instant concentration
of methylene blue dye.

% Degradation =

2.4 FTIR studies

The FTIR analysis 10 mg of CA/TMNC was mixed
with 100 mg of KBr and grounded to a very fine powder.
A transparent was formed by applying pressure.
The FTIR spectrum was recorded between 400 and
4000 cm™.
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Fig. 1. FTIR spectrum of CA/TMNC.
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Fig. 2. TEM photographs of CA/TMNC.

Transmission electron microscopy (TEM) studies

Transmission electron microphotograph of CA/
TMNC was recorded using Hitachi transmission electron
microscope.

2.5 X-ray analysis

The X-ray diffraction pattern of the CA/TMNC was
recorded by X-ray diffractometer using CuKa radiation
(\ =1.5418A).
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3. Results and discussion

The FTIR spectrum of CA/TMNC was shown in
Fig. 1. The broad peak at 3429 cm™ may be attributed due
to the O-H stretching vibration [30]. The peaks in the
regions 597 cm™ may be assigned to metal oxide groups.
Absorption band at 1740 cm™ corresponds to carbonyl of
ester group in cellulose acetate. The peak at 1627 cm™ was
due to free water molecule (water of crystallization) and
strongly bonded -OH group in the matrix. A sharp peak
at 1375 cm™ indicates deformation vibration of hydroxyl

groups [31].

The absorption band at 1246 cm™ may be due to the
vibration associated in the skeletal ring of sugar monomers.
The presence of characteristics peaks of CA and TM in
the spectra clearly indicated the formation of CA/TM
nanocomposite.

TEM image of CA/TMNC was shown in Fig. 2.
The TEM results indicated homogeneous distribution
of CA and TM particles in the composite. The darker
portion represents CA wrapped TM while white portion
corresponds to polymeric CA backbone. The average
particles of 29 nm were observed from the TEM images.

The XRD pattern of CA/TMNC was shown in Fig. 3.
The result shows weak intensity peak thereby suggested
the amorphous nature of the nanocomposite.

3.1 Photocataytic activity of CA/TM Nanocomposites

The photodegradation of methylene blue using CA/
TMNC, tin molybdate (TM) and cellulose acetate (CA)

Fig. 3. X-rays diffraction pattern of CA/TMNC
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Fig. 5 Scheme for photodegradation on MB using CA/TMNC

were investigated in presences of solar light. The results
of the photodegradation of MB were shown in Figure 4.
The decrease in the dye absorbance with time indicated
that the dye was degraded in aqueous solution using
nanocomposite. The maximum degradation of dye was
recorded for CA/TMNC compared to TM and CA in
presence of solar light. It has been observed that about
91% of dye was degraded in 120 minutes compared to 53
and 37% for TM and CA, respectively.
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Fig. 6 Photocatalytic degradation kinetics of methylene blue dye

In the typical photodegradation reaction, the CA/
TMNC was irradiated with solar light produced electron-
hole pair (hvb+/e-CB). The conduction band electrons
were transferred to catalyst surface. The conduction band
electrons reduced the O, and forms hydroxyl radicals. The
highly oxidizing OH radicals caused the degradation of
MB dye.

CA/TMNC +hv — e +h'
HO+h" -=OH +H*
O,+e—0,

O,* +H'—>HO,/

2HO,» - HO,+0,
HO,+0,—-OH"+0,+0
OH" + MB* _ degraded product

The excited electron from the photocatalyst conduction
band enters into the molecular structure of MB and disrupts
its conjugated system. The hole at the valence band
generates OH" via reaction with water or OH™. The OH*
was used for oxidation of organic compound as shown in
Figure 5.

The rate of photocatalytic degradation of methylene
blue dye was determined using pseudo-first —~order kinetic
model [25]:

dc
T de Kapp

t

On integrating the above equation, we get

In C,/C=K_ t




where k" is the apparent rate constant, C; is the
concentrations of dye before illumination and C, is
the concentration of dye at time t. The plot of In C /C,
vs irradiation time showed a linear correlation which
demonstrated that the photodegradation of MB dye using
CA/TM NC followed the pseudo-first-order kinetics
(Figure 6) [25]. The correlation coefficient value R?* was
observed to 0.999 indicated the feasibility of the reaction.
The value of rate constant k (0.01259 min™) was calculated
from the slope of the plot.

4. Conclusion

The synthesized cellulose acetate-tin (IV) molybdate
nanocomposite was successfully explored for the
photochemical degradation of methylene blue. The TEM
micrographs revels that the particle size of CA/TMNC
was between 15 and 55 nm. FTIR studies also confirmed
the formation of composite material. 91% of MB dye was
degraded within 120 minutes of solar light exposure. The
kinetic studies of photodegredation indicated that CA/
TMNC obey the pseudo-first-order kinetic model with
R? of 0.999.
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Abstract

The prospect of metal-N-heterocyclic carbene complexes (NHC) is evaluated as catalysts for a wide variety
of organic transformation reactions. Multifaceted coordination of naphthyridine functionalized NHC is
demonstrated in this work. A diruthenium(I) based catalyst incorporating NHC is synthesized that catalyzes
carbene transfer reactions. Bifunctional Rh(I) based catalyst hydrates organic nitrile to corresponding amide
efficiently. Bulky substituents at nitrogen atoms of a bis-NHC ligand afforded a mixed C-2/C-4 bound
Ru(II) complex that catalyzes carboxylic addition to terminal alkynes.

1. Introduction

N-heterocyclic carbene (NHC) ligands (Scheme 1) are
an emerging class of ligands in the area of organic and
organometallic catalysis.[1] Wanzlick first reported thermal
a-elimination of chloroform from corresponding imidazole
adduct (1960) but the free carbene could not be isolated.
(Scheme 2).[2] Thirty years later, Arduengo isolated 1,3-
diadamantylimidazole-2-ylidene, the first stable NHC,
obtained by the deprotonation of the corresponding
imidazolium salt (Scheme 3).[3] Subsequently, several
air-stable NHCs are reported and a few of them are even
commercially available in free state.[4]

C5=C4
/
N1 N2

R~ oo R,

Scheme 1. N-heterocyclic carbene (NHC).
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Scheme 2. Dimerization of imidazole-based carbenes.
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Scheme 3. Synthesis of 1,3-diadamantylimidazole-2-ylidene

NHC is a neutral compound that contains a divalent
carbon atom with six electrons in its valence shell. The
stability of NHC depends on its streo-electronic factors.
The unusual stability of NHC can be explained by a push-
pull effect (Scheme 4).[5] The nitrogens withdraw electron
density inductively to stabilize o orbital on carbon. Further
stabilization is attained by 1 donation from nitrogen atom
into vacant p_orbital of the carbene carbon. Combination
of these two effects increases the o-p_ gap and favors the
singlet state. On the other hand NHCs have inherent
tendency to dimerize. Incorporation of bulky wingtip
group prevents dimerization and hence increases the
stability of NHCs.

Pr

N 9
S% j Pull-push effect (1 )
XN ‘

-l inductive effect +M mesomeric effect

Scheme 4. Electronic stabilization of NHCs.

Remarkable amount of experimental and computational
investigations are carried out to understand the nature of
metal-NHC bonding.[6] NHCs are considered a good
o-donor through the C(0)—M(d ?) orbital. Both filled and
empty i and o* orbitals on NHC ring can contribute to
metal-NHC bond. The d—n* back-donation is observed
for electron rich metal atoms.[7] The concept of -donation
from NHC to transition metal has taken shape in recent
years for electron poor metal atoms. The MO analysis of
electron deficient 14e complex [Ir(I'Bu),]PF, (I'Bu= N,N-
di(tert-butyl)imidazol-2-ylidene) reveals the existence of
NHC—M n-donation which is attributed to its unusual
stability.[8]
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Studies have shown that the bond dissociation energy
(BDE) in metal-NHC complex is clearly dependent
on the steric properties of the NHC ligands. Several
methods have been undertaken in order to quantify
steric parameters, which in conjunction with electronic
parameters characterize a ligand. To quantify the steric
factor, Nolan and Cavallo proposed a model which is
known as “percent buried volume’ (% V, ). Itis defined as the
percent of total volume of a sphere occupied by a ligand, while
the sphere has a defined radius with the metal atom present
at the center of the sphere (Scheme 5).[9] A comparative
study for [Cp*Ru(L)Cl] complexes reveals that the %V,
show linear correlation with the corresponding BDE, which
suggests that the BDEs can essentially be controlled by the
steric requirements of the NHC ligands.[10]

Percent Volume Buried % Vj,

Scheme 5. Model for steric parameter determination of NHCs.

Appropriately designed NHCs are superior o-electron
donor than the most basic phosphine ligands.[11] Trialkyl
phosphines, which are vulnerable to moisture, oxygen and
readily undergo oxidative degradation during catalysis, are
largely being replaced by NHCs.[12] The pioneering work
by Herrmann on the application of NHC-metal complexes
initiated a surge in activity toward the applications of
metal-NHC complexes in organometallic catalysis.[13]
Trialkyl phophine containing organometallic catalysts
are being upgraded to their NHC analogues. A few
notable examples are the modification of Grubbs’ catalyst,
Wilkinson’s catalyst and Crabtree’s catalyst.[14]

One drawback of NHC ligands is that they are
particularly susceptible to reductive elimination. Systematic
studies on the decomposition pathways have revealed that
one effective way to resist the decomposition via reductive
elimination is to use relatively inflexible chelating NHC
ligands. Accordingly, a large numbers of functionalized
NHCs have been introduced in the literature. Furthermore,
introduction of functional groups bring about several
unique properties like hemilability, chirality and ligand
topology into the ligand. Electronic properties of NHCs can
also be precisely tuned by functionalization. Attachment
of functional groups to nitrogen atoms makes them ideally
suited for the synthesis of the donor-functionalized NHC
ligands. A list of functionalized NHC ligands are provided
in Scheme 6.
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Scheme 6. Some functionalized NHCs.

2. Functionalized NHC in Organometallic Catalysis

Multifaceted Coordination of Naphthyridine-functionalized
NHC

A set of naphthyridine-functionalized ligands was
synthesized that exhibit diverse coordination modes
(Scheme 7a and b). By using different metal-based
precursors, a host of metal-NHC compounds have been
synthesized. The synthetic process primarily involves the
generation of free NHC by application of base (‘BuOK)
and subsequent coordination with the metal based
precursors (W, Ir, Rh) (Scheme 8a). Alternatively, Ag-

R
a) 2 R
2
| NS R1, Rz=Me, Ry =H, Ry = i-Pr (PIN.HBr)
P P> R4, R2=H, R; = Ph, R4 = benzyl (BIN.HBr)
R N7 N N/x Ry Ry = Me, Ry = H, Ry = benzyl

N+ Br

Scheme 7. Naphthyridine-functionalized NHC ligands and
their diverse coordination modes.
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Scheme 8. a) Metal-NHC complexes, b) Trans-metalation route to Pd-
NHC complex, c) Reactivity of metal-metal bonded compounds with
NHC precursor ligands.




NHC salt is prepared at first by treating imidazolium salt
with Ag O and subsequent trans-metalation reaction with
metal halides affords metal-NHC complex (Pd) (Scheme
8b).[15] We have also developed an oxidative route to
metal-NHC complexes by treating NHC precursors with
metal-metal bonded complexes Ru,(CO)(CH,CN),(BF,), or
Rh,(acac),(CO),(OTf),.[16](Scheme 8c)

Bimetallic Catalysis

Site-directed anchoring of naphthyridine-functionalized
N-heterocylic carbene (NHC) was achieved on a metal-
metal singly-bonded diruthenium(l) platform. The PIN.
HBr afforded an unsupported compound Ru,(CO),(x*C,, N, -
PIN),Br, whereas judicious alteration in the NHC ligand
resulted in the bridged compound Ru,(CO),(CH,COO)
(p*x*C,,N,-BIN)Br (2) (Fig. 1). X-ray analysis reveals the
chelate binding of PIN on each ruthenium at equatorial
sites for 1, and the bridge-chelate binding of BIN spanning
the diruthenium core for 2. The catalytic utilities of the
BATr" (tetrakis(3,5-bis(trifluoromethyl)phenyl)borate)
salts of these compounds are evaluated towards carbene
transfer reactions from ethyl diazoacetate (EDA) including
aldehyde olefination, cyclopropanation and X-H (X=0O, N)
insertions (Scheme 9).[17]
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rﬂN{i-/ /,ﬁl‘\ 1
- Dos o3

Fig. 1. Structure of diruthenium(I) compounds 1 and 2.
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N-C & O-C bond
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Scheme 9. Carbene-transfer catalysis by the diruthenium(I) coplex.

The commonality in this set of transformations
is the intermediacy of a diruthenium(I) species [Ru'-
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Ru'=CH(COOQEH)]. Initially, EDA reacts with the diruthenium
catalyst and forms dimetal-carbenoid intermediate with the
extrusion of N,. For the aldehyde olefination reaction, the
incipient carbene is transferred to the phosphine resulting
in the phosphorane Ph,P=CHCOOEt. In a controlled
experiment, the phosphorane was identified by *'P NMR
spectroscopy in absence of aldehyde. The ylide then reacts
with aldehyde to produce the new olefin and phosphine
oxide. The phosphine oxide was identified in the GC-MS.
Involvement of the Wittig type reaction explains higher
reactivity of the electron deficient aldehydes which make
the carbonyl carbon more electronegative facilitating
the nucleophilic attack of the ylide carbon to aldehyde.
It should be pointed out that the diruthenium complex
catalyses the formation of the ylide and not the subsequent
Wittig reaction. For cyclopropanation, N-C and O-C bond
formation reactions, the respective substrate alkene, amine
and alcohol directly attack the metal-carbene intermediate
and generate the products.

Inaddition, we have employed ananionic N-heterocyclic
carbene (NHC) ligand ferrocenoyl(1-mesityl-imidazol-
2-ylidine-3-yl)amide to synthesize a binuclear Ag(I)
complex 3 (Figure 2). X-ray structure reveals a [Ag --Ag]
core spanned by two ligands, each bridging two metals
through carbene carbon and amido nitrogen. This neutral
complex 3 is highly soluble in a variety of organic solvents
and is thermally stable. Complex 3 efficiently catalyses
aniline-mediated synthesis of substituted quinolines from
2-aminobenzaldehyde and terminal alkynes.[18]

Fig. 2. Structure of disilver(I) compound 3.

Bifunctional Catalysis

Hydration of organic nitriles is a significant process for
the preparation of organoamides which have vast industrial
and pharmacological applications. For example, organic
amides are frequently used in the synthesis of lubricants,
detergent additives, drug stabilizers, etc. One of the most
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noteworthy industrially important amides is acrylamide
which mostly is used to synthesize polyacrylamides.
Compound 4 (Fig. 3) is shown to be an excellent catalyst for
the hydration of a wide variety of organonitriles at ambient
temperature, providing the corresponding organoamides
(Scheme 10). In general, smaller substrates gave higher
yields compared with sterically bulky nitriles. A turnover
frequency of 20 000 h™" was achieved for the acrylonitrile. A
similar Rh(I) catalyst without the naphthyridine appendage

\C35 ez €31
C34 &5

Figure 3. Structure of rhodium(I) complex 4.

