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Abstract
In the present work, palladium nanoparticles embedded on banana leaves extract-modified graphitic carbon nitride 
[PdNPs@g-C3N4-BLE] was biogenically synthesized in a facile 3-step reaction in a clean and sustainable manner. In situ 
reduction of Pd(II) to Pd(0) was accomplished by the action of active phytochemicals present in the banana leaves extract as 
capping, reducing, and stabilizing agents. Therefore, the aforementioned synthesis of catalyst does not need toxic reagents, 
harsh conditions, and additional reductants. The structure and composition of the PdNPs@g-C3N4-BLE nanocatalyst were 
examined in detail through several spectroscopic and microscopic techniques. The PdNPs@g-C3N4-BLE nanocatalyst exhib-
ited good catalytic activity in Suzuki–Miyaura cross-coupling and aryl halide cyanation reactions by giving high turnover 
numbers (TONs) and turnover frequencies (TOFs). The outstanding advantages of using the PdNPs@g-C3N4-BLE nanocata-
lyst are mild reaction conditions, short reaction time, heterogeneous nature, excellent yields, easy work-up procedure, and 
recyclability without any significant loss of catalytic activity. Additionally, the PdNPs@g-C3N4-BLE nanocatalyst showed 
remarkable antibacterial activity against gram-negative bacteria Escherichia coli and gram-positive bacteria Bacillus subtilis.

Keywords Graphitic carbon nitride · Banana leaves · Palladium nanoparticles · Suzuki–Miyaura cross-coupling · Cyanation 
reaction · Antimicrobial activity

1 Introduction

The theory of evolution, although enthralled by the topic 
of nanoscience, is the preponderance of the contemporary 
discussions, definitions, and attention centered on nano-
technology. Nanotechnology is concerned with the explo-
ration of new nano systems in the physical, chemical, and 

the biological world [1]. The fascination with the nanoscale 
materials arose from the acquisition of new traits at nano 
scale, and how the changes in size and shape attribute to 
change in properties [2]. By replacing traditional bulk mate-
rials with equivalent nanoparticles (NPs), we can provide 
environmentally acceptable and cost-effective approaches 
for transforming basic materials into valuable chemicals [3], 
and thereby enhance and use them as active and stable het-
erogeneous catalysts [4, 5].

In majority of the organic reactions, noble metals have 
been commonly utilized as catalysts. Amidst the noble 
metals, palladium has unique characteristics such as excel-
lent activity, selectivity, and stability under diverse reac-
tion circumstances [6, 7]. As a result, it has a high value 
in catalytic systems [8]. Green synthesis of metal NPs has 
received a lot of interest in recent years due to its inexpen-
sive and sustainable approach [9] as it covers a broad area in 
today’s research. To reduce metal to metal NPs, the use of 
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phytochemicals as reducing agents [10] is a straightforward 
way towards green synthesis of NPs. These phytochemicals 
are found abundantly in plant sources such as leaves, stems, 
bark, pods, flowers, and fruits [11, 12]. Typically, after the 
crop harvest, a large quantity of plant-based waste materials 
is produced. One such plant waste is of banana, an herba-
ceous plant of the species Musa acuminate [13], which is 
obtained after fruitage [14]. The biocompatibility and non-
toxicity of banana leaves are marked by their use in cooking 
and serving food, as they enhance the flavor and aroma of 
the food [15].

On the other hand, catalytic activity is affected by surface 
area. The larger the surface area, the higher the rate. Such a 
large surface area available on NPs, however, is constricted 
by the process of agglomeration [16]. As a result, researchers 
have used several solid supports, such as clays, carbon-based 
materials, silica, and other materials to disperse the metal 
NPs and thereby increase their catalytic efficiency [17, 18]. 
Due to the flourishing studies of graphene-based nanomate-
rials, two-dimensional nanosheet-based composite materials 
have garnered substantial attention and have become one 
of the hot study fields of nano chemistry. Carbon nitride 
 (C3N4) is made up of carbon and nitrogen atoms in an alter-
nating manner. It is divided into three allotropes which are 
graphitic, crystalline, and molecular. Among them, the gra-
phitic phase is analogous to graphene, and being very sta-
ble under ambient conditions is of particular relevance due 
to its unusual chemical and electrical properties. Graphitic 
carbon nitride (g-C3N4) is composed of stacked tri-s-triazine 
subunits linked via planar tertiary amino groups within a 
layer. The presence of nitrogen atoms in g-C3N4 attributes 
to its unique qualities such as semiconductor properties and 
complexing ability, excellent chemical (pH 1–14), and ther-
mal stability (up to 600 °C), making it a better material than 
graphene in various ways, possibly the best among organic 
materials [19]. As a result, g-C3N4 has been employed in het-
erogeneous catalysis [20, 21], used as a suitable supporting 
material in electrochemical sensors, hydrocarbon oxidation, 
and optoelectronic conversion, among other things [22, 23].

In organic transformations, Suzuki–Miyaura cross-cou-
pling reaction has obtained a lot of interest since its first 
appearance in the scientific community in the year 1979, 
owing to its adaptability in the creation of carbon–carbon 
(C–C) bonds [24]. Precisely, for biaryl construction, this 
cross-coupling has established itself as the “gold standard” 
[25]. As a result, it is the most commonly used reaction 
in drug discovery, synthesis of natural products and agro-
chemicals, more specifically for carrying out C(sp2)–C(sp2) 
cross-couplings. Furthermore, as compared to other cross-
coupling reactions like Kumada, Heck, Stille, Sonogoshira, 
and Fukuyama, Suzuki–Miyaura cross-coupling reaction 
has some advantages such as high tolerance towards diverse 
functional groups, ease of availability, and high stability of 

employed substrates [26]. Also, compared to other organo-
metallic reagents, organoboranes are environment friendly 
and can be easily removed from the reaction medium, espe-
cially in large-scale synthesis [27]. Hence, one of the most 
efficient techniques extensively used for the formation of 
C–C bonds in industrial and academic research is the pal-
ladium catalyzed Suzuki–Miyaura cross-coupling reaction 
[28]. However, homogeneous catalytic systems have signifi-
cant limitations such as severe reaction conditions, byprod-
uct formation, difficulty in separation of final product, and 
recovery and reusability of the catalyst. These issues can 
be addressed by using heterogeneous catalysts prepared by 
immobilizing the catalyst onto an inert support. These cata-
lytic systems have the advantages of enriched catalytic activ-
ity, low metal leaching and high reusability under ambient 
conditions [29–33].

The nitrile group (-C≡N) present in aryl nitriles are exten-
sively used as building blocks in a wide range of synthetic 
organic chemistry applications such as agrochemicals, herbi-
cides, pharmaceuticals, and natural materials, owing to their 
versatility [34]. The nitrile group can be easily transformed 
into other functionalities such as amides, carboxylic acids, 
aldehydes, ketones, or amines, making them a fundamental 
functional group in synthetic organic chemistry. Metal cata-
lyzed cyanation of aryl halides is the frequently used process 
for synthesizing aryl nitriles. Previously, stoichiometric con-
centrations of highly poisonous cyanating reagents such as 
zinc cyanide, potassium cyanide, copper cyanide, sodium 
cyanide, and trimethylsilyl cyanide (TMSCN) [35–37], or 
expensive and hazardous cyanating reagents such as benzyl 
thiocyanates, phenyl cyanates and acetone cyanohydrins [38, 
39] were utilized to synthesize aryl nitriles. To overcome 
these problems, Beller et al. were the first to employ potas-
sium hexacyanoferrate(II) trihydrate  [K4Fe(CN)6].3H2O 
as a cyanide source in cyanation reactions due to its non-
poisonous, low cost, and environmental friendly nature [40]. 
Additionally, several Pd NPs supported on inert materials 
were developed as heterogeneous catalysts and employed in 
the cyanation of aryl halides [31, 32]. Moreover, the major 
disadvantage of catalyst poisoning due to the coordination 
of cyanide ions to the catalytic metal center was not observe 
when  [K4Fe(CN)6].3H2O was used as a cyanating agent [31, 
32, 41].

