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ABSTRACT

Ionic liquids (ILs) carrying special properties can act as electronic as well as steric stabilisers
by preventing nanoparticle (NP) growth and NP aggregation. The effect of visible light on
the catalytic properties of silver nanoparticles is a hot topic of extensive research nowadays.
The present report demonstrates the current developments in the green synthesis of silver
nanoparticles in ionic liquids and a detailed study of the room-temperature catalytic and
photocatalytic reduction of p-nitrophenol (PNP) to p-aminophenol (AP). The Ag
nanoparticles (AgNPs) functionalised by ionic liquids are prepared in the 40-140 nm range
and are found to be spherical in shape. The photocatalytic properties of these
nanocomposites for the reduction of PNP to AP were studied. Photocatalytic degradation of
PNP was also analysed by these composite nanostructures. The plasmonic photocatalytic
properties of the synthesised AgNPs revealed activity significantly higher than that of the
room-temperature catalysis. Density functional theory calculations showed that strong
interactions exist between nanoclusters and ILs. Natural bond orbital analysis showed that
IL also activates the nanoparticles for further photocatalytic reduction by transferring
electron transfer from the donor (IL) to the acceptor (Ag cluster) and activating the silver
NPs for further catalytic reaction. Photocatalytic degradation of PNP (reduction of PNP to
AP) using NP in the absence of light follows first-order kinetics, whereas in the presence of
light it follows zero-order reaction kinetics.
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1. Introduction

Research on nanoparticles (NPs) has been of great interest
over the past two decades in the field of biomedical, chemical,
and material sciences and engineering. The growing application
of NPs is mainly due to their interesting and unique properties
at the nanolevel compared to those of the bulk composition.
Different NPs synthesised using different methodologies have
variable shapes, sizes, and morphology and hence lead to a
dramatic change in the properties of the synthesised NPs. NPs
used in different fields are synthesised specifically, depending
on the type of requirement. Hence, nanomaterials are in high
demand for practical applications in the fields of medicine,
agriculture, etc. due to their tunable properties. To date, several
reports are available explaining the synthesis of metal
nanoparticles in glycerol and other conventional organic
solvents [1-4]. Although conventional organic solvents are very
toxic to humans and the environment, researchers are moving
forward and using green solvents for nanoparticle synthesis
nowadays [5]. Ionic liquids have been classified as new mate-
rials and have attracted great interest in recent years because
of their applications in multidisciplinary areas involved with
chemistry, materials science, chemical engineering, environ-
mental science, physics, and biology. A smart combination of ILs
and unconventional synthesis methods allows added value to

be drawn from the extensive environment of available property
combinations. ILs are used as green solvents for the synthesis
of nanomaterials due to their favourable chemical and physical
properties [6,7]. Synthesis conditions with high reaction and
nucleation rates can be attained, which leads to the formation
of extremely small nanoparticles. ILs act as electronic as well as
steric stabilisers preventing nanoparticle (NP) growth and
nanoparticle aggregation. The effect of impurities, as well as
water present in ILs, also plays an important role in
determining the structure, shape, size, and morphology of
synthesised NPs. ILs at room temperature were used to
synthesise size-controlled nanoparticles [8,9]. ILs form
protective layers on metal surfaces. As reported earlier, metal
NPs are electron-deficient[10,11], therefore negatively charged
anions tend to interact with their surface to form electrical
double layers with oppositely charged cations [12]. Repulsion
encounter between the outer cationic layers avoids NP
agglomeration. Another way to control the agglomeration is to
provide steric hindrance by the alkyl chains present in the
cations, which proficiently limit the physical contact between
the NPs. It is a well-known fact and reported in the literature
that electrostatic interaction is dominant if ILs contain a short
to medium length alkyl chain in the cationic part. And as the
chain length increases, the van der Waals interaction competes
predominantly with electrostatic interactions [13].
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Scheme 1. Synthesis of silver nanoparticles in 1-butyl-3-methylimidazolium tetrafluoroborate IL.