Cat. 4

///N ¢
+ H,0+ BUOK =
'PrOH, 6h
R ' R

Scheme 10. Hydration of nitrile to amide catalyzed by 4.
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Scheme 11. Bifunctional mechanism for the hydration of organonitrile
catalyzed by 4.
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turned out to be inactive. DFT studies are undertaken to
gain insight on the hydration mechanism. DFT calculations
reveal multicomponent cooperativity involving proton
movement from the water to the naphthyridine nitrogen
and a complementary interaction between the hydroxide
and the nitrile carbon (Scheme 11). Bifunctional water
activation and cooperative proton migration during the
catalytic cycle open up new possibilities for organometallic
catalysis.[19]

C4-Bound N-Heterocyclic Carbene

Normally NHC coordinates through the C2 center,
although C4/C5 coordination also occurs under certain
conditions (Scheme 12).[20] Crabtree reported the first
synthesis of an Ir-NHC complex where NHC coordinates
through the C4/C5 carbon atom (Scheme 13).[21] This type
of NHC coordination is defined as “abnormal’ carbenes
(aNHC). Blocking C2 position of heterocycle is a logical
way to access C4/C5 position. A few illustrative examples
of metal-a NHC complexes are shown where C2 position
is blocked (Scheme 14).[22] Following the same principle,
Albrecht synthesized several methylene-bridged bis-
carbene complexes where both NHC fragments bind in
abnormal fashion. Counter anion is reported to influence
the C2/C4 NHC binding.[23] The identification of bases
used for deprotonation also plays a role in determining
modes of carbene bindings.[24] Steric congestion imposed
by bulky groups at wingtip imidazole nitrogens favors the
abnormal binding even when C2 is free.

M
R/N/:\N\R R/N[©<N\R
M

Normal NHC (C2) Abnormal NHC (C4)

Scheme 12. Different NHC coordination modes.
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Scheme 13. Synthesis of first abnormal carbene.
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Scheme 14. C2-bound abnormal NHC metal complexes.




Abnormal carbene complexes do not easily convert
into normal carbenes. Studies show that abnormal NHC
is better o-electron donor than its normal counterpart.
Because of that, aNHC is reported to exhibit superior
catalytic activity, and promote certain reactions that are not
accessible by C2-bound metal-NHC compounds. Toward
this direction, we synthesized methylene-spaced bis-
carbene ligands with different wingtip groups (Scheme 15).
For mesityl group, we isolated a mixed normal/abnormal
NHC compound (Compound 5) whereas "Bu wingtip
groups afforded normal NHC complex 6. Interestingly,
in case of the latter, the metal Ru is oxidized due to highly
basic nature of the NHC ligand. X-ray structure and NMR
spectroscopy for 5 unambiguously confirm that one of the
ligands binds Ru through the usual imidazole C, carbon
atoms whereas the second ligand adopts a mixed normal
and abnormal coordination to the same metal center. But
in compound 6 both ligands exhibit normal coordination
modes. Increasing the size of N-substituents of NHC-CH,-
NHC ligand from n-butyl to mesityl groups shifts ligand
coordination from an all-normal to a mixed normal/
abnormal binding to the same metal.

We then examined the catalytic utility of both
compounds for carboxylic acid addition to terminal
alkynes for the synthesis of enol esters (Scheme 16). Both
compounds afford anti- Markovnikov (AM) products
with Z-selectivity. In general, compound 5 was found to
be more reactive in terms of yield and selectivity. Due to
the abnormal binding mode of the ligand compound 5
exhibit different structural and electronic characteristics

/\N A 21
R R

R = Mesityl (L')/ "Butyl (L2)

Scheme 15. Bis-carbene ligand precursors.
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Figure 4. X-ray structures of bis-NHC metal complexes 5 and 6.
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Scheme 16. Carboxylic acid addition reaction to terminal alkynes.

which are further reflected in their contrasting catalytic
responses.[25]

Conclusion

This mini-review describes an account of our activity
on the design and development of organometallic catalysts
containing functionalized N-heterocyclic carbene ligands.
Gaining inspiration from design strategies of natural
metalloenzyme active sites, several catalysts are developed
based on dimetal constructs. We have demonstrated that
installation of naphthyridine-functionalized NHC ligand
on a [Ru'-Ru'] core boost the efficiency of carbene transfer
catalysis. New anionic carbene is designed for supporting
a [Ag'...Ag'] core. A bifunctional ligand is fabricated
that anchors to metal through NHC unit and utilizes the
naphthyridine unit to activate water and subsequently
hydrates nitrile to amide. By incorporating bulky group
at imidazolium nitrogen, Ru complex with mixed C2/
C4-bound bis-NHC complex is synthesized which show
superior activity towards carboxylic addition reaction to
terminal alkynes. Recent efforts are directed to develop
new bifunctional NHC ligands and apply their metal
complexes in the conversion of cheap and abundant small
molecules to value added chemicals.
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Abstract

We have successfully synthesized a-Fe,O,with different shapes via hydrothermal precipitation technique,
in presence of (NH,),HPO,as the structure directing agent to find out the effect of anisotropy on the
photocatalytic activity.To further enhance the activity, one-dimensional a-Fe,O,nanorodand graphene
nanocomposites were also fabricated by simple hydrothermal technique. The obtained products were
characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), selected area electron
diffraction (SAED), scanning electron microscopy (SEM), diffused reflectance spectroscopy (DRUV-vis) and
fourier transform infrared spectroscopy (FTIR). The phase and crystallinity were confirmed from the XRD
study. Electron microscopy study clearly indicates the formation of different morphologies of nanocrystals.
The a-Fe,O,nanostructures and a-Fe,O,nanorod /RGO composite were used as model systems for studying
the shape dependent photocatalytic degradation of phenol. Among all nanostructure materials, a-Fe,O,/
RGO composite showed 70%efficiency towards degradation of phenol under visible light illumination. The
high activity of a-Fe,O, nanorod /RGO composite has been discussed in terms of 1D architecture, crystallite

size and morphological ordering.

1. Introduction

Design and development of one-dimensional (1D) iron
oxide nanostructures are still challenging and important
aspects of research in nanoscience and nano-technology due
to their unique size and shape-dependent properties. Iron
oxide with morphological variation such as nanospheres,
nanorods, nanowires, nanotubes, nanonecklaces, nanorices,
airplanes, tetrapods,peanuts, nanoflower and nanospindles
have been studied by various research groups [1-2].
Fabrication of a-Fe,O, nanorod (700 nm) using Fe-(C;H,O,),
and its deposition on silicon substrate by chemical vapour
deposition method have been reported by Wu et al. [3].
Almeida et al. reported the hydrothermal synthesis of
lenticular nanorod and pseudocubes of a-Fe,O, using
FeCl, and NH H,PO,[4]. Surface directing agents such as
NaH,PO, NH,H,PO, have been used for the synthesis of
different shape of a-Fe,O,[2].

Iron oxide has been extensively investigated because
of their applications such as catalysis, sensors, pigments,
magnetic resonance imaging (MRI), drug-delivery,
photocatalysis and photoelectrochemical cell [5-9].
Hematite could be utilised for various photocatalytic
applications in the visible range due to its high absorptive
power. The limitations of this oxide for photocatalytic
application comprise the low band gap energy (2.2
eV), poor conductivity and high electron-hole (e-h*)
recombination. Incorporation of heteroatom (e.g., Si, Bi, Pt
and Ta), quantum confinement and architectural control

have been taken into consideration for addressing these
issues [10-11]. On the other hand, geometrical configuration
and elemental composition of 1D system is very useful for
different applications. The electrons are channelized on the
two dimensional structure and have very good electron
transporting ability to retard the e-h* recombination which
makes 1D nanostructurephotoactive[12-14]. However, a
few works have been reported on photocatalytic phenol
degradation over different shaped iron oxide [15-16].

In this paper, we have studied the effect of shape and
size of a-Fe,O,on the photocatalytic phenol degradation.
Herein, a-Fe,O, nanorod, nanosphere and nanohexagon
have been synthesised hydrothermal methodusing
(NH,),HPO, as the surface directing agent.Further, one
dimensional Fe,O, nanorod was modified with RGO to
improve the photocatalytic performance. The novelty of
synthesis and highly photocatalytic activity of uniform
diameter nanorods are explained with the help of various
spectroscopic techniques.

2. Materials And Methods
2.1. Materials

All the chemicals and reagents are of analytical grade
and used without further purification. Iron (III) chloride
hexahydrate, diammonium hydrogen phosphate, sodium
dodecyl sulphate (SDS, polyethylene glycol (PEG) and
deionised water were used for the sample preparation.
Commercial Fe,O, was used for comparison of catalytic
activity with that of synthesized materials.
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2.2 Preparation of a-Fe,O, nanorod

In a typical experiment, calculated amount of
(NH,),HPO,was added to an aqueous solution of FeCl,.6H,O
and stirred vigorouslyto get a yellow homogeneous
solution. The solution was transferred to a Teflon-lined
autoclave and kept in an oven at 180°C for 36 h.The
products were collected by centrifugation, filtered, washed
several times with deionized water, and dried at 110 °C for
overnight. The dried samples were calcined at 400 °C for
3 h and denoted as S1. Samples prepared in presenceof
PEGand SDSby following the same conditions as that of
previously reported method and denoted as S2 and S3,
respectively.

2.3 Preparation of a-Fe,0,/RGO nanocomposite

Calculated amount of (NH,),HPO, was added
to FeCl,.6H,0O aqueous solution and stirred to get a
homogeneous solution.Previously synthesized GO was
dispersed in deionised water for 1 h in another beaker,
then mixed with FeCl,.6H,O solutions and transferred
to a Teflon-lined autoclave, followed by hydrothermal
treatment at 180 °C for 36 h. The products were collected
by centrifugation, filtered, washed several times with
deionized water, dried at 110 °C for overnight and calcined
at 400°C for 3h. The 5 wt% GO loaded a-Fe,O,is named
as S4.

2.4 Characterization

Phase identification was carried out using a PANalytical
X-ray diffractometer with Mo Ka radiation (A = 0.70932 A°)
in the 20 range from 10 to 40°. FTIR spectra was recorded
ina Varian FTIR spectrophotometer (FTS-800) in the range
of 400-4000 cm™. The optical absorbance was observed
by UV-visible diffuse reflectance spectra (Varian, Cary
100). Morphology of the samples was studied through a
transmission electronic microscope (FEI, TECNAI G? 20,
TWIN, Philips) and scanning electron microscope (SEM,
Hitachi S-3400N) by collecting secondary electron images
at 15 kV. The electronic states of Fe were examined by
X-ray photoelectron spectroscopy (XPS, Kratos Axis 165
with a dual anode (Mg and Al) apparatus) using the
MgKa source. The OH radical formation was studied by
replacing phenol with 5x10* M terephthalic acid (TPA) and
2x10° M NaOH with the same amount of photocatalyst.
The PL spectra were measured on Perkin Elemer LS-55
fluorescence spectrometer with an excitation at 315 nm
light.

1.3. Photocatalytic reaction

The photocatalytic activity of all the catalysts
wasevaluated towards the degradation of phenol under
visible light irradiation. In a typical experiment, 20 mg
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photocatalyst with 20 mL of 10 ppm phenol solution
was taken in a 100 mL closed Pyrex flask. The solutions
were exposed to visible light irradiation in an irradiation
chamber (BS-02, Germany) for 2 h. After irradiation, the
suspension was centrifuged and the concentration of
the supernatant solution was analyzed quantitatively
at 504 nm (A__ for phenol) using a Cary-100 (Varian,
Australia) spectrophotometer. All the catalytic results were
reproducible with + 2 % variation.

3. Result and discussion

3.1 Formation and characterisation of
different shapes of a-Fe ,O,and a-Fe,O /RGO
nanocomposite

The mechanism of different shape of nanoparticles
formation has not been established till date. In the
present system, we have proposed a mechanism which
is as follows; the decomposition of (NH,),HPO, during
hydrothermal reaction leads to formation of NH,*, PO,*
ions which play a pivotal role for the formation of different
shape of FeOOH. The released ammoniais acting here
as a precipitating agent, helps in nucleation and partly
in the growth of iron oxide particles. However, growth
of nanocrystal was preferentially controlled by the PO,*>
anion. Fig. 1 shows the XRD pattern of sample S1 and
S2. It shows that the particles are well crystallized in
rhombohedral a-Fe,O, phase(JCPDS 13-534).No significant
changes occur in the XRD patterns of other synthesized
samples. The phase purity of a-Fe,0, is maintained after
the composite formation and also in spherical particle. The
XRD peaks in the lower angle region (Fig. 2) at 20~ 0.43 ©
and 0.86 °confirms that the material is mesoporous. The
crystallize size of all the samples were measured by using
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Scherrer formula. The crystallite sizes of S1, 52, S3 and S4
are 17.48,18.38,17.03 and 17.02 nm, respectively. To clarify
the crystal structure of particles, the unit cell dimension
of the synthesized samples was measured (Table.1). Both
the a-edge and c-edge length of the synthesized materials
were lower than the reported value [17].

Table 1
Sample | Crystallite | Aspect| a C Phenol
name | Size (nm) | ratio |(nm)|(nm) | degradation
(%)
FeO, - - - - 2+05
S1 17.48 2.74 | 4.89 |13.48 25+ 2
S2 18.38 - 475 |13.24 5+3
S3 17.03 3.38 |4.8213.37 27+ 1
S4 17.02 3.32 |4.80 |13.34 70+ 2

Fig. 3 represents the TEM microstructure of S1 and
S2. S1 possess nanorod shape having average length and
diameters of 294 and 107 nm, respectively. The aspect ratio
is 2.74.The formation of nanorod might be due to the slow
precipitation of iron oxide by NH..In S2, the nanostructures
are hexagonal/sherical shape, which may be due to the
uniform agglomeration of particles in each direction. The
diameter of the spherical structures is around 53 nm. The
addition of PEG having -OH groups strongly competes
with PO,* group, act as a destructive reagent and does
not help in growing the nanorod shaped structure. This
may lead to change the nanorod shaped topography to
hexagon/sperical shape. The hydroxyl group dominates
over the phosphate group and allows the formation of

SMC Bulletin Vol. 4 (No. 3) December 2013

hexagon shaped particle after the nucleation. In sample S2,
there are two kinds of particle, hexagon shape and another
is other than hexagon shape. However, the addition of
SDS (Sample S3) doesn’t affect the surface structure of the
nanorods.

Fig. 3: TEM figure of sample S1 and S2

The reduced structure of GOhave flat surface
morphology and are sheet structure. The sheets always
remain stacked in absence of any foreign material. In the
composite case (54), a-Fe,O, nanorods are well decorated
on the surface of the RGO sheets. Here by the introduction
of a-Fe,0O, nanorods, the sheets are exfoliated and intact
with the nanorods providing a composite material.