Antimicrobial activity is a term that refers to all active 
bacteriostatic or bactericidal agents that helps in prevent-
ing the growth of bacteria, formation of microbial colo-
nies, and sometimes death of the microorganisms [42]. 
Nowadays, bacterial infection is one of the most serious 
clinical concerns, with significant mortality and health-
care costs. Resistance to antibiotics has emerged as a major 
public health concern with economic and social repercus-
sions globally [43]. The use of NPs has shown broad-spec-
trum antibacterial activity against both gram-positive and 
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gram-negative bacteria due to their manageable size of 
less than 100 nm, which allows them to bond with micro-
bial cells [44]. The biogenically synthesized metal NPs 
are expected to illustrate improved antibacterial activity 
through the phytochemical coated metal NPs. Hence, bio-
genically synthesized metal NPs are emerging as a promis-
ing and capable antibacterial agent [45, 46].

In this work, we describe Pd NPs embedded on 
banana leaves extract-modified graphitic carbon nitride 
[PdNPs@g-C3N4-BLE] as a nanocatalyst in a continua-
tion of our recent studies of heterogeneous catalysts in 
Suzuki–Miyaura cross-coupling and cyanation reactions 
[47–50]. The structure and composition of the PdNPs@g-
C3N4-BLE nanocatalyst was examined using several spec-
troscopic and microscopic techniques. Subsequently, the 
catalytic activity of PdNPs@g-C3N4-BLE was investigated 
in Suzuki–Miyaura cross-coupling and aryl halide cyana-
tion reactions. In both the reactions, the PdNPs@g-C3N4-
BLE nanocatalyst showed agreeable activity and recycla-
bility up to  12th and  6th recycles respectively. In addition, 
early in vitro antibacterial testing was performed against 
the gram-negative bacteria Escherichia coli (E. coli) and 
gram-positive bacteria Bacillus subtilis (B. subtilis). 
Overall, the biogenically synthesized PdNPs@g-C3N4-
BLE nanocatalyst revealed higher catalytic efficiency and 
antibacterial activity which play significant roles in both 
industrial and medicinal sectors.

2  Experimental

2.1  Materials

Prior to usage, all solvents were used without any purifica-
tion. Waste banana leaves were collected from local farmers 
in the Yadavanahalli region of Bangalore, Karnataka, India. 
Melamine powder, Pd(OAc)2,  [K4Fe(CN)6].3H2O, aryl hal-
ides, acids, bases and phenylboronic acids were purchased 
from Sigma-Aldrich and Avra chemical companies and were 
used without further purification. Unless otherwise speci-
fied, all reactions were carried out in oven-dried glassware 
with magnetic stirring and heating accomplished by heating 
mantle or silicone oil bath under aerobic conditions. Thin-
layer chromatography (TLC) was used to monitor reactions 
on 0.25 mm Merck TLC silica gel plates with Ultra-visible 
(UV) light as a visualizing agent. Column chromatography 
was performed using silica gel (60–120 mesh, Merck), to 
purify the reaction products. The removal of volatile solvents 
with a rotary evaporator attached to a dry diaphragm pump 
(10–15 mm Hg), followed by pumping to a constant weight 
with an oil pump (300 mTorr), is referred to as concentra-
tion in vacuo.

2.2  Characterization

Fourier transform infrared spectra (FT-IR) were obtained 
by PerkinElmer spectrometer (L160000A, PerkinElmer, 
USA). Gas chromatography mass spectroscopy (GC–MS) 
analysis was performed on Shimadzu (Tokyo, Japan) Make 
GC–MS-TQ8030 system. The aqueous-ethanolic extract of 
banana leaves was further extracted using dichloromethane 
and directly used for GC–MS analysis to know the major 
phytochemicals present in the banana leaves. By physisorp-
tion of  N2 gas molecules, Brunauer–Emmett–Teller surface 
areas (BET) were obtained using BELSORP-max, Micro-
tracBEL, Japan. Before the analysis, all the samples were 
degassed at 100 °C for 2 h. UV–Visible spectrophotometer 
(UV-1900, Shimadzu, Japan) was used to record absorption 
spectra from the wavelength range of 200–800 nm. Surface 
morphology along with elemental distribution was analyzed 
by field emission scanning electron microscopy (FE-SEM) 
(JEOL JSM-7100F, JEOL, Singapore) with energy dis-
persive X-ray spectroscopy (EDX), respectively. The total 
palladium content loaded on the PdNPs@g-C3N4-BLE 
nanocatalyst was quantified by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) (Optima 5300 DV, 
PerkinElmer, USA). Powder X-ray diffraction measurements 
(p-XRD) were obtained by using Ultima IV X-Ray Diffrac-
tometer, Rigaku, Japan. Thermogravimetric/differential ther-
mal analyzer (TGA/DTA) (TGA/DTA Q500 V20.10 Build 
36) was employed for thermogravimetric analysis with a 
heating rate of 10 °C  min−1 in  N2 atmosphere. High resolu-
tion transmission electron microscope (HR-TEM) images 
were obtained by Tecnai G2, T30 S-TWIN (LaB6) (HRTEM 
300 kV). Proton nuclear magnetic resonance (1H NMR) 
spectra were recorded at 400 MHz in deuterated chloroform 
 (CDCl3, δ = 7.26 ppm). 1H NMR coupling constants (J) are 
reported in Hertz (Hz) and multiplicities are specified as 
follows: s (singlet), d (doublet), t (triplet), m (multiplet).

2.3  Preparation of banana leaves extract (BLE)

Fresh banana leaves were washed with tap water followed 
by distilled water to remove the impurities present on the 
surface of the leaves, then fragmented into small pieces and 
shade dried. The dried leaves were pulverized in an elec-
tric blender. Later, 5 g of ground leaves were added into 
a 250 mL conical flask containing 200 mL of ethanol and 
distilled water (1:1 v/v) mixture, and stirred for 1 h with a 
funnel on the mouth of the conical flask. After extraction, 
the ground leaves were removed by centrifugation of the 
reaction mixture at 3000 rpm for 5 min. Further the super-
natant was filtered to get a clean extract free of extraneous 
particles. The obtained extract was stored in the refrigerator 
at 4 °C for further use.
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2.4  Synthesis of graphitic carbon nitride (g‑C3N4)

In a crucible, 10 g of melamine powder was weighed and 
placed in a muffle furnace. The temperature of the muffle 
furnace was raised to 500 °C at a heating rate of 2 °C  min−1 
and maintained for 4 h. The obtained yellow-colored g-C3N4 
(4.98 g) was cooled to room temperature for further use [51].

2.5  Synthesis of hydroxyl substituted graphitic 
carbon nitride (g‑C3N4‑OH)

In brief, 4 g of prepared g-C3N4 was added to an Erlenmeyer 
bulb containing a mixture of conc.  HNO3 and conc.  H2SO4 
(1:1 v/v, 20 mL), stirred at room temperature for 2 h, fol-
lowed by sonication for 30 min. The reaction mass was then 
centrifuged, rinsed with water until it reached a neutral pH, 
and successively with ethanol (2 × 40 mL). The obtained 
solid was kept overnight for drying at 50 °C to yield the 
white colored g-C3N4-OH (1.92 g).

2.6  Green synthesis of palladium nanoparticles 
embedded banana leaves extract‑modified 
graphitic carbon nitride (PdNPs@g‑C3N4‑BLE)

To an aqueous solution of 100 mL of 10 mM Pd(OAc)2, 
0.5 g of g-C3N4-OH was added, sonicated for 20 min and 
kept for stirring at 85 °C for 1 h. On completion of 1 h, 
40 mL of BLE was added drop wise and stirred at the same 
temperature for 24 h. The reaction mass was then washed 
with water (2 × 25  mL) and acetone (2 × 25  mL). The 
obtained residue was dried overnight at 50 °C to get an olive 
green colored PdNPs@g-C3N4-BLE nanocatalyst (0.59 g).

