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Highly efficient FeNP-embedded hybrid
bifunctional reduced graphene oxide for
Knoevenagel condensation with active methylene
compounds†

Dikin Patel, Ravi Vithalani and Chetan K. Modi *

We have synthesized atypical highly active bifunctional FeNPs implanted on amino-modified reduced

graphene oxide (FeNPs/Am@rGO) [where FeNPs = Fe nanoparticles; Am = Primary aromatic amine

derivatives such as p-phenylenediamine (PPD) and/or aniline (AN)] as nanocatalysts via the acid–base

dual-activation mechanism by introducing primary aromatic amines on the basal and/or edge sites

of rGO that offer base characteristics and FeNPs anchored onto the surface of rGO that supply the

Lewis acidic nature. These nanocatalysts were well corroborated through assorted physicochemical

techniques. Impressively, FeNPs/Am@rGO significantly promoted a one-pot Knoevenagel condensation

reaction with different aromatic aldehydes and active methylene compounds, thus bestowing excellent

activity to give synthetically valuable multifunctional benzylidene derivatives. The impact of different

parameters influencing the catalytic activity has also been monitored. Under the optimized conditions,

FeNPs/PPD@rGO exclusively promoted the aforementioned reaction, leading to 100% benzaldehyde

conversion with 100% yield of the product along with TON and TOF (h�1) values of 350.8 and 100.2,

respectively. Besides, it could be effortlessly recycled by centrifugation after each run and reused

afterwards without significant loss in its catalytic activity in a six cycle test.

1. Introduction

The formation of carbon–carbon bond via Knoevenagel conden-
sation reaction of aldehyde/ketone with compounds containing
activated methylene groups is being paid great attention to by
the researchers because of its deployment in the synthesis of fine
chemicals,1 therapeutic drugs,2 natural products,3 and functional
polymers.4 Typically, this base catalyzed organic reaction is of
great importance in the chemical process industry, which plays a
vital role in achieving higher aldehyde conversion.5 In the last
few decades, the Knoevenagel condensation reaction has conven-
tionally been performed by soluble base catalysts such as aliphatic
amines, urea, thiourea, and piperidine or their corresponding
ammonium salts and/or amino acids. Despite having distinct
advantages, the aforesaid system suffers from several snags such
as difficult separation, longer reaction time, un-satisfactory yields,
reusability, high costs, harsh reaction conditions, as well as the
use of stoichiometric amounts of catalyst.6

Now-a-days, frontier scientific and technological research
fields have highlighted the use of solid supported base
modified catalysts, which can be adequately applied for con-
densation reactions, giving better yield and stability besides
first-rate conversion with the desired selectivity. Different types of
heterogeneous base modified catalytic systems have flourished
such as amino-functionalized mesoporous silica,7 diamine-
functionalized mesopolymers,8 amine functionalized K10
montmorillonite,9 super paramagnetic mesoporous Mg–Fe
bi-metallic oxides,10 mesoporous titanosilicate,11 basic MCM-41
silica,12 acid–base bifunctional mesoporous MCM-41 silica,13

nanocrystalline ceria–zirconia,14 zeolites exchanged with alkyl-
ammonium cations,15 Cu(II)-based metal–organic framework,16

chitosan hydrogel,17 acrylic resin immobilized lipase,18 organic–
inorganic hybrid silica materials containing imidazolium and
dihydro imidazolium salts,19 IRMOF-3,20 and ZIF-8.21 In contrast,
these basic solid catalysts have endured a number of downsides
such as high temperature, longer reaction time, poor selectivity,
and tedious work-up procedures.

At present, potent and sophisticated heterogeneous catalysts
with tunable multifunctionalities are in high demand in the area
of green and sustainable science and technology. The combi-
nation of both acidic and basic sites employed in designing and
advancing heterogeneous catalysts with bifunctional assets is
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Abstract
Oxidation of norbornene was carried out over oxovanadium Schiff base complex grafted on –OH and –COOH modified 

graphene oxide (GO) as heterogeneous catalysts using 30%  H2O2 as an oxidant and ethylene glycol as a solvent. Amongst 

them, the carboxylic acid group modified GO was found to be better for this transformation. The lower conversion with –OH 

modified catalyst was ascribed to the higher acidic nature of the catalyst.  NH3-TPD study confirmed the less acidic sites on 

the –COOH modified catalyst and this less acidic nature and controlled addition of 30%  H2O2 became the centre of action 

for this catalytic transformation. Absolute conversion of norbornene (100%) with 98.8% 2,3-epoxy norbornane was achieved 

at 60 °C in 1 h. This catalyst was recycled four times without significant loss of activity. This durability of the catalyst was 

believed to be due to strong π–π stacking interaction of GO sheet and an unsaturated ring of ligand and cyclic structure of 

ligand which protect the metal to leach out.