02 um

Fig. 4: TEM figure of sample S3 and S4

In UV-Vis DRS spectra, the band edge observed from
530-574 nm. This is in well agreement with the XRD results
i.e. all the samples are a-Fe,O,.There are five multiplet
peaks for Fe 2p observed in the XPS spectra. Peaks
corresponding to 708.8 (A) and 720.9 eV (D) are attributed
to +2 oxidation states where as 710.8 (B) and 723.6 eV (E)
are ascribed to +3 states of iron. Peak with BE of ~ 715.6
eV (C) is identified as the surface peak of a-Fe,0O,[18].In
all the samples from S1-54, the Fe-O vibrabational mode
absorption band observed in the range 464-468 cm™ which
assures the hematite phase. These results agreed with the
XRD, XPS and UV-Vis DRS results. The appearance of a
weak peak in the region 1024 cm™ confirms the presence
of some phosphate impurity in all the samples. From the
BJH graph, the pore volume and average pore diameter
were found to be 0.034 cm®/g and 29 nm, respectively.
Although the material is not completely mesoporous like
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MCM-41 or SBA-15, but the pore diameter is in the range
of mesoporous material. The mesoporous nature of the
material is also supported by LAXRD results.

3.2 Photocatalytic reaction

The percentage of phenol degradation was investigated
as a function of different catalyst (fig 5& table 1).
Phenolsolution with and without catalyst was directly
exposed to the visible light for 4 h. It was found that the
degradation was negligible in absence of the catalyst.
The percentage of photocatalytic degradation in all our
catalysts follows the order Fe,0,<52< S1< S3< 54 after 4 h
of reaction in visible light. Here, bulk Fe,O,showed lower
activity compared to synthesized spherical hematite and
1D nano rod. In addition to morphology, crystallize size is
also one of the important factor which has crucial role on
the catalytic activity. Here the crystallite size has a trend
of 52< S1< S3< S4 and this trend is also maintained in
photocatalytic activity. Nanorod shaped catalysts showed
high photocatalytic activity. This is because the electron
transport in the 1D nanorod is channelized in one direction
which lowers the electron-hole (e*- h*) recombination [19].
Sample S2 shows the lowest degradation as the particles
are nanohexagon on which the recombination chances is
more as compared to 1D nanostructure. Though both have
nanorod morphology, S1 showing less degradation as
compared to S3, this can be explained by comparing their
aspect ratio. The aspect ratio of S1 is 2.74, less than sample
S3 (3.38). The lower aspect ratio might be responsible for
the charge carrier recombination and hence decreases the
efficiency of photocatalyst. a-Fe,O, nanorod containing 5
wt% graphene exhibits 70 % of phenol degradation which
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Fig. 5: Photocatalytic degradation studies of phenol over S1, S2, S3
and S4.
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is 3 times higher than that of neat a-Fe,O,nanorod. When
a-Fe,O,nanorod is placed on RGO sheets surface, there is
strong interaction and development of synergism between
a-Fe,O,and RGO. This process delays the recombination
of excited photoelectrons with holes. RGO acts as electron
acceptor centre and also easily channelize them through
its flat sp* hybridised carbon network. So in composite
case (a-Fe,O,nanorod/RGO), the carrier recombination
is delayed, hence percentage of photodegradation
enhances. Further, RGO also improves the light harvesting
capacity of a-Fe,O, nanorodsandalternately improves the
photocatalytic activity. Phenol oxidation and degradation
mechanism was well studied by many researchers.Phenol
was oxidized to hydroxyl phenols by the oxidising species
such as hydroxyl and superoxide radicals formed during
the process. Then the hydroxyl phenol compounds break
down to corresponding acid and finally converted to CO,
and water.

3.3 Factors affecting the photocatalytic reaction

Based upon our results and discussion we have
arrived at several evidences to establish the superiority
of nanorods and composites compared to neat a-Fe,O,
material such as (a) more number of active sites for the
accommodation of substrate molecule, (b) lowering of
electron-hole recombination, (c) formation of sufficient
numbers of hydroxyl radicals.

3.3 (a) More number of active sites for the
accommodation of substrate molecules

Surface areahas significant role in catalysis and also
in photocatalytic activity. Higher surface area has more
number of active sites and hence can accommodate more
number of substrate molecules. In the present case, there
is not much variation in surface area in different shape
morphology a-Fe,O, prepared by hydrothermal method.
On the other hand the flat surface of nanorod morphology
can accommodate more number of substrate molecules and
hence could decompose more number of phenol molecules.
Whereas the exposed area is increased by modifying
with GO and thus the photocatalytic performance also
increases. The a-Fe,O,nanorod /RGO nanocomposite gives
a maximum percentage of phenol decomposition.

3.3 (b) Lowering of electron-hole recombination

Photoluminescence spectra have been used to
address the mobility of the charge carriers and the
recombination process involved by the electron-hole
pairs in semiconductor particles. PL emission results
from the radiative recombination of excited electrons
and holes. In other words, it is an essential requirement
of an effective photocatalyst to have minimum electron-




hole recombination. PL emission intensity is also directly
related to the recombination of excited electrons and holes
[19].1t is observed thatsphericala-Fe,O,with strong PL
intensity has high recombination of charge carriers whereas
nanorod a-Fe,O,and a-Fe,O,nanorod /RGO showed weak
intensity. The weak PL intensity of a-Fe,O,nanorod /RGO
may arise due to the well-decorated a-Fe,O, nanorodson
the RGO sheet resulting in the decolourisation of photo
excited electrons through sp? bonded carbon network.
This delays the electrons-holes recombination process and
hence is utilized in the redox reaction leading to improved
photocatalytic activity.

3.3 (c) Hydroxyl radical formation

Hydroxyl radical performs the key role for the
decomposition of the organic pollutants during
photocatalytic reactions.The formation of hydroxyl radicals
was established using terephthalic acid (TA) as a probe
molecule. By reacting with OH radicals, TA transformed
directly to2-hydroxyterephthalic acid (TAOH) which
gives a fluorescence signal at 426 nm. [20].The fluorescent
intensity is linearly proportional to the number of hydroxyl
radicals formed by the photocatalysts. If generation of
hydroxyl radical is more, yield of TAOH will be higher and
hence more intense will be the fluorescence peak. Thus,
S3 and S4 with highest intensity confirms the generation
more number of hydroxyl radicals compared to other
photocatalysts.The fluorescence intensity follows the trend,
Fe,0,<52< 51< 53< 54 of photocatalytic performance of all
the photocatalyst.

4. Conclusions

We have successfully synthesized a-Fe,O, with
different shapes and a-Fe,O, nanorod/RGO composite
via hydrothermal precipitation technique in presence and
absence of surfactant using (NH,),HPO, as the structure
directing agent. Degradation of phenol was performed
by the irradiation of solar light using catalyst of different
morphology and also in a-Fe,O,nanorod /RGO composite.
Our synthesized catalysts have better activity compared
to bulk Fe,0,. Among various morphological samples,
nanorod shape a-Fe,O, shows highest photocatalytic
activity for degradation of phenol. Modification with RGO
further enhances the catalytic activity. So, one dimensional
a-Fe, O ,nanorods possessing uniform diameter can be
processed for the preparation of effective photocatalysts
for environment and energy application.
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Abstract

The objective of the work is to identify the most effective phase of Mg-Al hydrotalcite in the Knoevenagel
reaction of benzaldehyde and malononitrile as a test reaction. Mg-Al hydrotalcites (HTs) (Mg/Al = 2, 3)
were prepared and calcined for different periods of time at different temperatures in the range of 473K to
1273K. The as-synthesized (uncalcined) and the calcined materials were characterized by powder XRD
and FT-IR. Knoevenagel reaction of benzaldehyde with malononitrile, as a test reaction, was carried out at
room temperature in ethanol in the presence of the calcined HTs. The HT with Mg/ Al ratio 3 calcined at
773K for 6h was found to be the best catalyst. The activity of the catalysts was related to the actual phase
of the catalyst. Mg-Al mixed oxide periclase like phase formed by the calcination at 773K was found to
be the most effective phase. The Mg-Al HT functions as the appropriate precursor for the formation of
this active species. This catalyst was used to carry out the reaction of substituted benzaldehydes with

malononitrile.

Keywords: Mg-Al Hydrotalcite, Base catalysis, Knoevenagel condensation

1. Introduction

The area of solid acids and bases has gained immense
importance due to increased awareness of environmental
concerns. In this area solid bases have been given much
less attention than solid acids due to the reasons like
deactivation of catalyst, weaker bonding of the base
on the support surface leading to leaching of the base,
poor stability of support material under harsh reaction
conditions. Mg-Al Hydrotalcites (Mg-Al HTs) are solid
bases which can be prepared very easily and can be
modified[1]. They have been used for various base
catalyzed organic reactions[2], such as aldol[3], Michael[4],
Claisen-Schmidt[4] and cyanoethyleation[5] reaction.
Calcination of HTs changes the the active species through
dehydration, dehydroxylation, and decarbonation. Survey
of the literature shows that calcined Mg-Al HTs have
been used for such reactions; however, correlation of the
activity with the actual phase obtained on calcination is
often lacking.

Knoevenagel reaction is simple base catalyze reaction
of benzaldehyde and malonitrile and it has been reported
using solid bases. Traditionally the reaction is catalyzed
by an alkali or a mild organic base like piperidine.
Due to specific advantages of heterogeneous catalysts;
environmental benignness being the most important one,
in recent years various heterogeneous basic catalysts like
basic alumina[6], KF-alumina[7], ZrPON[8], NH,OAc-

alumina[9], Flurapatite[10], xonotlite/potassium tert-
butoxide[11], rare earth cation exchanged NaY[12],
and AIPO,-Al,O,[13] have been employed to catalyze
Knoevenagel reaction.

The Knoevenagel reaction catalyzed by Mg-Al
HT is also known[13,14]. In these studies, Mg-Al HT
incorporating t-BuOK[15], calcined Mg-Al HT supported
isopropyl amide[16], and hydroxide modified Mg-Al
HT[17] have also been used. However, a study of the
activity of different phases of Mg-Al HT in this reaction
has not been done. Mg-Al HTs calcined at temperatures
greater than 700K have also been used for some reactions
and the reactions have been labeled as catalyzed by the
HT; though Mg-Al HT gives a Mg-Al mixed oxide phase
when heated above 500°C[18-20]. On this background,
we undertook a study of the Knoevenagel reaction of
benzaldehydes and malonitrile in the presence of Mg-Al
HT (Mg/ Al =2 and 3) calcined at different temperatures as
a test reaction to correlate the activity of the catalysts with
the phase of Mg-Al HT. The HTs with Mg/ Al ratio 2 and
3 were selected for the study.

2. Experimental

Mg-Al HTs (Mg/Al = 2, 3) were prepared by the
reported method?. The HTs were calcined at 473K, 573K,
673K, 723K, 873K, 1073K and 1273K. The calcination time
at each temperature varied from 5-12 h. The powder XRD
analysis of the Mg-Al HTs was done on a Siemens Xpert
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pro X-ray diffractometer using Cu K _radiation (0.154178
nm). The FT-IR spectra were recorded on a NICOLET IR
200 spectrometer.

The calcined HTs were used as catalysts for the
reaction benzaldehydes and malononitrile under solvent
free conditions.

2.1 General procedure of the Knoevenagel
reaction:

Benzaldehyde (20 mmol), malononitrile (20 mmol),
and Mg-AlHT (0.069 g, ~2 mass % of benzaldehyde) were
taken in a beaker (100 mL) and stirred continuously, using
a magnetic stirrer, at 298 K for 30 min (TLC). Ethanol (5
mL) was added to the beaker and the solution was heated
to dissolve the product. The catalyst was separated by
filtration and the product was obtained by evaporation
of ethanol.

Each reaction was done three times and the average
yield was noted. The variations were found to be within
+3-4%.

3. Results and discussion

The powder XRD of the uncalcined HTs with Mg/ Al
=2, 3 (Fig. 1) indicate the HT phase[14]. The difference in
the pattern of the two samples is due to more crystalline
nature of HT with Mg/ Al = 3 than Mg/ Al =2 HT. Lattice
parameter ¢ was calculated from the diffraction peaks due
to (003), (006), and (009) planes whereas parameter a was

Mg/Al =3

Mg/Al =2

10 20 30 40 50 60 70
2 theta (degree)

Fig. 1: Powder XRD patterns of uncalcined hydrotalcites with Mg/
Al ratio 2 and 3

Table 1: Structural parameters a and c of Mg-Al

HTs
Mg-Al HT Structural Crystalline size(c)
parameter (a) c=3d,,(A°)
a=2d,(A°
Mg/ Al=2 3.043 22.85
Mg/ Al=3 3.064 23.42
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calculated from diffraction peak due to (110) plane (Table
1). These parameters are in agreement with the values
reported in the literature[14]. The spacing between the
neighboring cations in the brucite layer increases with
increase in Mg/ Al ratio. It is known that the basicity
changes depending on the Mg**/ AI** ratio. By increasing
the ratio the number of the basic sites increases. Here the
Mg/ Al HT with Mg/ Al= 3 is expected to be more active
than Mg/ Al HT with Mg/ Al =2.

1273 K
1073 K
[ A
10 20 30 40 50 60 70
_— A
10 20 30 40 50 60 70
723K
MW.—MNA\‘ _A..__.
10 20 30 40 50 60 70
" 673 K
10 20 30 40 50 60 70
AN e e
e —-A-A*no-....
10 20 30 40 50 60 70
e —— o
1 20 30 40 50 60 70
HT
A
10 20 30 40 50 60 70

2 theta (degree)

Fig. 2: X-ray diffraction patterns of uncalcined Mg-Al HT (Mg/Al =
3) and Mg-Al HT (Mg/Al = 3) calcined at different temperatures.

The XRD patterns of the HTs (Mg/ Al = 3) calcined at
different temperatures are shown in Fig. 2. The structure
of the HT gradually changed.

The IR spectra of samples of Mg-Al HT (Mg/Al =
3) uncalcined as well as of those calcined at different
temperatures are shown in Fig 3. The IR spectrum of the
uncalcined HT shows a strong band at around 1360-1380
cm’, attributed to the bending vibrations of CO,*anions™.
This peak disappears on calcination as the CO,* anions
are gradually expelled. A broad band at 3460 cm™ is due
to the OH" ions present in the brucite layer[14]. As the
calcination temperature increases there is a decrease in the
intensity of the v, peak, indicating the dehydroxylation.
The intensity of the band close to 1630 cm™, related to
the bending vibrations of H,O molecules present in the
interlayer region, decreases with increase in the calcination
temperature.

The reaction of benzaldehyde (1a) and malononitrile
(2) was studied in detail. In the calcination of the HTs, the
calcination was carried out at a given temperature over




*~w\KNwM‘f,,,«'*“”*””””“\«\»/p\“‘wwwwdw

723K

873K
b 1073 K

1000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm')

Fig. 3: IR spectra of uncalcined Mg-Al HT (Mg/Al =3) and Mg-Al
HT (Mg/Al =3) calcined at different temperatures.

different period of time and these samples were used to
catalyze the reaction. Each reaction was repeated three
times and the average yield is recorded. The reaction is
effectively catalyzed by the HTs (Table 2). It was observed
that at each calcination temperature, HT with Mg/Al =3
was superior to HT with Mg/ Al = 2. The best result was
obtained with HT with Mg/ Al = 3 calcined at 773K.