2.7  General procedure for Suzuki–Miyaura 
cross‑coupling reaction

In a round-bottomed flask, PdNPs@g-C3N4-BLE nanocata-
lyst (2.3 mol% Pd), aryl halide (1.0 equiv.), phenyl boronic 
acid (1.1 equiv.), and sodium carbonate (2.2 equiv.) were 
taken. To these, EtOH:H2O (1:1 v/v, 6 mL) was added and 
stirred at 50 °C for the specified time interval. The progress 
of the reaction was monitored through TLC. After comple-
tion of the reaction, the mixture was cooled to room tem-
perature and the PdNPs@g-C3N4-BLE nanocatalyst was 
separated by centrifugation. The filtrate was extracted using 
dichloromethane in a separatory funnel and dried over anhy-
drous  Na2SO4. The dried organic layer was concentrated in 
vacuo and the product was purified by column chromatogra-
phy using n-hexane and ethyl acetate as eluents to afford the 
corresponding products in good to excellent yields. 1H NMR 
spectra (see supporting information) of all the cross-coupled 
products were recorded and compared to the standard sam-
ples for confirmation.

2.8  General procedure for cyanation of aryl halides

A solution of aryl halide (1 equiv.),  K4[Fe(CN)6].3H2O 
(0.17 equiv., as the cyanide source),  Na2CO3 (1.5 equiv.), 
and PdNPs@g-C3N4-BLE nanocatalyst (2.3 mol% Pd) in 
DMF (5 mL) was magnetically swirled at 140 °C for the 
required time period. On completion of the reaction, as 
determined by TLC, the reaction mixture was cooled to 
room temperature and centrifuged at 3000 rpm for 15 min 
to separate the PdNPs@g-C3N4-BLE nanocatalyst. The 
obtained supernatant was then extracted with ethyl ace-
tate, washed with water (2 × 20 mL) and the organic phase 
was dried over anhydrous  Na2SO4. The dried organic layer 
was concentrated in vacuo and the product was purified 
through column chromatography using n-hexane and ethyl 
acetate as eluents to afford the corresponding products 
in good to excellent yields. All the aryl nitrile products 
were known molecules and were confirmed by compar-
ing 1H NMR data with standard samples (see supporting 
information).

2.9  General procedure for antimicrobial activity

The agar well diffusion method with 4 circular wells (6 mm) 
and sterile borer was used to screen the antimicrobial activ-
ity of the g-C3N4 and PdNPs@g-C3N4-BLE nanocatalyst. 
For this, E. coli and B. subtilis were used as test organisms 
and were inoculated overnight in bacteriological incubator 
at 37 ºC. The test organisms were then loaded with the help 
of L-shaped glass spreader across the petri plate having 
solidified nutrient agar using the spread plate technique. The 
g-C3N4 and PdNPs@g-C3N4-BLE nanocatalyst were loaded 
on different plates along with standard streptomycin (10 μg), 
and the vehicles used for streptomycin (distilled water) and 
for g-C3N4 and PdNPs@g-C3N4-BLE nanocatalyst (ethylene 
glycol:HCl (9:1)). The plates were then incubated for 24 h 
at 37 ºC and the results were analyzed and recorded. The 
analysis was carried out in triplicates, and the average of 
the three was taken.

2.10  Procedure for recovery 
of the PdNPs@g‑C3N4‑BLE nanocatalyst

In organic transformations, the catalyst’s stability and reus-
ability are significant considerations, especially for practi-
cal industrial applications. To address this, the separated 
PdNPs@g-C3N4-BLE nanocatalyst, following reaction 
completion, was washed with water (2 × 20 mL), metha-
nol (2 × 20 mL), and dried at 45 °C for 12 h. The dried 
PdNPs@g-C3N4-BLE nanocatalyst was employed as such 
for the next round of reaction.
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3  Results and discussion

3.1  Synthesis of PdNPs@g‑C3N4‑BLE nanocatalyst

We report here the synthesis of PdNPs@g-C3N4-BLE nano-
catalyst from melamine and aqueous-ethanolic extract of 
banana leaves, without the use of any hazardous or harmful 
chemicals or solvents as illustrated in Scheme 1. Banana 
leaves were chosen for the study due to their plenitude and 
presence of considerable number of phytochemicals contain-
ing phenols, acids, terpenoids, tannins, etc. [13]. These phy-
tochemicals aid in the reduction of Pd(II) to Pd(0), as well 
as the variety of functional groups available in them help in 
retaining Pd NPs adhered to the support. Firstly, g-C3N4 was 
prepared from the nitrogen rich triazine compound mela-
mine through polymerization of tri-s-triazine by calcination 
at 500 °C for 4 h. The surface of g-C3N4 was then hydroxy-
lated to increase its surface hydroxyl group by treating it 
with conc.  HNO3 and conc.  H2SO4 (1:1v/v) at room tem-
perature for 2 h. This assists in activating the g-C3N4 surface 
for better binding to the phytochemicals. Lastly, Pd(OAc)2 
dispersed in an aqueous solution of g-C3N4-OH by constant 
stirring for 1 h at 85 °C was treated with BLE and further 
stirred for 24 h. The BLE itself plays the important roles 
of capping, stabilizing and reducing agent, usually used in 
nanoparticle synthesis, enabling three-in-one property for 

the formation of stable Pd NPs. In the desired PdNPs@g-
C3N4-BLE nanocatalyst, obtained as olive green colored 
solid, the phytochemicals in the banana leaves extract and 
the hydroxyl groups on the heterogeneous support will serve 
as securing points for the Pd NPs.

3.2  Spectroscopic and microscopic characterization

3.2.1  FT‑IR spectroscopy

FT-IR spectroscopy was performed to evaluate the change 
in chemical composition from g-C3N4 to PdNPs@g-C3N4-
BLE nanocatalyst (Fig. 1). In the FT-IR spectrum of g-C3N4 
(Fig. 1a), peaks observed at 807  cm−1 is assigned to the out-
of-plane vibration characteristic of C-N heterocycles. Sev-
eral bands from 1239 to 1643  cm−1 are due to the 1,3,5-tri-
azine units. The broad band at 3165  cm−1 represents the 
presence of the -NH2 group [52]. In the FT-IR spectrum of 
g-C3N4-OH (Fig. 1b) the peaks of g-C3N4 are retained and 
the absorption peaks observed at 2426, 2135, and 1114  cm−1 
are due to the vibrations of the terminal nitrile group and the 
oxygen containing groups. The peak located at 3350  cm−1 
is merged with 3150  cm−1 mainly due to the overlapping of 
the stretching vibrations of -OH groups with –NH2 groups 
[53]. The FT-IR spectrum of BLE (Fig. 1c) exhibited the 
stretching vibration of -OH group at 3400  cm−1, asymmetric 

Scheme 1  Synthetic scheme for the preparation of PdNPs@g-C3N4-BLE nanocatalyst
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Fig. 1  FT-IR spectra of (a) g-C3N4, (b) g-C3N4-OH, (c) BLE, (d) 
fresh PdNPs@g-C3N4-BLE nanocatalyst, (e) twelve times recycled 
PdNPs@g-C3N4-BLE nanocatalyst used for Suzuki–Miyaura cross-

coupling, and (f) six times recycled PdNPs@g-C3N4-BLE nanocata-
lyst used for aryl halide cyanation
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stretching of a methyl group at 2921  cm−1, C-H stretching of 
alkanes and/or secondary amine at 2855  cm−1, C = O stretch-
ing at 1723  cm−1, -NH stretching vibration at 1463  cm−1, 
and aromatic amines (C-N stretching) at 1384  cm−1, and 
the peaks at 1264  cm−1, 1062  cm−1, and 971  cm−1 indi-
cate the presence of alcohols, carboxylic acids, and C = C 
bending of alkenes respectively. These peaks indicate the 
existence of active constituents such as saponins, phenols, 
terpenoids, steroids and tannins which are responsible for 
the reduction of Pd(II) to Pd(0), as well as for stabiliza-
tion of Pd(0) on g-C3N4-OH. Furthermore, in the FT-IR 
spectrum of PdNPs@g-C3N4-BLE nanocatalyst (Fig. 1d), 
presence of peaks corresponding to the stretching vibra-
tions of functional groups present in BLE, g-C3N4 and -OH 
groups, indicate the successful coating of phytochemicals 
and formation of Pd NPs onto g-C3N4-OH. The FT-IR spec-
tra of the recycled PdNPs@g-C3N4-BLE nanocatalyst in 
Suzuki–Miyaura cross-coupling and aryl halide cyanation 
reactions remained basically intact with minor variations 
in the peaks aside from the merging of peaks in the range 
1617–1244  cm−1 (Fig. 1e and f), confirming the retention of 
the chemical structure.