Because of the larger size of the alkyl chain presentin ILs, it
prevents one smaller nanoparticle formed in the solution from
coming closer to another one and hence prevents the
aggregation of smaller-sized nanoparticles. The consequent
dynamic network comprising Coulomb forces and hydrogen
bonds between the ions avoids the agglomeration of NPs
without affecting their mobility [14,15]. In the case of
imidazolium ILs, the surface organisation depends mainly on its
composition and ion orientation [3,15]. The significant
chemical tunability of the ILs allows variation of the stability,
geometry, and electronic properties of the catalyst. With slight
variation in the alkyl group or anion, the properties of ILs can
be tuned very differently and the different ILs used for the
synthesis of NP will definitely affect the properties of
synthesised NP as well, because it was reported by us in our
previous finding that IL decreases the band gap between NPs
and initiates the catalytic properties [16]. The preparation of
metal NPs in ILs appears extremely practical. NPs can be
synthesised by physical and chemical means, including
chemical reduction, sputtering, and decomposition, etc. [3,17-
20]. Silver nanoparticles are recog-nised for their numerous
physical, biological, and pharma-ceutical applications,
comprising medicinal ones such as biomolecular detection and
drug delivery carriers. They also serve as antibacterial,
antiviral, and antifungal agents [21]. Liu et al. in 2020 reported
the synthesis of silver NPs in glycerol at room temperature,
neutral pH conditions, and in the absence of ultraviolet
radiation. They have reported that aldehydes and free radicals
generated from glycerol act as the reducing agent used for the
synthesis of silver NP [22]. Imidazolium ILs have been reported
to be superior, medium, and better reaction conditions for the
synthesis of silver, gold, and copper NPs [23]. In the earlier
literature, silver ions have been reported to interact with
sodium hydroxide (NaOH) and form silver oxide (Ag20) NPs
which is then reduced to silver NP using NaBHa as a reducing
agent [24]. Another report by Fang et al. explaining the
formation of Ag20 mesocages in alkaline medium that is
reduced to silver mesocages using hydrogen per oxide (H202)
as a reducing agent is also available [25]. Similarly, many more
research papers are available explaining the reduction of Ag.0
to Ag and the NPs obtained are of spherical and regular shape
and size [26,27]. Benet et al. have also reported that the
reaction for the synthesis of silver NPs is faster under alkali
conditions (pH >10) [28]. Taking into account all relevant
research articles, the final conclusion was planned to advance
for the synthesis of silver NP under alkaline conditions in the
presence of glucose and 1-butyl-3methylimidazolium tetra-
fluoro borate (bmimBF4) ionic liquid. In the present study, the
synthesis of silver NPs using a novel method has been reported
and the synthesised NP shows tremendous photocatalytic
activity studied for reducing p-nitrophenol (PNP) to amino-
phenol (AP). Natural-bond orbital (NBO) analysis showed that
IL activates the nanoparticles by supplying electrons to the
nanocluster for further photocatalytic reduction. The photo-

catalytic properties of the synthesised AgNPs revealed
significantly more activity compared to that of the room-
temperature catalysis.

2. Experimental

The materials used for the synthesis of silver nanoparticles
were silver nitrate, AgNO3 (Merck, CAS No- 7761-88-8), 1-butyl-
3-methylimidazolium tetrafluoroborate, bmimBFa4 (IoliTech,
CAS No- 174501-65-6), and glucose (Merck, CAS No- 50-99-7).
All reagents were used as received without further purification.

2.1. Synthesis of silver nanoparticles using bmimBF; ionic
liquid

The schematic diagram for the synthesis of AgNP in
bmimBF4 IL is shown in Scheme 1. 25 ml of 0.1 M AgNOs
solution (in water) was taken in a round bottom flask. The
reaction mixture was kept in a water bath whose temperature
was maintained at 80 °C. Dropwise 2 ml of bmimBFs IL was
added with continuous stirring. The stirring was continued for
30 minutes. 15 mL of 0.5 M glucose (in aqueous solution) was
added with stirring at the same temperature. Stirring was
carried out for 20 min at this temperature. The colour of the
solution changes from colourless to light grey. After that 5 ml 1
M NaOH was added to gain the pH of approximately 11.3,
stirring was performed at the same constant temperature of 80
° C for one and a half hours. The colour of the solution changes
to grey. The solution was centrifuged, and the sample was
washed well with ethanol. Dried in a vacuum oven for 2 days.
UV visible spectra were recorded and a sharp peak was
observed at a maximum of 423 nm.

2.2. Characterisation

Different characterisation techniques were performed to
analyse the size, morphology, and composition of the
nanoparticles produced. X-ray diffraction measurements were
performed by Rigaku Mini-X 600, Japan. Transmission electron
microscopy imaging and electron diffraction of as-prepared
silver NPs were performed with a TECNAI 20 G2-electron
microscope operating at a voltage of 200 kV. The Agilent Cary
60 spectrophotometer was used to record the UV-visible
absorption spectra of the sample dispersed in an aqueous
medium.

2.3. Computational details

The materials and processes simulator (Scienomics, MAPS
software) [29] was used to carve out the FCC Ag lattice
nanocluster. DFT calculations at Beck’s three functional
parameters and Lee-Yang-Parr hybrid functional (B3LYP) level
[30,31] of calculation were carried out using the Gaussian 16
program [32].
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Figure 1. XRD pattern of silver NPs.
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Figure 2. (a) TEM image of AgNP stabilised by bmimBF4 IL, (b) size distribution curve and (c) selected area electron diffraction pattern.