One of the interesting observations was the effect
of calcination time on the catalytic activity. At each
calcination temperature the activity of the catalyst
increased up to 6h of calcination and then decreased. At
each calcination temperature the catalyst activated for
12h was substantially less active than that calcined for
6h. This reduction in activity was maximum when the
calcination temperature was 873; the catalyst calcined for
12 h was almost 50% less active than the one calcined for
6h. This observation is unusual and to our knowledge is
not reported elsewhere.

CHO CN
N CN Mg-Al HT N
| NG N
é////// CN R//////
| 2

SMC Bulletin Vol. 4 (No. 3) December 2013

Table 2. The reaction of benzaldehyde (1a) and
malononitrile (2) in the presence of Mg-Al HT
(Mg/Al = 2, 3) calcined at different temperatures
over different periods of timef.

Entry | Mg/Al | Calcination | Calcination| Yield*
ratio temp (K) time (h) |of ....(%)
1 2 473 6 32
2 2 573 5 47
3 2 573 6 50
4 2 573 8 49
5 2 573 10 42
6 2 573 12 39
7 3 473 6 39
8 3 573 5 50
9 3 573 6 54
10 3 573 8 50
11 3 573 10 46
12 3 573 12 44
13 2 723 5 65
14 2 723 6 68
15 2 723 8 67
16 2 723 10 63
17 2 723 12 59
18 3 723 5 73
19 3 723 6 79
20 3 723 8 76
21 3 723 10 68
22 3 723 12 63
23 2 873 5 45
24 2 873 6 49
25 2 873 8 33
26 2 873 10 29
27 2 873 12 26
28 3 873 5 52
29 3 873 6 58
30 3 873 8 38
31 3 873 10 33
32 3 873 12 29
33 2 1073 6 44
34 3 1073 6 50
35 2 1273 6 40
36 3 1273 6 45

Reaction conditions: Benzaldehyde (20 mmol), malononitrile
(20 mmol), ethanol (5 mL), Mg-Al HT (Mg/ Al = 3) (2 mass % of
benzaldehyde), temperature 298 K, Time- 20 min.

t Each reaction was carried out three times and the average is
recorded.

* Isolated yields; the yield of the product was calculated based

on the benzaldehyde.
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It is also seen that in the range of 573K to 873K, as the
calcination temperature increased the yield of 3a increased
and was maximum at the calcination temperature of 773K
and dropped as the calcination temperature increased
further (fig 4). Observing this trend with the catalysts

—m— Mg/Al =2
. ® Mg/Al=3 |
80 +
] .
754
70 4
i -
65 4
__ 60
9 ] °
o, 22 @
Q@ 1 [
> 504 o %
1 \. -
45 - - 9
4 \\\\\\
40 Tm
] °
35 s
30 T . . . r . . - . - )
400 600 800 1000 1200 1400

Calcination Temperature (K)

Fig. 4: The effect of calcination temperature on the yield of the
product.

calcined between 573K and 873K, the Mg-Al HTs with
Mg/ Al =2, 3 were also calcined at 443K, 1073K and 1273K
only for 6h. These catalysts were much less active than the
corresponding catalysts activated at 773K.

The effect of calcination temperature on the MG-Al
HT has been described in the literature[23-29]. The as-
synthesized HT is lamellar and the characteristic peaks
of the lamellar phase are at 20 = 11.53° and 23.30°. With
the increase in the temperature of calcination different
phases of the HT are formed. At 473K the material is
only dehydrated and partially dehydroxylated. The
dehydroxylation continues up to 873K and at 873K the
crystal structure collapses and a mixed Mg-Al-O called as
a HT-P (periclase) is formed. In the XRD of the materials
calcined at and above 723K the characteristic HT peaks
almost disappear. At around 1000K the phase is composed
of MgO and Mg, Al,O, and at 1273K a phase composed
of periclase and spinel is formed. Thus in the material
calcined above about 723K different phases of Mg and Al
oxides are present and the HT structure is totally destroyed.
There are references of the use of Mg-Al HT calcined at or
above 723K as catalysts in different base catalyst reactions.
However, the catalyst species actually present are not HT
phases, but mixed oxides.

Our work proves that the best catalyst for the
Knoevenagel reaction of benzaldehyde and malononitrile
is Mg-Al mixed oxide periclase like phase formed by the
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calcination of Mg-Al HT (Mg-Al HT = 3) at 723K for 6h.
The Mg-Al HT functions as the appropriate precursor for
the formation of this active species.

To generalize the observation, the reaction of various
substituted aromatic aldehydes and malononitrile using
Mg-Al HT (Mg/Al = 3) calcined at 773K was carried
out (Table 3). The aldehydes substituted by electron
withdrawing groups gave higher yields as compared to
those substituted by electron donating groups.

Table 2: Knoevenagel reaction of substituted ben-
zaldehydes and malononitrile in the presence of
Mg-Al HT (Mg/Al = 3) calcined at 773K.

Entry Benzaldehyde Yield (%)*
1 CH.CHO 80
2 4-C1 C_ H.CHO 79
3 4-CH,C H.CHO 61
4 4-OCH,C H.CHO 43
5 3-NO,C H.CHO 65
6 4-NO, C.H.CHO 82
7 4-N(CH,),C. H.CHO 60
8 4- OH C,.H.CHO 76
9 3,4 (OCH,),C H.CHO 49

Reaction conditions: Aromatic aldehyde (20 mmol); malononitrile
(20 mmol); ethanol (5 mL); (Mg/ Al =3) HT (2 mass % of aromatic
aldehyde and malononitrile); temperature 298 K; Time- 20 min.
* Isolated yields; the yield of the product was calculated based

on the aldehyde.

4. Conclusion

Knoevenagel reaction of benzaldehyde and
malononitrile is catalyzed by Mg-Al HT Mg/Al = 2, 3.
The HT with Mg/ Al = 3 was more active than the HT
with Mg/ Al =2. The calcination temperature as well as
calcination time were found to have profound effect on
the catalytic activity. The HT (Mg/ Al = 3) calcined at 723
K was the most effective, while those calcined at lower
or higher temperatures were less effective. The optimum
time for calcination was 6h, and decreasing or increasing
the calcination time led to decrease in the yield. The active
phase catalyzing the reaction was a Mg-Al mixed oxide
periclase type phase formed on calcination.
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Abstract

Tetraphenylporphyrin, TPP, offers attractive features in a wide variety of model studies. Condensation
of benzaldehyde with pyrrole followed by oxidation generally provides TPP in a one flask synthesis. The
most commonly used method for synthesis of TPP is Lindsey method in which the halogenated solvent and
harmful acids are used. Herein we have synthesized mesoporous acidic silica using sol-gel process with
amphiphilic block co-polymer Pluronic P123 ((PPO), -(PEO),-(PPO),,) polymer as structure directing agent.
The structural and morphological characterization of synthesized catalyst is carried out which confirms
its porous structure. This solid acidic catalyst is used very first time for synthesis of TPP by the reaction of
pyrrole with benzaldehyde in dichloromethane, forming porphyrins in a comparable yield to the Lindsey
method under milder reaction conditions using microwave irradiation. The synthesized catalyst is reusable
at least four times with a little loss in its catalytic activity.

1. Introduction

The porphyrins lie at the focal point formed from
divergent fields of research, including solar energy
conversion, catalysis, spectroscopy, and the development
of organic metals [1]. The synthesis of meso-substituted
porphyrins has traditionally been achieved by Rothenmund
method [2], or Adler method [3]. Then after, new method
for porphyrin synthesis and various related work have
been carried out by Lindsey and group [4-7]. The Adler
method is efficient in term of yields and quantities in the
case of simple tetraarylporphyrins, while the Lindsey
method is widely used for the synthesis of porphyrins
bearing sensitive substituents on the phenyl rings. But,
in a series of Lindsey methods, the halogenated solvent
and harmful acids can be recognized to be prerequisite
because of their superior solubility for porphyrins and
catalytic activity for the ring condensation, respectively.
meso-Tetraarylporphyrin can be synthesized by a one-step
cyclocondensation of monopyrrole with benzaldehyde,
in the presence of a catalyst and an oxidant (Scheme 1).
Several catalyst-oxidant systems have been studied after
the development of Lindsey’s method and the more recent
methods introduced oxidizing co-solvents, clays, lonic
liquids, molecular iodine, hydrogen peroxide in acetic
acid, mixtures of xylene and chloroacetic acid, transition
metal salts or vapor phase synthesis without any solvent
or catalyst [8-10]. This shows variety of homogeneous and
heterogeneous catalyst systems have been used among
which heterogeneous systems are far more superior due
to its easy recovery, and reusability. But still it remains a
challenge to develop a more energy efficient heterogeneous

catalyst with high stability which proves to be proficient
for synthesis of porphyrins giving good yields and

recyclability.
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Scheme 1 Microwave assisted synthesis of acidic Silica catalyzed
meso-Tetraphenylporphyrin
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In parallel, silica based mesoporous nanoparticles are
increasingly being employed as heterogeneous catalyst for
many reactions. These mesoporous materials have attracted
more attention due to tailoring ability of pore structure
over a wide range. Since the discovery of mesoporous
silicas synthesized using surfactants as templates and
strong mineral acid as catalyst, the templating method
has been widely applied to prepare mesoporous silica
with high surface areas, tuneable pore size, large pore
volumes and rich morphology [11,12]. These properties
make mesoporous silica as an excellent material for catalyst
system. Porous silica with high surface area and unique
particle morphology, which can be synthesized through
acid catalyzed templating pathways can be an efficient
solid acid catalyst in this context as surface Lewis acidity
together with high surface area could play crucial role in
porphyrin synthesis.
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Herein, we first report the use of self assembled
mesoporous silica nanoparticles synthesized using
templating method where Pluronic P123 polymeric
surfactant was used as template and [MMBIM]HSO,
ionic liquid (synthesized earlier, [13]) as acid source. The
synthesized acidic silica is used for efficient synthesis of
meso-Tetraphenylporphyrins under microwave assisted
heating in Dicholomethane solvent giving good yields in
very short reaction time.

2. Experimental

2.1 Materials and Methods

The block co-polymer surfactant (P123, PEO-PPO-PEO
MW-5750 g/mol), Tetraethoxysilane (TEOS), Benzaldehyde
and Pyrrole were purchased from Sigma-Aldrich,
India. Ethanol used was of Analytical grade laboratory
reagent. The IL used was synthesized through process
reported earlier by us [13]. The Synthesized mesoporous
nanoparticles were characterized for their structure and
texture by IR (ABB FTIR, Canada and Perkin-Elmer,
Spectrum GX), Brunauer, Emmett and Teller (BET) surface
area, BET surface area, average pore volume, and average
pore diameter were measured by physisorption of N.,.

2.2 Synthesis of mesoporous silica

Mesoporous silica was synthesized using a
prehydrolyzed solution containing TEOS (tetraethoxysilane),
ethanol and Ionic liquid [MMBIM]HSO, (pH of IL = 2.3)
as acid source and stirred for an hour. A second solution
prepared by dissolving P123 block co-polymer surfactant
((PPO),,~(PEO),-(PPO),,) in ethanol under acidic conditions
(maintained using [MMBIM]HSO,), was then added to
the former one and allowed to stir for further 3h. The
resultant was then kept for ageing for one day under humid
atmosphere (RH = ~60%) and then under atmospheric
conditions for self evaporation of solvent which was then
dried, grounded to form fine white colored free flowing
powder. The powdered silica was then rinsed with ethanol
for 2h at 80°C to remove surfactant (three times) and then
dried under at 80°C for 2h. (Please see Scheme 2)
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2.3 General process for Tetrarylporphyrin
synthesis

Benzaldehyde (10 mmol), pyrrole (10 mmol) and silica
catalyst (100mg) were added successively to 10mL CH,Cl,,
without particular precautions. After the first activation
(210W, 40°C, 1 min), TLC showed total conversion of
benzaldehyde. DDQ (15 mmol) was then added and a
second activation was performed (210 W, 40°C, 1 min).
The mixture was filtered to remove catalyst and purified.
The catalyst was washed with CH,Cl, and acetone to
ensure removal of all porphyrin products from catalyst
and then dried under vacuum at 70°C. The remaining
solution is evaporated on column silica and purified by
Column chromatography using CH,CL,/petroleum ether
as eluent. Pure product was obtained as a purple solid. All
physicochemical properties coincided with literature data.
'HNMR (400 MHz, CDCL,): 8.87 (8H, Singlet, Pyrrole-H),
8.23-8.26 (8H, Multiplet, ortho-H-Ph), 7.75-7.81 (12H,
Multiplet, meta-H-Ph and para-H-Ph), 2.97 (2H, pyrrole
-NH); "*CNMR (400 MHz, CDCl,): 118.2,119.8,126.3,127.5,
130.8,134.9, 141.9.

3. Result and Discussion

Mesoporous silica nanoparticles were obtained by
washing of nanocomposites with ethanol solvent to
assure removal of P123 surfactant. Then the washed silica
material was characterized by FTIR spectroscopy in which
the adsorption bands characteristic for P123 could not be
observed, indicating that P123 could be almost totally
removed by extraction of silica with ethanol solvent
repeatedly (Figure 1). Moreover two important peaks
at 1088 cm™ and 1165 cm™ assigned to S=O stretching
vibration, which shows that IL does not wash away during
this process.

Nitrogen adsorption and desorption isotherms and
size distribution plots of mesoporous silica shows a type IV
isotherm with a large hysteresis indicating a 3D intersection
network of porous structure. As shown in Figure 2, the
specific surface area for synthesized silica was calculated
according to the BET equation and was 58.63 m?/ g and the

IL=o
Extraction of
Surfactant .

Mesoporous acidic IL

powder doped Silica

Scheme 2 Schematic representation of acidic IL supported porous silica
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Fig. 1: FTIR plots of mesoporous silica with and without washing
with ethanol

total pore volume was 0.07345 cm?®/ g which corresponds
to an average pore diameter (4V/A by BET) of 5.0 nm.
The pore size distribution derived from the isotherm
data using BJH model was 4.2 nm. This result shows that
silica nanoparticles have porosity and large surface area
therefore; it can be a good candidate as catalyst.
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Fig. 2: (a) N, gas adsorption-desorption isotherm, (b) pore size
distribution plots of mesoporous silica

The catalytic performance of synthesized mesoporous
silica was carried out for the synthesis of porphyrins. An
initial examination for the reaction pyrrole, benzaldehyde
and mesoporous silica as catalyst in dichloromethane
solvent has conducted for the formation porphyrinogens
which is further oxidized in presence of 2,3-dichloro-
5,6-dicyanobenzoquinone (DDQ) [14] to give desired
porphyrin in comparative yield. There are few factors
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on which yield of porphyrin is dependent which
includes choice of oxidant and acid catalyst, duration
of condensation period, concentration of acid, pyrrole
and benzaldehyde. The mesoporous structure plays an
important role in synthesis, as per our hypothesis, if the
porphyrinogen formation was carried out in a restricted
nano-size shape, the intramolecular cyclization would
be more dominant than the cyclization conducted in a
homogeneous solution and the longer copolymer formation
would be suppressed. This is the primary and foremost
reason for selecting and synthesizing mesoporous silica
and thus is applied as catalyst for porphyrin synthesis.
The second most important factor is concentration of
pyrrole and benzaldehyde, which we have monitored and
optimized (Table 1, Entry 1,2,5). The result shows that use
of excess pyrrole for the reaction may to polymerization
and formation of major side products. Equivalent amount
of pyrrole and benzaldehyde are sufficient to precede the
reaction with good efficiency.