3.2.2  p‑XRD analysis

In each step, p-XRD patterns were recorded to analyze the 
structural modifications (Fig. 2). The two diffraction peaks 
of g-C3N4 at 2 �=12.30° and 27.56° correspond to the (100) 
and (002) planes (Fig. 2a, JCPDS card No. 85–1526). The 
diffraction pattern of g-C3N4-OH (Fig. 2b) was found to 
preserve the crystal structure of g-C3N4 even after function-
alization. The PdNPs@g-C3N4-BLE nanocatalyst showed 

three additional diffraction peaks at 2 �=40.24°, 46.51° and 
68.04° corresponding to the (111), (200) and (220) planes 
of Pd NPs respectively (Fig. 2c, JCPDS card No. 05–0681). 
From the lattice planes, it confirms the presence of face cen-
tered cubic crystal structure of Pd NPS in the PdNPs@g-
C3N4-BLE nanocatalyst which matches well with reported 
literature. In addition, the Debye–Scherrer formula was used 
to calculate the average crystallite size of Pd NPs in the 
PdNPs@g-C3N4-BLE nanocatalyst, which was found to be 
14.98 nm.

3.2.3  GC–MS analysis of BLE

GC–MS analysis of the aqueous-ethanolic extract of banana 
leaves (Table 1) indicated the presence of major phytochemi-
cal components such as phenols, acids, terpenoids, tannins 
like 2,4-di-tert-butylphenol, 1-nonadecene, 1,2-benzenedi-
carboxylic acid, bis(2-methylpropyl) ester, bis(2-ethylhexyl)
phthalate, 1-heptacosanol and dibutyl phthalate which are 
responsible for the reduction of Pd(II) to Pd(0) and stabiliza-
tion of the PdNPs@g-C3N4-BLE nanocatalyst.

3.2.4  Qualitative analysis of phytochemicals present in BLE

Qualitative analysis was carried out to identify the phyto-
chemicals present in the aqueous-ethanolic banana leaves 
extract. The results of the color reactions are shown in Fig. 3. 
The results of the various tests conducted for saponins, phe-
nols, steroids, terpenoids, and tannins were well-matched 
with the literature reports [54, 55] and are summarized in 
Table S1.

3.2.5  ICP‑OES analysis

The exact quantity of palladium present in the PdNPs@g-
C3N4-BLE nanocatalyst was quantified by ICP-OES analy-
sis. The palladium loading on the PdNPs@g-C3N4-BLE 
nanocatalyst was found to be 12.21% w/w.

3.2.6  TG/DTA analysis

For catalysts to maintain their activity over a wider range 
of reaction temperature and durations, thermal stability is 
a crucial feature. Thermally stable catalysts are particularly 
significant for industrial applications that need extensive 
thermal treatment. Thus, the thermal stability of g-C3N4 
and the PdNPs@g-C3N4-BLE nanocatalyst was estimated 
by TG/DTA analysis at a heating rate of 10  °C   min−1 
under a nitrogen atmosphere between 40 °C and 800 °C 
(Fig. 4). The g-C3N4 remained stable up to 550 °C, fol-
lowed by a sudden weight loss of about ~ 99% in the range 
of 570–700 °C, which may be due to the disintegration of 
the tri-s-triazine units of g-C3N4 (Fig. 4a). The oxidation 

Fig. 2  p-XRD patterns of (a) g-C3N4, (b) g-C3N4-OH, and (c) 
PdNPs@g-C3N4-BLE nanocatalyst
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of g-C3N4 to produce  CO2 and  NH3 may be responsible for 
the exothermic peak [56] around 670 °C as observed in the 
DTA curve (Fig. 4a). On the other hand, the TG curve of 
the PdNPs@g-C3N4-BLE nanocatalyst is shown in Fig. 4b. 
The PdNPs@g-C3N4-BLE nanocatalyst was observed to 
degrade in three stages. In the first stage, ~ 10% weight loss 
found in the range of 50–115 °C corresponds to the evapora-
tion of adsorbed water molecules as well as volatile organic 
moieties. The second stage occurred from 180 to 330 °C, 
with ~ 21% weight loss due to the evaporation/degradation 
of bare phytochemicals and loss of -OH groups. The high-
est deterioration was observed in the third stage, between 
550 and 600 °C with a weight loss of ~ 60%. This is due to 
the complete disintegration of tri-s-triazine units of g-C3N4. 
Furthermore, the DTA curve showed two broad exother-
mic peaks at 254 °C and from 500 °C corresponding to the 
degradation of -OH groups and phytochemicals grafted on 
PdNPs@g-C3N4-BLE nanocatalyst (Fig. 4b). Based on TG/
DTA curve, it can be concluded that the PdNPs@g-C3N4-
BLE nanocatalyst is stable up to 200 °C, allowing it to be 
employed in organic transformations up to 200 °C.

3.2.7  UV–visible analysis

UV–visible spectroscopy was applied to check the utilization 
of phytochemicals during the synthesis process. The absorp-
tion spectrum of the fresh BLE exhibited two λmax at wave-
lengths 260 and 350 nm (Fig. 5a) that are responsible for the 
presence of polyphenolic tannin and other phytocomponents. 
The absorption spectrum of the extract after Pd(II)–Pd(0) 
reduction showed decrease in the intensity of the absorption 
peaks in comparison to the fresh extract (Fig. 5b). Thus, it 
has been concluded that the phytochemicals found in BLE 
are successfully utilized in the synthesis of PdNPs@g-C3N4-
BLE nanocatalyst.

3.2.8  FE‑SEM and EDX analysis

FE-SEM analysis was performed to obtain information 
about the surface morphology of synthesized g-C3N4, 
g-C3N4-OH and PdNPs@g-C3N4-BLE nanocatalyst (Fig. 6). 
It was observed that the g-C3N4 is made up of number of 
nanosheets and some worm-like nano vessels formed by the 

Table 1  Phytochemicals 
identification using GC–MS

Sl. 

No.
RT

Area 

(%)
Structure Name of the compound

1. 7.38 7.86 2,4-Di-tert-butylphenol

2. 8.48 3.62 1-Nonadecene

3. 8.76 29.49
1,2-Benzenedicarboxylic acid, 

bis(2-methylpropyl) ester

4. 10.89 30.10 Bis(2-ethylhexyl)phthalate

5. 9.80 4.07 1-Heptacosanol

6. 8.92 5.67 Dibutyl phthalate
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curling of the nanosheets (Fig. 6a). The unequal tempera-
ture distribution during calcination may be the cause of the 
non-uniform morphology of the g-C3N4 [56]. Exfoliation 
of the g-C3N4 during the formation of g-C3N4-OH caused 
some of the worm-like structure to break and form sheet-
like morphologies as seen in Fig. 6b. From the FE-SEM 

image of PdNPs@g-C3N4-BLE nanocatalyst (Fig. 6c), we 
may deduce that the small spherical particles accumulated 
on the layer of g-C3N4-OH could represent the biologically 
synthesized Pd NPs. The surface morphology of the 12 
times and 6 times recycled PdNPs@g-C3N4-BLE nanocata-
lyst used in Suzuki–Miyaura cross-coupling and aryl halide 

Fig. 3  Images of results of qualitative tests for (a) saponins, (b) phenols, (c) steroids, (d) terpenoids, and (e) tannins

Fig. 4  TG/DTA curve of (a) g-C3N4 and (b) PdNPs@g-C3N4-BLE nanocatalyst
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cyanation reactions, respectively, remained substantially 
identical to that of the fresh PdNPs@g-C3N4-BLE nanocata-
lyst (Fig. 6d and e). However, an increase in agglomeration 
was observed after 6 times recycled PdNPs@g-C3N4-BLE 
nanocatalyst used in cyanation reaction (Fig. 6e). From the 
EDX analysis the elemental composition of the biogenically 
synthesized PdNPs@g-C3N4-BLE nanocatalyst was con-
firmed. The EDX spectrum (Fig. S1) revealed the presence 

of C, N, O, and Pd, which represents the successful grafting 
of Pd on the surface of BLE modified g-C3N4. The elemental 
mapping of the PdNPs@g-C3N4-BLE nanocatalyst showed 
the distribution of elements to be uniform (Fig. S2).