LANL2DZ basis set [33] was used for silver atom and 6-
31G++(d,p) basis set for C, H, N, O, B, and F atoms. The literature
survey illustrates that the B3LYP level of calculations gives a
stable cluster at the ground state [2,16,34]. Calculations were
carried out for the optimisation of the ground state geometry in
the gaseous phase. The natural bond orbital (NBO) analysis was
performed at the same level of calculation and using a similar
basis set as that for geometry optimization. NBO has been
carried out to find the second-order perturbation stabilisation
energy and to find the donor-acceptor interactions in the
bmimBF4-Ag cluster system.

3. Results and discussion
3.1 Characterisation of AGNPs
3.1.1. XRD measurements

Figure 1 shows the X-ray diffraction pattern of the
powdered AgNP sample. Five peaks were observed at 38.18,
44.41, 64.67, 77.07, and 81.25° which correspond to {111},
{200}, {220}, {311}, and {222} reflections, respectively, of FCC
silver in JCPDS-ICDD (Card no. 87-0720). The same peaks for
silver nanoparticles have been reported in many of the
literatures earlier [35,36]. Thus, the FCC Ag phase was formed
under the synthesis conditions used.

3.1.2. TEM measurements

The TEM micrograph of the AgNP sample and its
corresponding electron diffraction pattern are shown in Figure
2. Figure 2a shows a bright-field TEM image of AgNPs stabilised
with bmimBF IL. Mostly, the observed particles are spherical
in shape with sizes ranging from 40-140 nm. The size distri-
bution curve is shown in Figure 2b. The electron diffraction ring
pattern, shown in Figure 2c, indicates the FCC Ag lattice. This
confirms the formation of IL-stabilised AgNPs.

3.1.3. UV-vis spectra

The UV-visible spectrum of the IL-AgNPs dispersion
prepared by the protocol given in Scheme 1 is shown in Figure
3. The maximum absorbance peak in the spectrum of the
prepared dispersion is located at about 423 nm. This is
characteristic of the localised surface plasmon resonance
absorption due to AgNPs as reported in many of the literatures
[2,37].

3.2. NBO analysis

Geometry optimisation, frequency calculation, and time-
dependent DFT (TD-DFT) calculations of the Ag13-bmimBF4
cluster have been carried out by us previously and have been
reported elsewhere [16]. The optimised structure of the Ag13-
bmimBF4 cluster calculated at the B3LYP level of calculation
and using the LANL2DZ basis set was used for the silver atom
and the 6-31G++(d,p) basis set for the C, H, N, O, B, and F atoms
shown in Figure 4. The natural bond orbital (NBO) calculation
is an effective tool to understand the intermolecular hydrogen
bond [38-40]. To gain a deeper understanding of the
interactions in the bmimBF4-Ag cluster, an NBO analysis was
performed on the optimised geometry. The electron acceptor
orbitals, electronic donor orbitals, and their corresponding
second-order perturbation stabilisation energy E(2), related to
the delocalisation tendency of electrons from donor to acceptor
orbitals, are tabulated and shown in Table 1.

The intermolecular electron transfer occurs from lone pair
LP(F) orbitals to the antibonding c*(C53-H54 and C16-H17)
orbitals with the corresponding E(2) values 3.27 and 3.02,
respectively, which can well confirm the hydrogen bonds of C-
H---F between the cation and anion in ILs. It is well known that
intermolecular orbital interactions can be estimated by the
magnitude of E(2), the higher value of E(2) indicates a stronger
interaction between the donor and the acceptor [38-40].
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Table 1. Donor-acceptor interactions in the bmimBF4-Ag cluster system and second-order perturbation stabilisation energies (E(2), kcal/mol).

Donor (Ei) Acceptor (Ej) Second-order perturbation stabilisation energy E(2) (kcal/mol)
LP (3) F46 BD*(1) C53 - H54 3.27
LP (3) F37 BD*(1) C16 - H17 3.02
LP (1) F46 LP*(8)Ag8 4.18
LP (1) F44 LP*(9)Ag8 1.92
BD (1) F46 - B48 LP*(8)Ag8 3.30
LP (1) F45 LP*(7)Ag4 2.29
LP (1) F45 LP*(7)Ag2 2.77
LP (1) F44 LP*(8)Ag2 2.52
BD (1) F44 - B48 LP*(8)Ag2 2.05
LP (3) F40 LP*(6)Ag12 2.59
LP (1) F40 LP*(8)Ag12 5.46
BD (1) F40 - B43 LP*(8)Ag12 1.72
BD (1) F39 - B43 LP*(8)Ag12 1.77
LP (1) F39 LP*(8)Ag6 2.77
LP (1) F38 LP*(8)Ag6 3.41
BD (1) F40 - B43 LP*(8)Ag6 2.57
BD (1) F39 - B43 LP*(8)Ag6 1.92
BD (1) F38 - B43 LP*(8)Ag6 1.89
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Figure 3. UV-vis spectrum of AgNP synthesised using bmimBF4 IL.
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Figure 4. Optimised geometry of the Ag13-bmimBF4 cluster. Different colours representing different atoms are shown above.