As the concentration of acid catalyst has a significant
effect on the rate and course of reaction varying amount of
acidic silica was used to check for the efficient porphyrin
formation (Table 1, Entry 2,3,4). The optimum acidic silica
amount of 100 mg was found to be sufficient for catalyzing
the reaction. Another most important criteria for porphyrin
synthesis is the condensation time (the time given to the
starting materials to condense completely). As the reaction
is microwave assisted, the reaction was irradiated for few
minutes and by varying time, to our surprise the reaction
gets completed within 1 min of irradiation which can be
seen by the disappearance of benzaldehyde spot in TLC.
The reaction time of 1 min was found to be the best possible
time for completion of condensation reaction giving
porphyrinogen in good amounts.

The reaction was carried out at 210W microwave
power level and the maximum temperature attained
during course of reaction is 40°C. Next step is the oxidation
of porphyrinogen to porphyrin which is performed with
DDQ. The addition of DDQ to porphyrinogen gives a

Table 1 Optimization of process for synthesis of meso-Tetraphenylporphyrin

Entry = Reagent Concentration (mmol) Catalyst (mg) MW power (W) Isolated Yield (%) Time (min)
Pyrrole Benzaldehyde
1 15 10 100 210 25 2
2 10 10 100 210 47 2
3 10 10 50 210 29 4
4 10 10 120 210 45 2
5 15 10 120 210 24 2
6 10 10 100 245 42 2
7 10 10 100 180 20 5
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nearly instantaneous conversion to porphyrin. The major
advantage of this process lies here that no homogeneous
acid catalyst is used thus no neutralization step in required
to suppress the acid and its side effects unlike other
reported processes. After the formation of porphyrin,
the synthetic procedure is mild, clean, and convenient.
The porphyrin formed upon oxidation was taken up for
chromatographic separation, where the tar like polymeric
material formed as side-product remains at the top-most
part of the column and doesn’t drain out while eluting
with solvent. The rest column was eluted with CH,CL,/
Pet ether (1:1 to 3:1) to elute several small bands of fast
moving pigments followed by CH,Cl, to elute porphyrin.
The absorption spectra for each fraction have been recorded
for the confirmation of porphyrin. The absorption spectrum
of Tetraphenylporphyrin shows a strong absorbance at
420nm along with four weaker absorbances at 510, 550,
590, and 610nm (Figure 3). The pure porphyrin fractions
were combined and concentrated to afford a crude product
which is recrystallized to give Tetraphenylporphyrin in 47%
yield. The product was pure as determined by absorption
spectroscopy, TLC and 'H NMR spectroscopy.
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Fig 3: Absorbance Spectrum of meso-Tetraphenylporphyrin

In comparison with other catalyst employed for
the synthesis of Tetraphenylporphyrin mesoporous
silica showed a much higher activity in terms of
short reaction time and mild conditions (Table 2).
Other than this, the other catalyst leads to formation
of N-confused Tetraphenylporphyrin (NC-TPP) and
Tetraphenylsapphyrin (TPS) as by-products which are
not obtained in our case. TPP is the sole product obtained
without any other side product formed in comparative
higher yield and is the same case when MCM-41 was used
as catalyst. The reason can be, as explained above due to the
mesoporous nature of silica catalyst and ionic liquid that
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provides acidic character to the catalyst. The recyclability
of catalyst is of prime importance and for the mesoporous
silica catalyst, the study shows recyclability up to four
times without any significant loss in catalytic activity.

Table 2 Comparison of various catalyst for the
porphyrin synthesis

Yield obtained Reference
1 BF,-etherate/ 42% TPP, 5.8% 7
NaCl NC-TPP

2 BF,-etherate /TFA 39% TPP, 2.2% 7
NC-TPP, <0.2%

Entry Catalyst

TPS
Iodine 35% TPP
4  [C,-SAbim] 43% TPP and 10%
[CF,SO,] IL NC-TPP
5 MCM-41 23.5% TPP 10

6  Mesoporous silica 47% TPP
TPP-Tetraphenylporphyrin, NC-TPP-N-confused
Tetraphenylporphyrin, TPS-Tetraphenylsapphyrin

Our work

4. Conclusion

Mesoporous acidic silica catalyst was synthesized
using sol-gel templating method where [MMBIM]HSO,
ionic liquid was used as acid source. The ionic liquid
used impart acidic characteristic to the silica. The silica
is mesoporous in nature with 5nm nanoparticles size
which can be seen from the BET surface area analysis.
This particular characteristic makes it efficient catalyst
for Tetraarylporphyrin synthesis. The synthesis of three
different substituted porphyrins has been carried out in
high purity and good yields which is confirmed by their
absorption spectrum and NMR spectroscopy. Thus, the
synthesized mesoporous acidic silica proved to be efficient
catalyst for porphyrin synthesis.
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Abstract

The palladium chloride (PdCL,) and PdCL,/TiO, efficiently catalyzes the Carbon-Carbon bond formation
(Heck reaction) between aryliodides and olefins under photochemical reaction conditions. Both the catalyst
provides good conversion under optimized reaction conditions, but in case of bare PdCl, recovery of used
catalyst was difficult as compared to PACI,/ TiO, catalyst. Use of light reduces the Pd** to Pd° and enhances
the rate of C-C bond forming reaction. After completion of the reaction, Pd** get reduced to Pd’. Further
Pd° can be easily converted into Pd** by heating with ammonium chloride at 400°C for 30 min and the
regenerated catalyst could be reused up to third recycle with good catalytic activity. The catalysts (before
and after reaction, as well as regenerated) were systematically characterized using Transmission Electron
Microscopy, X-ray photoelectron spectroscopy, X-ray diffraction, temperature programmed reduction and

DRUV-visible spectroscopy techniques.

Keywords: Photocatalysis, Heck reaction, Carbon-Carbon bond, Heterogeneous

1. Introduction

The process of performing chemical reaction using
light in presence of semiconductor oxides/sulphides or
other Inorganic materials is termed as photocatalysis [1].
The heterogeneous photocatalysis is an advanced oxidative
process and effectively used for various applications
mainly environmental and energy related issues [2]. From
last 3-4 decades this technique was utilized for degradation
of organic contaminants for recovering polluted water
and water splitting for generation of Hydrogen as a
fuel [3]. Apart from environmental and energy related
applications recently this technique can be utilized for
carbon-carbon (C-C) bond forming reactions which are
important in organic chemistry [4,5]. This coupling reaction
provides the simplest and most efficient way to synthesize
various compounds useful in the pharmaceutical and
agrochemical industries [6]. Among the various carbon-
carbon coupling reactions, Heck reaction has received
considerable attention as it is an important tool for carbon-
carbon bond formation between aryl halides and olefins.
The Heck reaction generally performed with 1-5 mol%
palladium along with phosphine ligands for stabilization
of active palladium intermediates in presence of a suitable
base under thermal conditions. Most of the efforts in
this field have been directed to enhance the catalytic
activity of palladium by using homogeneous as well
as heterogeneous reaction conditions [7]. Also various
phosphorous, nitrogen, sulfur and carbene based ligands
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have been tried successfully [8-11]. However, due to their
drawbacks viz. air and moisture sensitive nature, toxicity,
expensive, unrecoverable and severe reaction conditions,
a ligand free Heck reaction has been developed. Also,
the main problem associated with homogeneous reaction
medium is the recovery of the precious palladium metal
and contamination of the product. To overcome this
problem, many researchers have studied the Heck reaction
over heterogeneous catalyst mainly palladium supported
on various oxides, polymers etc [12-13]. Recently, use of
palladium salts such as PdCl, or Pd(OAc), without any
ligands are increasingly being used for the Heck reaction.
In order to increase the effectiveness of catalyst various
other methods such as ultrasonication, microwave and
electrochemical have been tried [14-16]. Herein, we disclose
for the first time, heterogeneous photocatalyzed Heck
reaction of various aryl iodides with olefins over PACL, and
PdCL,/TiO, as a catalyst at ambient reaction conditions.
The systematic study of influence of solvents, different
bases, catalyst precursors and regeneration of the catalyst
is successfully investigated.

2. Experimental

2.1 Materials and chemicals used

The TiO, and PdCl, were purchased from Sigma-
Aldrich and used without any further purification. All the
solvents used are of AR grade and purchased from SRL.
The other used iodo compounds and olefins are of Sigma
-Aldrich make.




2.2 Preparation of 1 wt. % PdCl/TiO, catalyst

In 30 ml of distilled water 10 mg of PdCl, and 1gm of
TiO, were added and stirred 2 hrs at room temperature and
then refluxed for 3 hrs. with constant stirring. The excess
water was evaporated on water bath and the solid powder
was dried in oven at 100°C for two hrs. The dried PdCIL,/
TiO, powder was mixed in mortar and pestle for 30 min.
and used for further reactions.

2.3 General procedure for the photochemical Heck
reaction

To a 25 ml round bottom flask 1 mmol of aryl iodide,
3 mmol of olefin, 3 mmol of triethyl amine (TEA) in DMF
(5 mL) were mixed, to this mixture 0.5 mol % PdCl, or
PdCl,/TiO, was added. The resulting reaction mixture
was irradiated under 400 Watt mercury vapor lamp with
continuous stirring in a closed box. The temperature of the
reaction was controlled at 45 + 3 °C with the help of fans.
The mercury vapor lamp was kept vertically in the quartz
tube, provided with the water circulation arrangement in
order to minimize the heating effect due to IR radiation.
The progress of the reaction was monitored by G.C.
(HP-5890) equipped with capillary column (HP-5, 30m
x 0.32mm x 0.25um). After the completion, the reaction
mixture centrifuge at 4000 rpm for 20 min to separate
the catalyst. The supernatant solution was diluted with
water (10 mL) and the products were extracted using
ethyl acetate (3 x 10 mL). Combined organic layer was
dried over the anhydrous sodium sulphate and purified
by using column chromatography over silica-gel [hexane
or hexane/ethyl acetate (9:1)]. The GC-MS spectra’s were
taken on Shimadzu QP-5050 equipped with TCD and
capillary column (DB-5). FTIR spectra’s were recorded in
Nujol mull and are expressed in cm™. *H (300 MHz) and
BC (75 MHz) NMR spectra’s were recorded in CDCI,.

2.4 Characterization of PdCl/TiO, catalyst

The stability of TiO, phases were observed using
powder XRD technique (Philips Diffractometer PW 1710,
10 to 70° range, scan rate = 1° min') equipped with a
monochromator and Ni-filtered Cu Ka radiation. The
oxidation state of Palladium was confirmed by using X-ray
photoelectron spectroscopy. The UV-visible absorbance
characteristics of the catalysts were evaluated in a UV-
visible spectrophotometer (Shimadzu 1601, range 200 - 800
nm) in the diffuse reflectance mode. BaSO, was used as
reference and the band gap values were calculated from
the data collected. Temperature programmed reduction
(TPR) patterns of the samples were recorded in the
temperature range of 27-800°C in a flow of H, (5%) in Ar
(20 ml min) and at a ramp rate of 10°C min™'. The samples
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were subjected to a pre-treatment in helium flow at 250°C
for 2 h prior to a TPR run.

3. Results and Discussion

3.1 Optimization of reaction parameters

The reaction parameters were systematically optimized
using various solvents, organic and inorganic bases and
different catalyst concentrations. The reaction between
iodobenzene and ethyl acrylate was studied as a model
system shown in Scheme 1.

O,Et
hv, PdCl2 / TiO2, base CO,Et
O O O
CO,Et  temp.45 +3 °C

Trans Cis

Scheme 1. Photochemical Heck reaction between iodobenzene and
ethyl acrylate.

In photocatalytic Heck reaction we have observed trans
and cis isomers of corresponding products in the ratio of
~9:1, whereas in thermal reaction conditions only the trans
product was observed. In order to confirm whether the
reaction is photochemical or thermal we carried out the
reaction without uv-visible irradiation at 45 °C by keeping
all the other parameters same which showed negligible (<
2 % in 5 h) conversion (Table 1; entry 1°) whereas, under
photochemical reaction conditions it gives 97 % conversion
(Table 1; entry 1). The same reaction is carried out using
PdCl, catalyst without use of any support, it showed 99 %
conversion with 88 % selectivity for trans product. Though
it conversion is higher but recovery of the catalyst was
not possible using only PdCl, catalyst, Inorder to recover
the Pd catalyst we used TiO, support as it plays dual
role support as well light absorbing material. Among the
various solvents studied, DMF and DMAc gave excellent
conversion and selectivity for the trans ethyl cinnamate
(Table 1; entries 1-2). NMP shows 74 % conversion (entry
3). The reaction in DMSO and ACN shows poor conversion
(entries 4, 5). Formation of soluble palladium complexes
[PACl (solvent),] might be possible by coordination with
polar solvents and this provides the active palladium
species. The activity of this species depends on the stability
of the respective complexes.

Table 1 Reaction of iodobenzene with ethyl acrylate
using different solvents. !

Entry Solvent % Conversion % Selectivity
Trans
1 DMF 97 89
1° DMF 2 100
1 DMF 99 88
2 DMAc 97 86
3 NMP 74 84
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Table I contd...
Entry Solvent % Conversion % Selectivity
Trans
4 DMSO 33 63
5 ACN 10 100
6 DPE 9 85
7 Xylene 1 100
8 THF 4 47
9 Diglyme 4 100

10  1,4-Dioxane NR -

l[IReaction conditions: iodobenzene (1 mmol), ethyl
acrylate (3 mmol), triethyl amine (3 mmol), 5 mL solvent,
0.5 mol % PdCl,/TiO, were stirred for 5h under 400W
mercury vapor lamp at temperature 45 + 3 °C. 1° Reaction
carried out without uv-visible irradiation at 45 °C for 5 h.

The lower Pd concentration also gives 100% conversion
but it requires higher reaction time. Effect of organic
as well as inorganic bases was studied on the reaction
between iodobenzene and ethyl acrylate and results are
shown in Table 2. TEA and TBA shows higher conversion
as compared to other inorganic bases. This is due to the
solubility of bases in the solvent which directly affects the
conversion of the reaction. The study of different bases
depict that TEA is the best base among the studied bases
in presence of 0.5 mol% PdCl,/TiO, as a catalyst.