3.2.9  HR‑TEM analysis

Furthermore, HR-TEM analysis was carried out to substan-
tiate the surface morphology of the g-C3N4 and PdNPs@g-
C3N4-BLE nanocatalyst obtained from FE-SEM analysis. 
The HR-TEM image of g-C3N4 showed curled worm-like 
structure embodied in a strip-like nanosheet, which is 
consistent with the FE-SEM image (Fig. 7a). In the HR-
TEM image of the PdNPs@g-C3N4-BLE nanocatalyst, the 
immobilization of Pd NPs on the g-C3N4 sheet is clearly 
visible as black spots as seen in Fig. 7b. The (111) diffrac-
tion plane of Pd NPs in the PdNPs@g-C3N4-BLE nano-
catalyst showed the planar spacing of the atomic lattice 
fringes of 0.22 nm (Fig. 7c). The selected area electron 
diffraction (SAED) pattern of the PdNPs@g-C3N4-BLE 
nanocatalyst displayed polycrystalline nature (Fig. 7d). 
Furthermore, from the particle size distribution, particle 
size was observed to vary from 4 to 18 nm with an average 
diameter of 8.8 nm (Fig. 7e). The elemental mapping of 
the PdNPs@g-C3N4-BLE nanocatalyst (Fig. 7f–i) was also 
in agreement with that of Fig. S2.

Fig. 5  UV–visible spectra of (a) fresh extract and (b) extract after 
reduction

Fig. 6  FE-SEM images of (a) g-C3N4, (b) g-C3N4-OH, (c) fresh PdNPs@g-C3N4-BLE nanocatalyst, (d) twelve-times recycled PdNPs@g-C3N4-
BLE nanocatalyst used in Suzuki–Miyaura cross-coupling, and (e) six-times recycled PdNPs@g-C3N4-BLE nanocatalyst used in cyanation reaction
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3.2.10  BET surface area analysis

To calculate the specific surface area of g-C3N4, g-C3N4-OH, 
and PdNPs@g-C3N4-BLE nanocatalyst, the BET analysis 
was employed. The nitrogen adsorption–desorption curves 
for g-C3N4, g-C3N4-OH, and PdNPs@g-C3N4-BLE nano-
catalyst showed type II isotherm (Fig. 8) indicating the 
presence of mesoporous structure. The g-C3N4 has a small 
specific surface area of 9.85  m2  g−1 (Fig. 8a), however, due 
to exfoliation the g-C3N4-OH showed a specific surface 
area of 26.92  m2g1 (Fig. 8b) [57]. Furthermore, the specific 
surface area of the PdNPs@g-C3N4-BLE nanocatalyst was 
found to be 55.85  m2  g−1 (Fig. 8c), which could be related 

to the presence of phytochemicals. From the BJH pore size 
distribution plot, the mean pore diameter and mean pore 
volume of PdNPs@g-C3N4-BLE nanocatalyst were obtained 
as 7.01 nm and 0.098  cm3  g−1, respectively (Fig. 8d).

3.3  Catalytic activity of PdNPs@g‑C3N4‑BLE 
in Suzuki–Miyaura cross‑coupling reaction

Following a comprehensive assessment using a vari-
ety of analytical techniques, the air and moisture stable 
PdNPs@g-C3N4-BLE nanocatalyst was evaluated for 
its catalytic potential in Suzuki–Miyaura cross-cou-
pling reaction. The Suzuki–Miyaura cross-coupling 

Fig. 7  HR-TEM images of (a) g-C3N4, (b) PdNPs@g-C3N4-BLE nanocatalyst and the corresponding (c) palladium d-spacing, (d) SAED pattern, 
(e) average particle size distribution, and (f–i) elemental mapping
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reaction is particularly interesting in the synthesis of 
biaryls and derivatives by C–C bond formation. As illus-
trated in Scheme 2, the reaction conditions for a model 
Suzuki–Miyaura cross-coupling reaction of 4-iodoanisole 
with phenylboronic acid were optimized. In this study we 
have mainly focused on cost-effective and environmentally 
friendly synthetic routes. As a result, during optimization, 
green solvents such as ethanol and water were prioritized. 
The early results showed that utilizing  Na2CO3 as the 
base, EtOH:H2O (1:1 v/v) as the solvent, and 2.3 mol% 
PdNPs@g-C3N4-BLE nanocatalyst at 50 °C in 2 h yielded 

the best yield and hence considered as the optimized con-
ditions (Table 2, entry 5).

Table 2 summarizes the impact of several parameters 
such as solvent, base, time, and catalyst loading on the 
performance of the PdNPs@g-C3N4-BLE nanocatalyst for 
the model reaction for Suzuki–Miyaura cross-coupling 
reaction. The role of catalyst ratio in organic transforma-
tion is very important. As a result, we have studied the 
influence of the nanocatalyst by varying catalyst loading. 
Typically, 0.6, 1.2, 2.3, 3.5 and 4.6 mol% of Pd (Table 2, 
entries 3–7) were used to determine the optimum amount 

Fig. 8  Nitrogen adsorption–desorption curves for (a) g-C3N4, (b) g-C3N4-OH, (c) PdNPs@g-C3N4-BLE nanocatalyst, and (d) BJH pore size 
distribution plot of PdNPs@g-C3N4-BLE nanocatalyst

Scheme 2  Suzuki–Miyaura cross-coupling reaction between 4-iodoanisole with phenylboronic acid in the presence of the PdNPs@g-C3N4-BLE 
nanocatalyst
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of the PdNPs@g-C3N4-BLE nanocatalyst required for 
the reaction and the products were obtained in 42, 74, 
98, 92, and 92% yields, respectively. When 2.3 mol % 
of Pd was utilized (Table 2, entry 5), the best yield of 
98% was produced, and further increase in the catalyst 
ratio did not increase the yield (Table 2, entries 6 and 
7). Furthermore, to investigate the role of the nanocat-
alyst in cross-coupling reactions, a control experiment 
was carried out without the PdNPs@g-C3N4-BLE nano-
catalyst, and no cross-coupled product was observed 
(Table  2, entry 9), signifying the requirement of the 
nanocatalyst. Different solvents such as  H2O, EtOH:H2O 
(1:1), EtOH, MeOH, DMF, acetonitrile, and 1,4-dioxane 
were used to test the effect of solvent on the catalytic 
potential of the PdNPs@g-C3N4-BLE nanocatalyst. The 
reaction proceeded well with polar protic solvents such 
as  H2O, EtOH:H2O (1:1), EtOH, and MeOH (Table 2, 
entries 10, 5, 11, and 12), while this was not seen with 
polar aprotic solvents such as DMF, acetonitrile, and 
1,4-dioxane (Table 2, entries 13–15). This could be due 
to the poor solubility of the reagents in these solvents as 
reported in various data bases [58]. Among the solvent 
systems tested, EtOH:H2O (1:1) mixture gave the best 

yield (Table 2, entry 5) where both the reactants and the 
base is highly soluble and hence shows the excellent cata-
lytic activity with high yield compared to other solvents. 
Furthermore, the effect of base on the catalytic activity 
of the PdNPs@g-C3N4-BLE nanocatalyst was investigated 
using the following bases:  Na2CO3,  K2CO3, NaOH, KOH, 
KF,  Na3PO4.12H2O,  Et3N (triethylamine), and  Cs2CO3 
(Table  2, entries 5 and 16–22). The bases  Na2CO3, 
 K2CO3,  Na3PO4.12H2O,  Et3N, and  Cs2CO3 showed good 
to excellent yields (Table 2, entries 5, 16, and 20–22). 
On the other hand, NaOH, KOH, and KF showed reduced 
conversion (Table 2, entries 17–19). In comparison to 
other bases,  Na2CO3 is cheap and non-toxic, which also 
furnished the highest yield (Table 2, entry 5). Therefore, 
 Na2CO3 was selected as the base for further reactions. 
The influence of temperature on the catalytic activity of 
the PdNPs@g-C3N4-BLE nanocatalyst was investigated 
at room temperature, 50 and 60 °C. The rate of catalytic 
activity increased with increase in temperature from room 
temperature to 50 °C beyond which the yield remained 
constant (Table 2, entries 2, 5, 8). Hence the reaction tem-
perature was optimized as 50 °C (Table 2, entry 5). The 
model reaction was carried out at various time intervals 