Keywords VO-salen grafted on –COOH modified graphene oxide · NH3-TPD study · π–π stacking interaction of GO sheet 

and ligand · Selective epoxidation of norbornene

1 Introduction

A large scale catalytic oxidation in all kinds of chemical 

industries has permitted for the development of a widely 

acceptable solid heterogeneous catalyst for the remedy of 

pollutants, production of energy and valuable chemicals [1]. 

A time ago, stoichiometric amounts of strong reagents and 

oxidants were involved in the development of oxidation reac-

tions. However, these chemicals are noxious, erosive to the 

reaction vessel, unstable at ambient conditions, non-selec-

tive to product and forming scores of harmful by-products. 

In addition to this, the purification method of the key product 

is very expensive, environment polluting, time-intensive and 

non-recyclable as well [2–5].

Hence, the developmental protocol involves the quest 

for the catalytic reaction which lessens toxic waste and 

production cost with little amount of catalyst [6, 7]. This 

exploration ends with the most flourishing material, graph-

ite with typical distinct characteristics enthraling populace 

towards its own. Concomitantly, GO, an oxidized form of 

graphene, has emerged as an imperative material as a result 

of its unique nanostructure and a range of captivating char-

acteristics [8–11]. Besides, graphene oxide-based materials 

hold massive potential for the prospect of varied application 

development including composite materials, sensors, solar 

cells, gas storage and catalysis [12–16].

GO prepared by harsh oxidation of graphite, which is 

the most flexible and easily scalable method amongst avail-

able all [17, 18]. The extensive range of oxygen-carrying 

functionalities on its basal planes and edges, noticeably, 

is responsible for hydrophilic nature [17, 19]. These func-

tional groups allow GO to be functionalized with various 

surfactants, polymeric materials, and nanoparticles with the 

aim of providing vast potential applications in the field of 

materials science and engineering [20–23].
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Chapter 9 

AN IMMENSE UPRISING:
FUNCTIONALIZATION AND FINE-TUNING OF 

2D GRAPHENE DESIGNED FOR HETEROGENEOUS 

CATALYSIS TO MAKE THINGS GREENER

Chetan K. Modi*, PhD, Ravi Vithalani and Dikin Patel 
Applied Chemistry Department,  

The Maharaja Sayajirao University of Baroda,  
Vadodara, Gujarat, India 

ABSTRACT

In contemporary times human beings are noticingly aware of the atmospheric 
pollution, a matter of serious care, which is augmenting as a result of indiscriminate 
industrialization. It generates vicious by-products that can cause hazards to human being 
and the surroundings. Consequently, climes all over the globe have changed over a 
period, and people envisage myriad problems. Now a days to remedy this central 
concern, the sole approach is to bring in acquiring advantages of catalysts. At its heart, a 
catalyst is a modus operandi to save environment and energy as preponderance of 
manufacturing units which require inputs of energy to proceed. Crucial problems with 
catalysts are of high price, poor efficacy and recyclability but with innovative 
technologies like support the catalyst, one can trim down the cost with greater 
competence. They can be straightforwardly separated from the reaction mixture, resulting 
in drop down of waste and adverse environmental footprint, enhancement of inherent 
process safety and recycling of catalyst, and then they can be used continuously at 
increasing rate. 

Many solid supports are available to get hold of first-rate catalytic proficiency. 
However, deployment of carbonaceous material like graphite is lately garnered out of the 
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ABSTRACT

In these days, conservation of the environment is the vital theme of the globe.

For that green materials are being discovered to a greater extent. By dint of

exclusive properties like optical and electronic properties, water solubility,

exceptional biocompatibility, low toxicity and influential chemical inertness of

carbon nanodots (CDs) have been extensively investigated systematically and

applied in many fields. One can increase the applicability of photostable and

biocompatible CDs by doping of nitrogen, sulfur and/or other organic or

inorganic materials. In particular, CDs are at present intensifying as a class of

potential fluorescent explore in account of their low photobleaching and ver-

satile surfaces. In this review article, we discuss a range of ‘‘green’’ sources along

with diverse synthetic routes and photo- and electron properties of this unique

material and also provide further insight for improvement in their functionality

using various dopants and arouse further research into their potential applica-

tions, such as photovoltaics, bioimaging, nanodots-sensitized solar cells, energy

conversion, optoelectronics, supercapacitor and light-emitting devices. For each

topic, the most relevant end results reported in the literature are accessed with

some considerations on the future perspectives.

Introduction

A considerable seriousness in material exploration is

to build up superior, highly proficient, mass-pro-

ducible and inexpensive materials with excellent

optical and electrical properties that will facilitate to

develop ecofriendly and innovative composite

material which protects and preserves crucial natural

resources and the environment too. In order to

achieve this, besides expensive and rare elements, the

use of toxic materials should be avoided, which can

be harmful if released into the environment [1].

Carbon is one of the few elements known since

ancient times, consisting an enormous useful material

as well as nanomaterials and/or nanoparticles (NPs).

In recent times, carbonaceous nanomaterials have

become the center of attraction of various disciplines

such as carbon nanotubes (CNTs) [2, 3], graphene
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