Table 2 Reaction of iodobenzene with ethyl acry-
late using different bases!

o . 0 .
NR- no reaction. 1°¢ Reaction carried out using only PdCl, Entry Base /o Conversion o Selectivity
catalyst trans
The reaction in ACN shows poor conversion this 1 TEA 97 89
may be. due to formation of st.able PdClz(ACN)2 complex, 5 TBA 923 93
which in turn retards the reaction rate. Arai and coworkers
reported the formation of soluble Pd(OAc),(NMP), 3 NaOAc 12 86
complex through coordination of NMP and TEA with 4 K,CO, 12 53
palladium [17]. 5 Cs,CO, NR -
00 — ] - 6 Ca(OH), NR -
] 7:72';2 EZ::;: s * // l[IReaction conditions: iodobenzene (1 mmol), ethyl
A 0.37 mol% / A / acrylate (3 mmol), base (3 mmol), 5ml DMF, 0.5 mol%
81 v 05 mo 1% / ‘ 7 M PdClL,/ TiO, were stirred for 5 h under 400W mercury vapor

40 /S g ‘ yd

60 -

% Conversion
N\
[ ]

20 4 p
/',// /
17/
/

Time in Hrs.

Fig. 1 Graph of % conversion Vs time using different amount of
catalyst concentration

Non polar solvents do not show any activity (entry
6). The order of activity is DMF ~ DMAc > NMP > DMSO
> ACN > DPE > THF ~ Diglyme > xylene. The catalytic
activity of different palladium concentration for the Heck
coupling under photocatalytic conditions was studied and
results are shown in Fig. 1. Itis observed that with increase
in palladium concentration the % conversion increases, 0.5
mol % PdCl,/TiO,show 97 % conversion in 5 h.
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lamp. NR- no reaction.

3.2 Heck reaction between substituted aryl iodides and
olefins

Using the optimized reaction conditions, the C-C
coupling reaction was studied with various substituted
aryl iodides and olefins (Scheme 2) and the results are
summarized in Table 3. Reaction of iodobenzene with ethyl,
methyl and n-butyl acrylate gave excellent conversion and
selectivity (Table 3; entries 1-3).

R- H, OH, OMe, NHCOMe, CO,Me, COMe, Cl, Br, I
R’- Ph, CO,Me, CO,Et, CO,Bu, CO,NH,

Scheme 2. Photochemical Heck reaction between substituted
aryl halides and olefins.

Styrene, acryl acid and n-butyl methacrylate showed
poor reactivity towards lodobenzene (entries 4-6) and acryl
amide and acrylonitrile did not react with iodobenzene
under this reaction condition (entry 7, 8). Ortho-iodophenol
gave 49% conversion with 100% selectivity for trans product
(entry 9). Ortho- and para-iodo anisole gave 40 and 85%
conversion with 93 and 80% selectivity for corresponding
trans products, respectively (entries10, 11). Under




photochemical reaction conditions it is very likely that uv-
visible light helps towards the formation of intermediate
species between PdCl, and substrate, which accelerates
the rate of reaction. The formation of this intermediate
species depends on the nature nucleofuge and C-I bond
strength. The electron withdrawing and electron donating
groups directly affect the C-I bond strength which affects
the conversion of the reaction. Amino and nitro substituted
substrates are not active under photochemical reaction
conditions. These functional groups might be retarding
conversion of aryl iodides via competing efficiently for
optical absorption.

Table 3. Photocatalytic heck coupling of aryl ha-
lides and olefins using PACL/TiO,"!

Entry R X R’ Con-  Selecti
version _vity (%)
(%) trans

1 H I CO,Et 97 89
2 H I COMe 90 95
3 H I CO,"Bu 94 89
4 H I Ph 11 90
5 H 1 COOH 29 100

6 H I CH,CO,"Bu 7° 100

7 H 1 CONH, NR -

8 H 1 CN NR -

9 2-OH I CO,Et 49 100
10 2-OMe I CO,Et 40 93
11 4-OMe I CO,Et 85 80
12 >NO, I COBt  NR -
13 4-NO, I CO,Et NR -
14  2-NH, I COJFt  NR -
15  4NH, I COJFt  NR -
16 2-NHCOMe 1 CO,Et 48 100
17 2-CO,Me 1 CO,Et 72 82
18 3-COMe 1 CO,Et 55 93
19 4-COMe 1 CO,Et 89 95
20 4-CH, I CO,Et 94 86
21 4-Cl I CO,Et 100 94
22 4- Br I CO,Et 100 94
23 3-1 1 CO,Et 99 27, 72%

Il Reaction conditions: substrate (1 mmol), olefin (3 mmol),
triethylamine (3 mmol), 5 ml DMF, 0.5 mol % PdCl,/TiO,
were stirred for 5 h under 400W (Hg vapor lamp) UV-
visible irradiation at temperature 45 + 3 °C. Preaction time=
7 h* di-substituted trans compound.

Under these reaction conditions ortho- and para-
iodoaniline, ortho- and para-iodonitrobenzene does not
show any reaction (entries 12-15). The ortho-iodo acetanilide
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shows 48 % conversion with 100% selectivity for trans
product. The effect of substitution on various positions in
an aromatic ring was studied in case of ortho-, meta- and
para-iodomethylbenzoate where the activity was in the
order para > ortho > meta (entries 17-19). The para-iodo
toluene gave 94 % conversion with 86 % selectivity for
trans product (entry 20).

We found that bromo and chloro substituted aryl
iodides gave selectively iodo coupled product (entries
21, 22). Para-bromo and para-chloro iodobenzene gave
100% conversion with 94 % selectivty for trans isomer.
Di-substituted products were observed for the reaction
between 1,3 di-iodobenzene and ethyl acrylate with 100 %
conversion showing 72 % selectivity for di-substituted
product (entry 23).

The overall photochemical Heck reaction mechanism
is believed to involve migratory insertion pathway. Means
the photocatalytic mechanism is same as the thermal
Heck reaction, Palladium in PdCl,/TiO, catalyst under
UV-visible irradiation reduced to Pd(0). The oxidative
addition of Pd(0) to the aryl halide (C-X) bonds takes
place. The olefin in the Heck reaction coordinates to the
palladium, and then undergoes an insertion into the C-C
1 bond with concurrent migration of the aryl group to the
adjacent carbon. The newly coupled aryl-olefin compound
is then eliminated via a reductive $-hydride elimination
(ethylcinnamate) followed by a base deprotonation of the
Pd(II) species and loss of halogen to form a salt.

3.3 XPS analysis

After completion of the reaction the Pd (2+) get reduced
to Pd (0) which is 3355 -,

not showing any Aﬁ&w M%
W w

COHVETSiOH towards /J\{
M

Heck reaction under
photochemical
3381
The Pd(0) is [y

reaction condition.

oxidized to Pd(2+) A P AR
by heating Pd(0) ! '
at 400 °C for 30
min. in presence
of ammonium
chloride. It gives
PdCL,/TiO,catalyst
and thisregenerated
catalyst was used
for the recycling
study of the catalyst.
The activity for the

-—3406 pg°

A A N \/\V'\/\/
v/ \/\/—,\/J\\”V

3383 7~ Pd**regenerated

~—3436

335 340 345
Binding Energy (eV)
Fig. 2 XPS spectra of used PdCL/TiO, before

and after the reaction and after regenerated

330
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catalyst remains same up to third recycle (shown in Table 4).
The formation of Pd(0) and Pd(2+) species were confirmed
by X-ray photoelectron spectroscopy. Fig. 2 shows the
XPS spectra of as prepared, used and regenerated PdCl,/
TiO, catalyst. The binding energy values at 335.3 and 340.7
eV for Pd(3d,,,) and Pd(3d, ,) core levels respectively
[18], (Fig. 2) in X-ray photoemission spectra confirms the
formation of Pd(0)/TiO, The binding energy values at
338.1 and 343.6 eV confirms the formation of Pd(2+) species
after heating with ammonium chloride.

3.4 TEM analysis

TEM images of PdCl,/TiO, indicate the palladium
particles having size in the range of 5-10 nm are uniformly
attached to the TiO, surface (Fig. 3a, b). The selected area
electron diffraction (SAED) pattern shown in an inset of
Fig. 3“a’ and ‘¢’ confirms the crystalline nature of PdCl,/
TiO,, indexed plane confirms the anatase structure of

20 _nm

Fig. 3. TEM images of a, b) PdCL/TiO, before reaction and c, d)
regenerated PACL/TiO,. Inset of Fig. a and c is the SAED pattern of
PdCL/TiO,

The inter planar d-spacing (inset of Fig. 3 b) is 0.22
nm support the (111) hkl plane of cubic palladium. The
particle size of Pd observed in the range of 3-5 nm in case
of regenerated PdCl,/TiO, (Fig.3 ¢, d), which is much
smaller than the original PdCl,/ TiO, catalyst. TEM analysis
validates the presence of Pd in regenerated PdCl,/TiO,
catalyst. After completion of Heck reaction the Pd particles
were attached to TiO, surface which facilitates the easy
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separation of catalyst from reaction mixture giving highly
pure products.

Table. 4 Catalyst recycle study for Heck reaction

Entry Run % Conversion % Selectivity
1 First 97 89
2 Second 90 95
3 Third 87 93
4 Fourth 13 99

LIReaction conditions: iodobenzene (1 mmol), ethyl acrylate
(3 mmol), triethyl amine (3 mmol), 5 mL solvent, 0.5 mol
% PdCl,/TiO, were stirred for 5 h under 400W mercury
vapor lamp at temperature 45 + 3 °C.

3.5 XRD analysis

XRD patterns of the catalyst are shown in Fig. 4. The
amount of PdCl, loaded on anatase TiO, is very low (1 wt.
%) therefore the palladium peaks were not observed in
the XRD patterns. All diffraction peaks are matches with
standard anatase TiO, pattern indicating the stability of
anatase TiO,. The identical XRD pattern of PdCl,/TiO,
before and after regeneration suggests the recyclability
of catalyst.

5
= T & TiO
] g 8 Bf |
A, }\ \;r .
PdCI/TiO,
: |
\‘P/ e Aﬂ»\ ﬂ M A M
2
‘@
o O
£ Pd/TiO,
L W A bk TS
PdCL/TiO,
Regenerated
bl B }u kt A, i
T 1 T T T
10 20 30 40 50 60 70
26 (deg.)

Fig. 4. Xrd pattern of the a) TiO,, b) PACL/TiO,, c) used PACL/TiO,,
d) Regenerated

3.6 Diffuse reflectance UV-Visible spectra

Diffuse reflectance UV-visible absorption profile of
the PACL,/TiO, before and after regeneration are same and
shown in Fig. 5, indicating the complete regeneration of
catalyst. The absorption edge of regenerated PdCl,/TiO,
is observed to be around 380 nm corresponds to 3.2 eV and
matches with the original PdCl,/TiO, catalyst.




—— PdCIfTiO,
regenrated
PdCL/TiO,

Kubelka Munk units

350 400 450 500 550 600 650 700
Wavelength (nm)
Fig. 5. DRUV-visible absorption profile of PACL/TiO,

3.7 Temperature programme reduction

TPR profile of the catalyst were studied and found that
the reduction temperature for PACl,/TiO, catalyst before
reaction is 200 °C which is shifted to 235 °C for regenerated
catalyst (Fig. 6). During the TPR, first the Pd*" get reduced
to Pd® and then at temp. 365 °C it forms palladium hydride.
Athigher temperature it loses hydrogen resulting negative
peak.

750 °C—
W™
365 °C i
c
2
I3 Wiy
>
2
[o]
o
T . 200°C 725 °C b
kS
5 MM// M M“
<] - 365°C

o

x I . x
200 400 600 800
Temperature (°C)

Fig. 6 TPR profile of a) Regenerated PACI/TiO, before reaction and
after regeneration and b) PdCL/TiO, before reaction.
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4. Conclusion

We have developed a simple PdCl,/TiO, catalyzed
photocatalytic C-C coupling reaction for various substituted
aryl iodides and olefins which offers good yield for the
corresponding coupled products at ambient reaction
conditions. The oxidation of Pd(0) to Pd(2+) can be achieved
by heating the palladium with ammonium chloride at 400
°C. The regenerated PdCl,/TiO, shows better activity up
to third recycle. The TEM analysis confirms the formation
of Pd particles on the TiO, surface.
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Abstract

The term “hydrogen economy’ is a system of delivering energy using hydrogen. The primary objective
behind this concept is to avoid the ill effects of current hydrocarbon economy. In hydrogen economy three
steps are involved; (i) production of hydrogen (ii) storage of hydrogen and (iii) transportation of hydrogen.
Here we present a brief summary of our recent work on the modeling of a catalyst using density functional
theory in combination with molecular dynamics simulation. The primary focus of these studies is to predict
advanced nano-catalyst materials for the generation and storage of hydrogen.

1. Introduction

Density functional theory is an extremely successful
approach for the description of ground state properties of
metals, semiconductors, and insulators [1-4]. The success
of density functional theory (DFT) not only encompasses
standard bulk materials but also complex materials such
as bio-molecules and nano-materials [3-4]. All calculations
have been carried out using the plane wave based pseudo-
potential approach. While the total energy calculations were
carried out under the DFT formalism [5-8], the geometrical
search to locate the lowest energy structures has been carried
out employing simulation tools [9-10]. The details of the
theoretical techniques can be found elsewhere [11-13].

In this article we provide an overview of the key
concepts and recent developments in computational
modeling of complex materials with a focus on applications
in the field of catalytic materials. Catalysts accelerate and
boost thousands of different chemical reactions, and thereby
form the basis for the multibillion dollar chemical industry
worldwide. Research in nanotechnology and nanoscience
is expected to have a great impact on the development of
new catalysts. Thus, a detailed understanding of chemistry
of nanostructures and the ability to control materials
on the nanometer scale will ensure a rational and cost-
efficient development of new and more capable catalysts
for chemical production.

2. Designing of Catalyst for Hydrogen production

Thermochemical cycles have the greatest prospect
for hydrogen production from water in the large scale.
In this process water is decomposed into hydrogen and
oxygen at a much lower temperature in comparison to
direct thermal decomposition. Recently, the sulfur-iodine
(S-I) thermochemical cycle for water splitting has attracted
increasing attention because it can be efficiently used for
mass scale production of hydrogen without CO, emissions.

The S-I cycle consists of three steps. In the first step H,O
reacts with I, and SO, to generate H,SO, and HI. In the
second step, the H,SO, is thermally decomposed to SO,
followed by further decomposition of SO, into O, and
SO,. This SO, is recycled back for use in the first step. In
the third step H, and I, are produced through the catalytic
decomposition of HI. Among all these reactions the
decomposition of H,SO, is the most energy demanding.
In particular, the second part of the H,SO, decomposition,
where SO, is decomposed into SO, and O, requires very
high temperature (between 750 and 900 °C) and does not
occur without a catalyst [13-15].