Table 2  Optimization of 
reaction conditions for Suzuki–
Miyaura cross-coupling 
reaction of 4-iodoanisole with 
phenylboronic  acida

Bold value indicates the best reaction condition among the sets of reactions performed
a Reaction conditions: 4-iodoanisole (1 equiv.), phenylboronic acid (1.1 equiv.), PdNPs@g-C3N4-BLE 
(mol% palladium with respect to aryl halide), base (2.2 equiv.), and solvent (6 mL) in air
b Isolated yield after separation by column chromatography; average of two runs

Entry Base Solvent Temp. (°C) Pd (mol%) Time (h) Yieldb (%)

1 Na2CO3 EtOH:H2O (1:1) RT 2.3 2 45
2 Na2CO3 EtOH:H2O (1:1) RT 2.3 2.6 52
3 Na2CO3 EtOH:H2O (1:1) 50 0.6 2 42
4 Na2CO3 EtOH:H2O (1:1) 50 1.2 2 74
5 Na2CO3 EtOH:H2O (1:1) 50 2.3 2 98
6 Na2CO3 EtOH:H2O (1:1) 50 3.5 2 92
7 Na2CO3 EtOH:H2O (1:1) 50 4.6 2 92
8 Na2CO3 EtOH:H2O (1:1) 60 2.3 2 98
9 Na2CO3 EtOH:H2O (1:1) 50 - 2 -
10 Na2CO3 Water 50 2.3 2 22
11 Na2CO3 EtOH 50 2.3 2 45
12 Na2CO3 MeOH 50 2.3 2 40
13 Na2CO3 DMF 50 2.3 2 NR
14 Na2CO3 Acetonitrile 50 2.3 2 NR
15 Na2CO3 1,4-Dioxane 50 2.3 2 NR
16 K2CO3 EtOH:H2O (1:1) 50 2.3 2 92
17 NaOH EtOH:H2O (1:1) 50 2.3 2 42
18 KOH EtOH:H2O (1:1) 50 2.3 2 48
19 KF EtOH:H2O (1:1) 50 2.3 2 45
20 Na3PO4.12H2O EtOH:H2O (1:1) 50 2.3 2 86
21 Et3N EtOH:H2O (1:1) 50 2.3 2 88
22 Cs2CO3 EtOH:H2O (1:1) 50 2.3 2 85
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using the PdNPs@g-C3N4-BLE nanocatalyst to explore 
the influence of time (Table 2). As a result, the optimum 
period for the cross-coupled products was determined to 
be 2 h.

3.3.1  Suzuki–Miyaura cross‑coupling reaction 
between different aryl halides with aryl boronic acids 
using PdNPs@g‑C3N4‑BLE nanocatalyst

A wide range of electron-donating (-OCH3, -CH3, -OH) 
and electron-withdrawing (-NO2, -CN, -COCH3, and 
-CHO) groups substituted aryl halides (-I, -Br, -Cl) were 
cross-coupled with different phenylboronic acids (phe-
nyl, 4-chlorophenyl, and 4-carboxyphenyl boronic acids) 
under optimized reaction conditions to study the scope 
and general applicability of the PdNPs@g-C3N4-BLE 
nanocatalyst in Suzuki–Miyaura cross-coupling reac-
tion. The results are summarized in Table 3. The results 
demonstrate that aryl iodides gave good to exceptional 
yields compared to aryl bromides which was better than 
that of aryl chlorides (Table 3, entries 1–4, 6, 7, 12, 13, 
15–19). Although the electronic properties of the sub-
stituents had little effect on product formation, steric 
interactions impeded the cross-coupling reaction as seen 
in –OCH3 and CHO groups substituted at 2- and 4-posi-
tions of the aryl halide (Table 3, entries 1, 5, 10, and 
11). Likewise, on substituting the 4-position of phenylbo-
ronic acid with electron withdrawing groups such as –Cl 
and –COOH, decrease in the conversion was observed 
compared to the unsubstituted acid (Table 3, entries 1–4, 
17–19). The PdNPs@g-C3N4-BLE nanocatalyst dem-
onstrated high selectivity towards the formation of the 
cross-coupled products with high TONs and TOFs, while 
only trace amounts of the biphenyl homo-coupled prod-
uct was observed, thus, indicating the PdNPs@g-C3N4-
BLE nanocatalyst to be very selective. To broaden the 
applicability of the PdNPs@g-C3N4-BLE nanocatalyst, 
we have synthesized a non-steroidal anti-inflammatory 
drug (NSAID) Felbinac [59], which relieves muscular 
aches and pains, as well as discomfort due to sprains and 
strains. Felbinac was synthesized using green reaction 
conditions in 2 h through Suzuki–Miyaura cross-coupling 
of 4-bromophenylacetic acid with phenylboronic acid 
(Table 3, entry 21).

The plausible mechanism involved in Suzuki–Miyaura 
cross-coupling reaction using PdNPs@g-C3N4-BLE nano-
catalyst is depicted in Scheme 3. The C–C cross-coupled 
products are obtained via the possible mechanistic inter-
mediates (II and III). Firstly, the oxidative addition of 
the aryl halide onto the nanocatalyst to form II. Secondly, 
the transmetallation between II and the base activated 
arylboronic acid to give III, which undergoes reductive 

elimination to yield the cross-coupled product and the 
nanocatalyst.

3.3.2  Recyclability of the PdNPs@g‑C3N4‑BLE nanocatalyst 
in Suzuki–Miyaura cross‑coupling reaction

The recycling of catalysts is necessary from the economic 
and environmental points of view. Therefore, recyclabil-
ity study of the PdNPs@g-C3N4-BLE nanocatalyst was 
investigated by using the Suzuki–Miyaura cross-coupling 
model reaction. The PdNPs@g-C3N4-BLE nanocatalyst 
was used up to 12th recycles without significant decline 
in activity as shown in Fig. 9. Furthermore, the 12 times 
recycled PdNPs@g-C3N4-BLE nanocatalyst was charac-
terized by FT-IR (Fig. 1e) and FE-SEM (Fig. 6d) analysis 
and no noticeable change in the chemical composition or 
morphology of the PdNPs@g-C3N4-BLE nanocatalyst 
were observed.

3.3.3  Heterogeneity study of PdNPs@g‑C3N4‑BLE 
nanocatalyst

To better understand the heterogeneity of the PdNPs@g-
C3N4-BLE nanocatalyst, a hot filtration test was performed. 
The model Suzuki–Miyaura cross-coupling reaction was 
performed under optimized conditions for 1 h. Then the 
PdNPs@g-C3N4-BLE nanocatalyst was separated from the 
reaction mixture, and the reaction continued under TLC 
monitoring. We observed no further conversion up to 2 h, 
and the isolated yield was 50% which was also confirmed by 
GC–MS analysis (see supporting information). This shows 
that there is no leaching of palladium from the nanocatalyst 
into the reaction mass, proving the heterogeneous nature of 
the PdNPs@g-C3N4-BLE nanocatalyst [60].

3.3.4  Comparison of catalysts in Suzuki–Miyaura 
cross‑coupling reaction

In order to understand the significance of the PdNPs@g-
C3N4-BLE nanocatalyst, we compared the Suzuki–Miyaura 
cross-coupling reaction of the PdNPs@g-C3N4-BLE nano-
catalyst between 4-iodoanisole and phenylboronic acid with 
those for other catalysts reported in literature (Table 4). The 
results show that the PdNPs@g-C3N4-BLE nanocatalyst 
has superior catalytic activity at moderate temperature in 
green medium (EtOH:H2O (1:1)). The PdNPs@g-C3N4-BLE 
nanocatalyst has several key advantages such as short reac-
tion time, mild reaction conditions, use of green solvents, 
good selectivity, reusability for subsequent reactions, cost-
effectiveness, and ease of manufacture.
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3.4  Catalytic activity of PdNPs@g‑C3N4‑BLE catalyst 
in cyanation reaction

Following the Suzuki–Miyaura cross-coupling reaction of 
aryl halides, we performed cyanation reaction to further 
explore the catalytic efficiency of the PdNPs@g-C3N4-BLE 

nanocatalyst. Due to its less hazardous, easily accessibility, 
and cost-effectiveness,  K4[Fe(CN)6].3H2O was chosen as 
the cyanide source for the cyanation of aryl halides. For 
the optimization of the reaction conditions, cyanation of 
4-bromonitrobenzene was chosen as the model reaction 
(Scheme 4). Furthermore, the effects of various reaction 

Table 3  Suzuki–Miyaura cross-
coupling reactions between aryl 
halides with aryl boronic acids 
by using PdNPs@g-C3N4-BLE 
 nanocatalysta

Entry Aryl halide Product
Time 

(h)

Yield
b

(%)

TON / TOF 

(h
-1

)

1 2 98 18233 / 9117

2 3 93 22247 / 7416

3 2.5 88 16373 / 6549

4 3 85 20333 / 6778

5 2.5 91 16931 / 6772

6 2 95 16641 / 8321

7 2.25 88 18980 / 8436

8 4 94 22486 / 5622

9 6 48 10499 / 1750

10 4 72 16941 / 4235

11 2 38 8941/ 4471

12 0.75 96 19200 / 25600

13 1 95 24216 / 24216

14 0.16 98 20924 / 130775

15 0.25 97 26923 / 107692

16 0.5 85 32889 / 65778

17 1 85 17000 / 17000

18 1.25 95 20283 / 16226

19 1.25 88 24425 / 19540

20 2.5 90 22667 / 9067

21 3 93 18843 / 6281

a Reaction conditions: aryl halide (1 equiv.), arylboronic acid (1.1 equiv.), PdNPs@g-
C3N4-BLE nanocatalyst (2.3  mol% palladium with respect to aryl halide),  Na2CO3 
(2.2 equiv.), and EtOH:H2O (1:1) (6 mL) in air
b Isolated yield after separation by column chromatography; average of two runs
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parameters such as solvent, base, temperature and catalyst 
loading were investigated for the model reaction as shown 
in the Table 5. On analyzing the model reaction using sev-
eral solvents such as DMF, DMF:H2O (1:1), EtOH and 
acetonitrile (Table 5, entries 5–8), DMF was discovered 
to be the best solvent, producing high yield in moderate 
amount of time (Table 5, entry 5). Likewise, the effect of 
the PdNPs@g-C3N4-BLE nanocatalyst loading was inves-
tigated with 2.3, 2.9 and 3.5 mol% of Pd (Table 5, entries 
1–4). The best outcome was obtained with 2.3 mol% of 
the PdNPs@g-C3N4-BLE nanocatalyst (Table 5, entry 4) at 
140 °C. Reaction temperatures ranging from 120 to 140 °C 
were studied; the product yield was found to increase with 
the temperature (Table  5, entries 3–5). The bases like 

 Na2CO3,  K2CO3, NaOH, KOH,  Cs2CO3, and  Et3N were 
investigated by keeping parameters constant like DMF as 
solvent and 2.3 mol% of the PdNPs@g-C3N4-BLE nano-
catalyst at 140 °C (Table 5, entries 5, 9–13). The best result 
was given by  Na2CO3 and was chosen as the base. From the 
results obtained the optimized reaction condition for cyana-
tion was attained as DMF as solvent, in presence of  Na2CO3 
and 2.3 mol% of Pd at 140 °C for 9 h.

3.4.1  Cyanation reactions between aryl halides 
with  K4[Fe(CN)6].3H2O using PdNPs@g‑C3N4‑BLE 
nanocatalyst

After establishing the standard reaction conditions for the 
aryl cyanation reaction, we carried out the substrate scope 
for various aryl halides (Table 6). The aryl halides, contain-
ing both electron withdrawing and electron donating groups 
such as –NO2, -CN, -CHO,  COCH3, and -OCH3, yielded 
good to outstanding yields. Both aryl iodides and aryl bro-
mides yielded better results in a moderate time (Table 6, 
entries 1, 2, 7, and 10) with high TONs and TOFs than aryl 
chlorides which took substantially longer duration of time 
(Table 6, entries 3 and 11) providing lower yields.

Scheme 5 depicts a plausible mechanism for the catalytic 
cycle corresponding to the cyanation of aryl halide employ-
ing the PdNPs@g-C3N4-BLE nanocatalyst (I). The aryl hal-
ide undergoes oxidative addition across the Pd NP surface 
forming the intermediate II, followed by ligand exchange 
from the inner coordination sphere of  K4[Fe(CN)6] to the Pd 
NP-substrate complex (III). Finally, aryl nitriles are reduc-
tively eliminated from the Pd NP surface, completing the 
catalytic cycle and regenerating the catalytic site.

3.4.2  Recyclability of the PdNPs@g‑C3N4‑BLE nanocatalyst 
in cyanation reaction

The reusability of catalysts is an added advantage to the 
efficiency of the catalysts. In line with this, the recyclabil-
ity of the PdNPs@g-C3N4-BLE nanocatalyst was studied 
for the model reaction between 4-bromonitrobenzene and 
 K4[Fe(CN)6].3H2O. The PdNPs@g-C3N4-BLE nanocatalyst 
was used up to six runs with slight decrease in catalytic 
activity as observed in Fig. 10. The FT-IR and FE-SEM anal-
yses of six times recycled PdNPs@g-C3N4-BLE nanocata-
lyst was recorded (Figs. 1f and 6e). No significant change in 
the chemical composition and morphology was witnessed 
from these analyses, which shows that the PdNPs@g-C3N4-
BLE nanocatalyst is intact even after 6th recycle.

3.4.3  Comparison of catalysts in cyanation reaction

The activity of the PdNPs@g-C3N4-BLE nanocatalyst 
for aryl halide cyanation reaction was compared to other 

Scheme  3  Proposed mechanism for Suzuki–Miyaura cross-coupling 
reaction by using PdNPs@g-C3N4-BLE nanocatalyst

Fig. 9  Recyclability study of the PdNPs@g-C3N4-BLE nanocatalyst in 
Suzuki–Miyaura cross-coupling of 4-iodoanisole with phenylboronic 
acid under optimized conditions
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known catalytic systems and is tabulated in Table 7. The 
PdNPs@g-C3N4-BLE nanocatalyst showed the advantages 
of moderate reaction conditions, low catalyst loading, and 
shorter reaction time, as well as recyclability and a green 
synthesis process.