Previously, various oxides of Si, Al, Zn, Cu, Fe, Ni, Co,
Mn, Cr, V, and Ti have been employed as catalyst for this
purpose [16]. But metal oxide based catalyst have problems
of sulfate formation, and surface area modification. In
another approach, noble metal particles supported on metal
oxide support has been used. Ginosar at al. has reported
the stability of various catalysts i.e. Pt/ZrO,, Pt/ AlLO,,
and Pt/TiO, for sulfuric acid decomposition [17]. With
a view to design a nanocatalyst for SO, decomposition,
a comparative study of the SO, interaction with three
tetramer clusters (Ag,, Pd,, and Ag,Pd,) deposited on the
alumina surface was carried out. Previous studies of Ag,,
Pd,, and Ag Pd, clusters deposited on the alumina surface
[12] revealed that after deposition all three clusters favor
bent rhombus geometry on the alumina surface. The lowest
energy structures are presented in Fig.1. It was found
that for all deposited clusters the interaction of the SO,
molecule undergoes via metal-oxygen bond formation.
Other configurations with metal-sulfur connections are
found to be higher in energy. It may be noted that the
situation is different when we consider the interaction of
SO, molecules with gas phase metal clusters, where Pd, and
Ag,Pd, clusters bind with SO, through metal-sulfur bonds.
Moreover, for both deposited and gas phase clusters,

47




SMC Bulletin Vol. 4 (No. 3) December 2013

the elongation of the S-O bond is greater for the isomers
where the SO, molecule is connected to the metal clusters
through metal-oxygen bonds. In this context it is worth
mentioning that even though Ag,, Pd,, and Ag,Pd, clusters
form similar bent rhombus geometries on the alumina
surface and the interface geometry between the SO, and
the alumina surface is similar in all three cases (via three
metal-oxygen bonds), the amount of S-O bond elongation
is different. For the interaction of SO, with Ag,@Al0,,
Pd,@Al0,, and Ag,Pd,@ALQ,, it was four}d that the S-O
bond elongates up to 1.52, 1.54, and 1.64 A, respectively.
We note that the S-O bond length of 1.64 A is 14% more
than the corresponding gas phase values. Further it is
noticed that, for configurations with metal-oxygen bonds,
the M-M bond of the M, cluster becomes longer or weaker
than the situation where the SO, molecule connects through
a metal-sulfur bond [13].

In Fig. 2 we have presented the isosurface density of the
top oxygen layer of the AL,O, surface in different systems.
Red represents the maximum electron density, and it
systematically decreases as the color changes from red to
blue in the spectrum. It is seen that the electron density is
symmetrically distributed around O atoms (represented
by dark red color) in the case of the clean Al,O,(0001)
surface. However, after deposition of an M, cluster, the
charge distribution in the nearby region of some of O atom
is different, where the charge density is found to decrease
(displaying a brown or yellow color). From Fig. 2 it is clear

Pd,

(a) M, cluster deposited on ALO;

T; A
‘gy‘x

0. | ¢

(b) SO; interaction with M,@ Al,03
Fig.1 (a) Ground state geometries of M, cluster after deposition on ALO,

surface. (b) Lowest energy structures of SO, molecule interacting with
M,@AL O, complex.
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that deposition of Pd, on the surface leads to maximum
removal of charge from the surface. This observation is
in line with the results of Bader analysis, which shows a
maximum charge on the Pd, cluster deposited on alumina.
It is also apparent from Figure 2 that interaction of SO,
with the M,@Al,O, complex leads to further reduction
of charge from the alumina surface and the reduction is
highest for the SO,-Ag Pd,@Al O, system. Thus it can be
inferred that the alumina surface also transfers finite charge
to SO, via the M, cluster and the amount of charge transfer
is maximum for the Ag,Pd,@Al O, complex.

On the basis of these results it can be inferred that
substrate plays a very important role in the elongation of
S-Obonds of the SO, molecule. Interaction of SO, with the
M, @Al O, complex results in removal of charge from the
M, clusters. As more electropositive nature is generated at
the M, cluster site, it prompts the tetramer cluster to move
toward the oxide surface. Hence, it could extract relatively
more charge from the surface and further transfer it to
SO, and in turn elongate the S-O bond to the maximum
extent. In terms of the Pauling electronegativity scale, Pd
is more electronegative than Ag. Upon deposition on the
Al O, surface, Pd, takes more charge from the surface
than Ag,. On the other hand, in the gas phase Ag, can
donate more charge to SO, by Ag-O bond formation. As
the Ag Pd, cluster is a bimetallic cluster, the difference in
electronegativity of Ag and Pd atoms results in a relatively
polar metal-metal bond. Therefore, when bimetallic

Iso-surface density

ALOj3 surface in SO3-Pd;@ALO3 co}nplex

SO;

ALOj; surface with Ag,Pd; adsorption ALOj surface in SO3-Ag,Pd,@AL O3 complex

Fig. 2 Isosurface density of top oxygen layer of AL O, surface in
different systems. The electronic charge increases from blue to red in
the spectrum.




Ag,Pd, cluster is deposited on the AL O, surface, while Pd
extracts more charge from the surface, Ag can donate more
charge to SO,. This combination of efficient acceptor and
donor makes Ag,Pd,@Al O, complex a better catalyst for
weakening the S-O bond in the SO, molecule.

Significantly, the polarity of the Ag-Pd bond of the
Ag,Pd,@ALO, complex also allows the interaction with
S-O bonds in three asymmetrical manners. However, for
the homoatomic cluster, the bond elongation is almost
symmetric. Especially for the gas phase Ag, cluster, the
bond elongation of the SO, molecule is totally symmetric.
Thus maximum and asymmetric charge transfer by
the Ag,Pd,@Al,O, complex to SO, leads to maximum
elongation of one of the S-O bonds to 1.64 A. As the
bond elongation bears the signature of bond weakening,
a comparison of the above three results clearly suggests
that the dissociation barrier of the S-O bond will be
significantly lower on the Ag,Pd,@AlO, support than
that on Ag,@AlL O, or Pd,@ALQ,. Thus, it is expected that
Ag-Pd bimetallic nanoparticles deposited on alumina will
reduce the dissociation barrier for SO,.

3. Role of Catalyst for Hydrogen Storage

Hydrogen is a clean energy carrier for various
applications. However, due to its low energy density, it is
difficult to store in a small container leading to additional
difficulty in transport. The search of new materials for
efficient storage of hydrogen has been the focus of intensive
research for the past decade. This poses a serious challenge
because a good hydrogen storage materials must meet
simultaneously six requirements; (i) high gravimetric
(>4.5 wt. %) and volumetric (> 36g H,/L) densities,
(ii) operation temperature approximately in the range
60 - 120°C, (iii) reversibility of the thermal absorption/
desorption cycle. (iv) low cost, (v) low-toxicity, (vi) safety
requirements, (vii) good cyclic stability. To the best of our
knowledge, so far no material has been reported which
satisfies all these criteria. There are different candidate
materials for solid state hydrogen storage [18-24]. The most
conventional and practical one is metal hydride, where
different transition metal based and light weight alloys are
being considered. Transition metal based alloys are quite
promising for their good hydrogen absorption desorption
kinetics and favorable thermodynamics whereas light
metal alloys shows higher hydrogen absorption capacity
but unfavorable kinetics and thermodynamics. Other
exclusively studied hydrogen storage materials include
metal organic framework, carbon nanostructures etc.
Metal organic frameworks (MOF) can absorb hydrogen
by physisorption, but it requires operating at cryogenic
condition. Carbon nano structures are one of the most
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promising solid-state materials for hydrogen storage
because of its porosity, high surface area and high
gravimetric hydrogen storage properties. Nanotubes,
nano scrolls, nano fibers, fullerenes and graphene sheets
are among the different well studied structures. In the
following section, an attempt has been made to briefly
describe the hydrogen storage behavior in various systems,
with special emphasis on Mg and C based systems. Here
we will describe the role of catalyst for the improvement
of hydrogen storage behavior, ranging from 3D bulk, 2D
layered structures, 1D tube and 0D small clusters.

3.1 Hydrogen Storage in Mg based systems

The hydrogen storage in the metallic form is the safest
method known today and it posses many advantages
also. Light metal hydrides, including Li, Al and Mg, are
considered to be potential in the vehicular application due
to high gravimetric hydrogen storage capacities. Mg can
form MgH, with a maximum hydrogen storage capacity
of 7.6 wt. %. Furthermore, magnesium is cheap and its
ore is abundantly available. However, the high thermal
stability of magnesium hydride and slow kinetics for
hydrogen absorption - desorption are major limitations
for its practical application [25-27]. Many experimental
and theoretical works have been done to improve the
efficiency of Mg metal to meet the stringent criteria for
hydrogen storage [28]. One of these attempts is to dope Mg
with transition-metal elements. Transition metal atoms act
as catalyst on the Mg surface and can greatly reduce the
activation barrier for dissociation and diffusion processes
of hydrogen. From the first principle calculations, it has
been found that dopant atom (M) prefer to substitute
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Fig.3 NEB profiles for the dissociation and diffusion of hydrogen on the
Mg55VNi surface when Niatom is at the first layer and V atom is at the
second layer. The relative energies of the initial state, after dissociation
of hydrogen molecule on the surface, and after diffusion of hydrogen
atoms on the surface are marked by (a), (b) and (c), respectively.
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one of the Mg atoms from the second layer. In this case
the dissociation of the hydrogen molecule is controlled
by a high activation barrier. In case two M atoms were
doped, the equilibrium geometry shows one M at the top
and the other in the subsurface [29]. The most effective
hydrogenation behavior was found when both V and Ni
were substituted into the Mg surface [Fig. 3]. Another way
to improve the efficiency of Mg is to reduce the particle size,
where defects, large surface areas, and small diffusion path
length help to improve the thermodynamics and kinetics
of the sorption processes. To understand the finite size
effect, we have also calculated the hydrogen interactions
with Mg clusters. Results showed 40 % reduction in the
dissociation barrier of hydrogen adsorption on the Ti
doped Mg, cluster [30].

3.2 Hydrogen Storage in C based or similar systems

Storage of hydrogen in molecular form is advantageous
due to its fast kinetics as well as low binding energy that
could lead to the possibility of desorption of hydrogen
molecule at low temperature. In the past decades, more
and more attention has been focused on the carbon-
based nanostructure materials, such as carbon nanotubes
(CNTs), fullerenes and graphenes. However, these
materials have practical limitations as the desorption
temperature of hydrogen is very low and therefore difficult
to store hydrogen at ambient conditions. In contrast, the
introduction of transition metal (TM) to the pure carbon
nanomaterials has been proposed to enhance the hydrogen-
uptake capacity and the adsorption energy [31,32]. It was
reported that a single Ti atom adsorbed on (8, 0) single-
wall carbon nanotube can adsorb up to four hydrogen
molecules by formation of Kubas complex, reaching to
gravimetric storage capacity of ~8 wt%. Clearly, the
hydrogen storage capacity is fundamentally proportional
to the specific surface area and the number of dispersed
metal atoms. Again the transition metal atoms can act as
catalyst for the dissociation of hydrogen molecule towards
hydrogen atom thus hydrogen atoms can get chemically
adsorbed on carbon the carbon based systems by spillover
mechanism. Apart from carbon based materials, several
other iso-electronic systems like BN and SiC nanostructures
have been explored to understand the hydrogen storage
capacity [33-35]. In general, all these dielectric compounds
are inert towards hydrogen or interacts very weakly. The
primary force of interaction is the electrostatic interaction.
The decoration of transition metal atoms on these
nanostructures (as shown in Fig. 4) definitely improves
the adsorption behavior and storage capacity but due to
strong cohesive energy the transition metal atoms prefer
to agglomerate on the surface and thereby limits for high
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capacity storage material [36].

Unlike transition
metal decorated carbon
fullerene, which suffers
from the metal clustering,
metallocarbohedrenes are |
stable systems with transition
metal atoms as part of the
carbon nanostructures. The
hydrogen storage properties of
selected metallo-carbohedrene
(M,C,,, M=5c, Ti, V) have been
compared. The results revealed
that when the M = Tj, the cluster
can take up total 16 hydrogen
molecule by physisorption rig 4 The optimized geometry
where the hydrogen molecules of Ti doped SiC nanotube when
gets absorbed reversibly on it interacts with four hydrogen
the Ti atoms. Each C atom can molecules.
bind one hydrogen atom by
chemisorption. Though the total hydrogen storage capacity
found to be 15.06 wt% but the reversible capacity is 10.96
wt%. In case of Sc,C, , the total hydrogen storage capacity is
much higher (20%), as it can adsorb 30 hydrogen molecules
by physisorption. The results show that the interaction
energy of the hydrogen molecules with cluster is lower
compared to the Ti,C,, cluster. For V,C, the hydrogen
storage capacity decreases and the total hydrogen storage
capacity found to be 12.33 wt% only [37].

One important factor for a good hydrogen storage
material is the desorption profile of the absorbed hydrogen.
In fact, to be a good hydrogen storage material, not
only desorption kinetics should be fast enough, but also
the material should be stable at higher temperature. In
this context we have checked the thermal stability and
desorption behaviour of Ti,C,, cluster by the ab-inito
molecular dynamics simulation using Nose algorithm. To
start with, the hydrogenated Ti,C,, cluster (Ti,C,, 16H,)
is heated at different temperatures (100 K, 150 K, 200 K,
300 K and 500 K) followed by equilibration for 7000 steps
with 1 fs time scale. The results [Fig. 5] reveal that while
at 100 K, and 200 K, one, and three hydrogen molecules
are evaporated, respectively, at 300 K four hydrogen
molecules are desorbed. Most importantly, above 300 K,
the hydrogen molecules tend to dissociate and attach with
the nearest C atoms via spillover mechanism. Finally at
400 K, the hydrogen spillover towards the C atom occurs
spontaneously which leads to the formation of Ti,C H,,
cluster, where 12 hydrogen atoms are chemisorbed with

C atoms. In other words, if we cool the Ti,C H,, cluster




Spillover of hydrogen
to C atom

Fully reversible

10.96 wi%.

Fig.5 A schematic representation of the hydrogen adsorption-desorption
process in the Ti,.C,, cluster.

and keep in hydrogen atmosphere, it can take up 16 H,
molecules giving rise to [Ti,C,H,,, 16H,] complex, with
total hydrogen storage capacity of 15.06 wt. % for Ti,C ..
However, previous calculations suggest that H atoms are
bonded with C atoms via a strong covalent bond. Therefore,
desorption of these chemisorbed H atoms are difficult and
needs very high temperature. In this situation, the Ti,C H,,
complex can be considered as a host material, which can
absorbs and desorbs 16 molecular hydrogens, leading to

10.96 wt. % of reversible hydrogen storage capacity.