3.5  Antimicrobial activity of g‑C3N4 
and PdNPs@g‑C3N4‑BLE nanocatalyst

The antimicrobial activity of the PdNPs@g-C3N4-BLE 
nanocatalyst and g-C3N4 and their comparison with 

Table 4  Comparison of results 
for PdNPs@g-C3N4-BLE 
nanocatalyst with other catalysts 
for the Suzuki–Miyaura 
cross-coupling reaction 
between 4-iodoanisole and 
phenylboronic acid

Bold represents the most effective reaction conditions

Entry Catalyst Solvent Temp. (°C) Time (h) Yield (%) Ref

1 Pd/Fe3O4@charocoal DMF:H2O (4:1) 100 4 99 [61]
2 Palladacycle adduct catalyst Dioxane 100 12 93 [62]
3 Catalyst-1 EtOH:H2O (3:1) 70 12 87 [63]
4 NHC-Pd@MNPs EtOH:H2O (1:1) 70 1 95 [49]
5 γ-Fe2O3-acetamidine-Pd DMF 100 2 92 [64]
6 Fe3O4/P(GMA-AAMMA)-

Schiff base-Pd
DMF:H2O (1:1) 80 1 97 [65]

7 Pd(II)-NiFe2O4 EtOH:H2O (9:1) 80 4 92 [66]
8 GO-2 N-Pd(II) EtOH 80 4 77 [67]
9 Pd-BC EtOH 80 1.5 95 [68]
10 GO-NHC-Pd2+ EtOH:H2O (2:1) 60 4 70 [69]
11 PdNPs@g-C3N4-BLE EtOH:H2O (1:1) 50 2 98 Present work

Scheme 4  Cyanation reaction between 4-bromonitrobenzene with  K4[Fe(CN)6].3H2O in the presence of the PdNPs@g-C3N4-BLE nanocatalyst

Table 5  Optimization 
of reaction conditions 
for cyanation of 
4-bromonitrobenzene with 
 K4[Fe(CN)6].3H2Oa

Bold value indicates the best reaction condition among the sets of reactions performed
a Reaction conditions: 4-bromonitrobenzene (1 equiv.),  K4[Fe(CN)6].3H2O (0.17 equiv.), PdNPs@g-C3N4-
BLE (2.3 mol% palladium with respect to aryl halide), base (1.5 equiv.), and solvent (5 mL) in air
b Isolated yield after separation by column chromatography; average of two runs

Entry Base Solvent Temp. (°C) Pd (mol%) Time (h) Yieldb (%)

1 Na2CO3 DMF 120 3.5 9 51
2 Na2CO3 DMF 120 2.9 9 45
3 Na2CO3 DMF 120 2.3 8 48
4 Na2CO3 DMF 130 2.3 24 76
5 Na2CO3 DMF 140 2.3 9 98
6 Na2CO3 DMF:H2O (1:1) 140 2.3 16 32
7 Na2CO3 EtOH 140 2.3 16 NR
8 Na2CO3 Acetonitrile 140 2.3 16 48
9 K2CO3 DMF 140 2.3 9 72
10 NaOH DMF 140 2.3 16 44
11 KOH DMF 140 2.3 16 35
12 Cs2CO3 DMF 140 2.3 17 45
13 Et3N DMF 140 2.3 18 32
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standard streptomycin towards pathogenic strain of gram-
negative bacteria E. coli and gram-positive bacteria B. 
subtilis are shown in Figs. 11 and 12 respectively. Here, 
the solvent medium (ethylene glycol:HCl (9:1)) used to 

Table 6  Cyanation reactions 
of different aryl halides 
with  K4[Fe(CN)6].3H2O by 
using PdNPs@g-C3N4-BLE 
 nanocatalysta

Entry Aryl halide Product Time 

(h)

Yield
b

(%) 

TON / TOF 

(h
-1

)

1 4 94 20070 / 5018

2 5 91 25258 / 5052

3 6 68 26311 / 4385

4 9 98 21137 / 2349

5 8 95 16641 / 2080

6 10 91 16931 / 1693

7 11 84 19582 / 1780

8 10 93 22247 / 2225

9 13 94 22118 / 1701

10 11 85 18593 / 1690

11 11 42 11841 / 1076

a Reaction conditions: 4-bromonitrobenzene (1 equiv.),  K4[Fe(CN)6].3H2O (0.17 equiv.), PdNPs@g-
C3N4-BLE (2.3 mol% palladium with respect to aryl halide),  Na2CO3 (1.5 equiv.), and DMF (5 mL) in air
b Isolated yield after separation by column chromatography; average of two runs

Scheme 5  Proposed mechanism for PdNPs@g-C3N4-BLE catalyzed 
cyanation reaction

Fig. 10  Recyclability of the PdNPs@g-C3N4-BLE nanocata-
lyst in cyanation reaction between 4-bromonitrobenzene with 
 K4[Fe(CN)6].3H2O under optimized conditions
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dissolve both the g-C3N4 and PdNPs@g-C3N4-BLE nano-
catalyst showed some antimicrobial property. Hence, zone 
of inhibition (ZOI) of the solvent was subtracted from the 
ZOI of g-C3N4 and PdNPs@g-C3N4-BLE nanocatalyst 
to get the actual zone of inhibition of the desired com-
pounds. The results revealed the antimicrobial activity of 
PdNPs@g-C3N4-BLE to be superior to g-C3N4 with a ZOI 
of 8 and 10 mm against E. coli and B. subtilis respectively. 

The results are tabulated in Table 8. The biogenically syn-
thesized PdNPs@g-C3N4-BLE nanocatalyst has shown 
anti-microbial activity due to its high surface-volume 
ratio compared to the chemically synthesized Pd NPs. 
The interaction of Pd NPs with microorganism may lead 
to the rupture of the bacterial cell wall which ultimately 
disturbs the functioning of cells resulting in the death of 
the microorganism [74].

Table 7  Comparison of results 
for PdNPs@g-C3N4-BLE 
nanocatalyst with those for other 
catalysts in cyanation reaction 
of 4-bromonitrobenzene with 
 K4[Fe(CN)6].3H2O

Bold represents the most effective reaction conditions

Entry Catalyst Solvent Temp. (°C) Time (h) Yield (%) Ref

1 Pd@CC1
r/Pd@CC2

r DMF 140 15 99 [70]
2 Pd(OAc)2 POCl3 140 48 81 [39]
3 Pd(ligand) DMAc 140 16 82 [71]
4 Pd catalyst Toluene 160 16 91 [72]
5 Pd2(dba)3 DMA 150 4 88 [73]
6 PdNPs@g-C3N4-BLE DMF 140 9 98 Present work

Fig. 11  The ZOI formed by (a) 
PdNPs@g-C3N4-BLE nano-
catalyst and (b) g-C3N4 against 
human bacterial pathogen E. 
coli. 1 PdNPs@g-C3N4-BLE 
nanocatalyst/g-C3N4, 2 distilled 
water, 3 standard streptomycin, 
and 4 ethylene glycol:HCl (9:1)

Fig. 12  (a) The ZOI formed by 
(a) PdNPs@g-C3N4-BLE nano-
catalyst and (b) g-C3N4 against 
human bacterial pathogen B. 
subtilis. 1 PdNPs@g-C3N4-BLE 
nanocatalyst/g-C3N4, 2 distilled 
water, 3 standard streptomycin, 
and 4 ethylene glycol:HCl (9:1)
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4  Conclusions

In summary, we reported the in  situ biogenic synthesis 
of palladium nanoparticles embedded on banana leaves 
extract-modified graphitic carbon nitride (PdNPs@g-C3N4-
BLE) as a competent nanocatalyst by green and sustainable 
protocol. The characterization of the PdNPs@g-C3N4-BLE 
nanocatalyst by various analytical techniques confirmed 
its structure, morphology, composition, and stability. The 
PdNPs@g-C3N4-BLE nanocatalyst has essential key fea-
tures like eco-friendly, simple design, common reagents, 
high activity, and selectivity towards Suzuki–Miyaura cross-
coupling and cyanation of aryl halide reactions. Moreo-
ver, the PdNPs@g-C3N4-BLE nanocatalyst showed broad 
range of functional groups tolerance, yielding substituted 
biphenyls with 72–98% (21 examples) in Suzuki–Miyaura 
cross-coupling and substituted aryl nitriles with 68–98% 
(11 examples) in cyanation reaction. In both the reactions, 
the PdNPs@g-C3N4-BLE nanocatalyst was reused suc-
cessfully up to 12th and 6th recycles for Suzuki-Miyuara 
cross-coupling and cyanation reactions respectively, without 
substantial decline of catalytic activity. Besides, we also syn-
thesized the NSAID Felbinac in greener reaction conditions 
utilizing the PdNPs@g-C3N4-BLE nanocatalyst. To broaden 
the scope of applicability of the PdNPs@g-C3N4-BLE nano-
catalyst in the field of medicinal chemistry, its antimicro-
bial activity was investigated, where it showed reasonable 
antimicrobial activity against gram-positive bacteria E. coli 
and gram-negative bacteria B. subtilis. Herein we believe 
that the newly developed methodology will add great utility 
academically and industrially, and can be surveyed for other 
possible applications.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13399- 022- 03222-5.
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