4. Conclusion

In summary, we have attempted to illustrate how
density functional theory calculations can be utilized to
develop a detailed molecular-level picture of catalytic
materials. In particular, we have emphasized the modeling
of materials for use in the field of hydrogen economy.
Through this brief review we have demonstrated that
theoretical modeling provides new insight that can play
a significant role in the design of advanced materials.
Moreover, DFT opens exciting prospects for the discovery
of new catalysts, a learned alternative to blind search. There
is a long way to go before we have a general theoretical
description of heterogeneous catalysis. Catalysts are
complicated, multiphase materials, and there are an
enormous number of interesting catalytic processes. We
are just at the beginning of an era where DFT calculations
contribute a new perspective to the many important
experimental tools that have been developed to understand
surface reactivity.
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Abstract

Catalytic reactions play a foremost role in majority of industrial chemical processes. As an estimate,
about 90% of all chemical reactions in industries rely on catalysts. Fuel Cell Materials and Catalysis
Section (FCMCS) of Chemistry Division has made significant contributions in the area of catalysis and
developed several catalysts for various applications related to DAE programs. Notable among these are (i)
development of catalysts for sulfuric acid decomposition and HI decomposition reactions, and (ii) catalysts
for mitigation of hydrogen in nuclear power plants under severe accident conditions. In addition, rich
contributions were made to the fundamental research in these areas of technological importance viz. studies
on photocatalysts for generation of hydrogen by water splitting and photocatalyts for VOC abatement and
pollution control. This article gives a brief over view of the catalysis development program with respect

to the above mentioned activities.

1. Introduction

Heterogeneous catalysts are extensively used in chemical
industries for reactions such as cracking, dehydrogenation,
hydrogenation, oxidation, reduction, decomposition,
molecular rearrangement, fermentation etc. The main focus
of FCMCS is to develop catalysts for various applications
related to the Department of Atomic Energy.

In recent past, studies on Sulfur-lodine (S-1) cycle
for large scale nuclear hydrogen generation have been
started at BARC in view of availability of high-grade heat
from the proposed Compact High Temperature Reactor
(CHTR). FCMCS developed catalysts for the sulfuric acid
and hydriodic acid decomposition reactions involved in
the Sulfur-lodine cycle for hydrogen generation.

With regard to safe operation of nuclear plants,
hydrogen generated under LOCA conditions poses a
major threat. The two major nuclear accidents of Three
Miles Island (TMI) and Fukushima incident emphasize
the hydrogen risk in nuclear power plants. Use of catalysts
has been proposed to be one of the alternatives to mitigate
this hydrogen. Hence, extensive studies on development of
catalysts for hydrogen mitigation were undertaken.

The conversion of solar energy into hydrogen via
semiconductor assisted photocatalytic splitting of water,
is one of the most promising technologies for clean and
sustainable energy solutions. Members of FCMCS have
explored various catalysts for this purpose and also for the
utilization of solar energy for environmental remediation
like VOC’s elimination and dye degradation using suitable
semiconductor photocatalysts.

2. Development of catalysts for decomposition of
sulfuric acid

With an aim to develop non-noble metal catalysts
which are both active and stable, various oxides/mixed
oxides and ferrites (MFe,O,: M = Co, Ni, Cu) [1, 2] were
prepared via different routes like solid state, precipitation/
co-precipitation gel-combustion etc. Their performance
as catalysts for the decomposition of sulfuric acid was
evaluated and compared with that of commercial Pt/ Al,O,
catalyst, in temperature range of 600-850°C. Textural and
structural characterization of both synthesized and spent
catalysts was carried out employing various techniques
such as XRD, IR, SEM/EDX, TEM, XPS, N -BET Surface
area, etc. Characterization of fresh and spent catalysts
along with thermal decomposition experiments enabled
us to propose a plausible mechanism for decomposition
of sulfuric acid over these oxides/ferrites which involved
the formation and decomposition of metal sulfate, with the
metal sulfate decomposition step playing the most crucial
role in determining the reaction kinetics. To study the
catalytic decomposition of sulphuric acid in temperature
range of 600 - 850°C over powder and granular samples,
two glass setups were indigenously designed and
developed in Chemistry division as shown in Fig. 1.

The performance of Fe,O,, Fe, ,Cr,,O, and Pt/ Al O,
catalysts in granular form was evaluated for decomposition
of sulfuric acid (98 wt %) as a function of time (100 h at
800°C, acid flux of ~0.6 ml/min), temperature (650-825 °C,
acid flux of ~0.6 ml/min) and flux of sulfuric acid (0.2-10
ml/min). The SO, yield was found to be remained-close
to the equilibrium thermodynamic yield value (~ 80 % at
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A Catalyst zone (W2) —»

HS0, veservoir

Fig. 1: Experimental set-up in quartz to carry out sulfuric acid
decomposition (A) granular catalyst (20 g) and (B) powder catalyst
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Fig. 2: Prolonged performance of Fe,O,, Fe, Cr, O, and Pt/ALQO,
catalysts for sulfuric acid (acid flux: ~ 0.6ml min™) decomposition
during 100 h run at 800 °C (20 g granular catalyst in 2.5 cm column;

see setup (Fig. 1A).

800°C). Chromium substituted iron oxide and Pt/ AlLO,
catalysts exhibited almost similar SO, conversions at 800
°C which was slightly higher than the unsubstituted Fe,O.,.
No deterioration in the catalyst performance was observed
for the oxide samples during 100 h run, as shown in Fig.
2. Commercially available Pt/ Al O, catalyst works out to
be 16 times costlier than iron based catalysts.

On the basis of the overall results obtained from our
studies we recommended the Fe Cr O, catalyst for use in
the laboratory scale Sulfur-lodine demonstration facility at

Chemical Technology Division (ChTD), BARC.
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3. Development of porous Pt/Carbon catalyst for
HI decomposition

Different Pt-Carbon catalysts based on high surface area
carbon supports have been developed using mesoporous
and microporous silica templates and have been employed
for HI decomposition step of Sulphur - lodine thermo-
chemical cycle [3]. In this preparation route, carbon
precursor like sucrose is impregnated into mesoporous
silica template like MCM-41 and SBA-15 and microporous
silica template like fumed silica and carbonized by heating
at 800 °C, under nitrogen flow. The silica template is
removed by hydrofluoric acid to generate porous carbon
replica. Platinum has been incorporated in these carbon
supports either at initial stage along with sucrose to form
a part of carbon framework or by direct impregnation on
prepared carbon. Liquid phase HI decomposition at 160 °C
has been carried out and conversion upto 17% have been
obtained in 2 hrs studies. The effluent analysis depicts
insignificant noble metal leaching. The efficiencies of these
materials for HI decomposition reaction have been found to
be dependent on the structural nature of the porous carbon
and their surface morphologies. We have concluded that
mesoporous Pt/carbon has higher catalytic activity and
stability than microporous Pt/carbon catalysts.

4. Development of catalyst for hydrogen
mitigation application

A large amount of hydrogen is generated in nuclear
reactor during LOCA conditions. This can be a threat
to containment integrity if detonable limit is crossed.
Passive autocatalytic recombiner is one of the most feasible
remedies for this. New classes of mixed noble metal
catalysts, viz Pt + Pd on stainless steel wire gauze have
been developed for this purpose [4]. The activity includes
development of a novel procedure for preparation of mixed
noble metal (platinum-palladium) catalysts by electroless
deposition from a single bath containing precursors of
both the noble metals and a reducing agent. Evaluation of
the deposition steps by SEM-EDAX techniques has clearly
indicated that initial nucleation occurs through platinum
deposition followed by simultaneous platinum-palladium
deposition. These catalysts have been evaluated for their
catalytic activity for H,-O, recombination reaction under
static air condition, in a 40 litre reactor, in absence and
presence of various poisons like carbon dioxide, methane,
carbon monoxide and water. The catalytic activity has
been found to remain unaffected by the presence of above
mentioned poisons. Fig. 3 depicts the change in hydrogen
concentration and the catalyst surface temperature with
time on these catalysts for H,+O, recombination reaction,
for different initial concentration of hydrogen.
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Fig. 3:t,,and T, _ for different initial hydrogen concentrations for

Pt+Pd on Stainless Steel wire gauze catalyst.

Fig. 4 depicts various forms of supported noble metal
based catalysts developed and evaluated for this purpose.
Wire gauze supported catalysts have been shortlisted for
user evaluation by NPCIL at Hydrogen Recombination
Test Facility, Tarapur.

Fig. 4: Various catalysts developed for mitigation of hydrogen (a) noble
metal on SS wire gauze, (b) noble metal on cordierite honeycomb and
(c) Noble metal on cordierite plate.

5. Photocatalytic hydrogen generation from water
using solar radiation

With a view to photocatalytic generation of hydrogen
using solar type radiation, our group has focused on
the development of suitable photocatalytic materials. A
number of novel semiconductors have been developed for

SMC Bulletin Vol. 4 (No. 3) December 2013

this purpose and tested for their photocatalytic activity. A
series of aliovalent and isovalent ions were substituted at
A and B site in indium titanates, In,TiO, (A = Ni** / Nd*;
B = Fe** / Cr *), with an objective to modify their band
gap and extend their photo response in visible light. Effect
of metal ion substitution [5] and particle size [6] on band
gap and photocatalytic activity of indium titanate has also
been explored. TiO, based photocatalysts like self-doped
(Ti**)TiO, [7], Sn and Eu doped TiO, [8], Inand N co-doped
TiO, [9], TiO, on various oxides like ZrO,, Al,O,, zeolite
and CeO, [10] were evaluted to obtain catalyst particles
with optimum surface area and crystallinity. Among these
oxide catalysts, a composite of TiO, dispersed on ZrO, inert
support exhibited the highest photocatalytic activity with
a hydrogen generation rate of 1.1 L/h/m?/g using solar
type radiation. Indium doped CdS dispersed on ZrO, was
found to exhibits the better activity than oxide catalysts,
with hydrogen generation rate of 3.9 L/h/m?/g.

Photocatalytic activity for hydrogen generation from
water using TiO, and CdS based photocatalysts were
studied. Doping was done to tune the bandgap and
composites were made to improve the active surface area
and to increase the lifetime of the photogenerated charge
carriers. Typical systems studied and the photocatalyst,
which showed the highest activity among each system,
are shown in Fig. 5. The number given in bracket is the
apparent quantum efficiency for that system. It can be
seen that among TiO, system, TiO,-ZrO, composite with
Pd as cocatalyst showed higher photocatalytic activity
and among CdS based systems, CdS-TiO,-ZrO, composite
with Pd co-catalyst showed higher activity. The enhanced
activity is attributed to improved visible light absorption
and increased lifetime of the photogenerated charge
carriers in these systems [11-14].
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Fig. 5: Photocatalytic activity for hydrogen generation from water
for (a) Pd (2%) - TiO,, (b) Pd (2%) - TiO, (51O, 2%), (c) Pd (2%)
= Ti,oIn, ,ON, (d) Pd (0.15%) - TiO, (28 %) - ZrO,, (e) & (f) Pd
(0.5%)-Cd, ,In, .S (20%) - ZrO,, () Pd (0.5%) - CdS (30%) - TiO,
(30%) - ZrO,. Light source: Ordinary day light fluorescent lamps (288
W). Yield is normalized to 50 mg CdS for supported catalysts.
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6. Titania based photocatalysts for abatement of
air and water pollutants

Heterogeneous photocatalytic degradation of dyes
from waste water and volatile organic compounds (VOCs)
from polluted air has become a need of times, as the
release of these effluents in the ecosystem forms a primary
source of pollution affecting all the flora and fauna in
its vicinity. Nano titania, doped titania [15-17], alkaline
earth titanates [18] and supported titania [19] systems
have been evaluated to understand the structure - activity
correlation, influence of oxidation states of dopants,
particle size, dopant - titania - support interaction and their
physiochemical properties and catalytic activity of these
materials. Photocatalytic oxidation of model VOCs like
ethane, propene and methane in air and dye like methylene
blue in water has been studied in detail. In this context,
titania based heterogeneous photocatalysts stands-out
to be best methodology that can be effectively exploited
for the complete mineralization of various dye and VOC
pollutants present in natural environment.

Photo-degradation of the dye Rhodamine -B was
carried out with Mo-doped TiO, photocatalysts and
nano TiO, samples. These samples were synthesised
via sol-gel route and thoroughly characterised using
techniques of XRD, TEM, DR-UV, XPS, Raman, FT-IR,
EXAFS and XANES. The charecterisation results suggest
that apart from being Mo-doped TiO, anatase phase there
is a definite percentage of Mo,O, phase. There is definite
red shift in the DR-UV spectra and the band gap study
shows that as a function of the Mo-content in the lattice or
composite the band gap lowers to the visible absorption.
The results showed that under visible light irradiation as
a function of Mo-doping the photocatalytic activity of

o2 J0% Mo-TiO,

Intensity (C/Cgq)

&% Mo-TiO,

0 50 100 150 200 250
Time ( mins)

Fig. 6: Rhodamine -B Dye degradation
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Fig. 7: The Reactive CO2 adsorption mechanism in TiO2 -Rates with
different photocatalysts nanotubes upon oxidation,reduction of TiO2
Nanotubes

the samples are as follows 1% <2% <5% > 10%. The Mo-
dopedTiO, samples has better photocatalytic activity as
compared to the undoped. UV-vis spectra after different
illumination times of a Rhodamine B solution with the
nano-TiO, particles are shown in Fig. 6. The absence of the
hypsochromic shift in the dye degradation profile using
nano TiO, and doped nano TiO, shows the non existence
of the de-ethylation channel as a major pathway for the
complete degradation of the Rh-B dye. Since there are no
additional peaks appearing in the UV-vis spectra in the
course of the experiment using titania nano-particles, the
dye is completely degraded and not only photobleached.

The reactive adsorption of CO, on oxidized, reduced,
and platinized TiO, nanotubes (Ti-NTs) was studied using
infrared spectroscopy. The XPS data demonstrate that upon
oxidation, surface O atoms become more electronegative,
producing sites that can be characterized as strong
Lewis bases, and the corresponding Ti becomes more
electropositive producing sites that can be characterized
as strong Lewis acids. Reduction of the Ti-NTs produces
Ti* species, a very weak Lewis acid, along with a splitting
of the Ti*" peak, representing two sites, which correlate
with O sites with a corresponding change in oxidation
state. Photo-induced reactions of surface species also
take place and are remarkably different on the two types
of nanotubes. UV illumination of Ti-NT-O,-H, converts
bidentate carbonates and bicarbonates to monodentate
carbonates and carboxylates. There are less, and different,
photo-induced reactions of surface species on Pt-Ti-NT-O -
H,: bicarbonates and monodentate carbonates convert to
bidentate carbonates on the platinized titania nanotubes,
and there is no obvious reaction involving carboxylates and
formic acid upon irradiation of the platinized nanotubes.




7. Conclusion

The contributions of the catalysis research group of
Chemistry Division, BARC are a combination of applied
and fundamental aspects of heterogeneous catalysis.
The group has contributed in the area of catalysis and
developed several catalysts for various applications related
to DAE programs. Notable among them are development
of catalysts for (i) sulphuric acid and hydroiodic acid
decomposition for Sulphur-lodine thermochemical cycle,
(if) mitigation of hydrogen in nuclear reactor containment,
(iif) production of hydrogen by photocatalytic splitting of
water and photocatalytic abatement of volatile organic
compounds. Various indigenous equipment’s like in situ
FTIR and EXAFS setups, quartz/glass reactor setups
for sulphuric acid and hydroiodic acid decomposition,
stainless steel reactor for hydrogen mitigation studies and
photocatalytic reactor, have been designed and fabricated
for accomplishment of above stated goals. In addition, rich
contributions were made to the fundamental research in
these areas of technological importance.
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