From Table 1, one can find that the LP(F) — LP*(Ag)
interactions show higher E(2) values compared to the C-H
interaction with Ag (all values observed to be less than 1
kcal/mol, hence not reported in Table 1) suggesting that the
LP(F) —» LP*(Ag) interactions are stronger in the bmimBF4-Ag
system. This also indicates that the Ag cluster is surrounded
mostly by anions rather than cations. This statement has also
been verified from the available previous literature [16]. As a
consequence of electron transfer from bmimBF4 IL to Ag
cluster, NP gets activated and proceeds for photocatalytic
reaction.

3.3. Catalytic PNP reduction

2 mL of water and 200 pL of PNP solution were mixed in a
standard quartz cuvette of 1 cm path length. The UV-vis
spectrum of this reaction mixture (without catalyst) was
recorded. The concrete experiment was then carried out in the
presence of catalyst (5 mg in 2 ml of water) with the reaction

mixture (2 ml of water + 200 uL PNP + 5 puL. HCl + 50 pL Ag NP
+ 50 pL H202) at room temperature. Its UV-visible spectrum was
recorded every five minutes and is shown in Figure 5.

The plot of absorbance (A) vs. time (t) and In [A] vs. time for
reaction under normal conditions is shown in Figures 6a and
6b, respectively. From Figures 6a and 6b, it is clear that the
kinetics follows first-order reactions under normal conditions.
Similar experimental results on silver nanoparticles have been
analysed in many of the literature [41].

The UV-vis spectrum of PNP hydrogenation in the presence
of silver catalyst and light is shown in Figure 7. The
photocatalytic reaction was carried out under visible light
irradiation with the reaction mixture of 2 ml of water + 200 puL
PNP + 5 pL HCI + 50 pL Ag NP + 50 pL H202 at room temperature.
Its UV-visible spectrum was recorded every five minutes and is
shown in Figure 7. Similar photochemical degradation of
nitrophenol using silver nanoparticles has been analysed in
many of the literature [2,41,42].
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Figure 5. UV-vis spectra of hydrogenation of PNP in the presence of Ag NP.
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Figure 6. (a) Variation of A [absorbance (A) measured at ~317 nm] vs time and (b) In[A] vs time in photocatalytic PNP reduction using NP. The R? value of both
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1.0

Absorbance
o
4]

45 minutes

0.0 —
250 300 350

T T T T T T
400 450 500

Wavelength (nm)

Figure 7. UV-vis spectra of hydrogenation of PNP in the presence of AgNP (Photocatalytic reaction).

The plot of absorbance (A) vs. time (t) and In [A] vs. time for
photocatalytic reaction is shown in Figures 8a and 8b,
respectively. From Figures 8a and 8b, it is clear that the kinetics
follow a zero-order reaction when irradiated with visible light.

The discussion above gives a qualitative analysis of the
changes in catalytic activity when the reaction is carried out at
normal room temperature and in visible light irradiation. A

more quantitative understanding can be obtained from the
degradation kinetics. Figures 6 and 8 show the kinetics of PNP
degradation under normal and visible light irradiation
conditions. The PNP degradation followed first-order kinetics
in the absence of visible-light irradiation. However, PNP
degradation follows zero-order Kkinetics under visible light
irradiation.
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Figure 8. (a) Variation of A [absorbance (A) measured at ~ 317 nm] vs time and (b) In[A] vs time in photocatalytic PNP reduction using NP in presence of light.

The R2 value of both fittings is ~0.99. Kinetics follows a zero-order reaction.

We cannot compare the rate constants of the catalytic
kinetics that follow different orders, as they have different units
and they are not comparable. The photocatalytic PNP
degradation followed zero-order kinetics (shown in Figures 8a
and 8b), contrary to the kinetics exhibited in the absence of
visible light irradiation (shown in Figures 6a and 6b). The
change in reaction kinetics order indicated a difference in the
catalytic mechanism due to light irradiation.

4. Conclusions

Silver nanoparticles were prepared using a green reduction
methodology using 1-butyl-3-methylimidazolium tetrafluoro-
borate and a detailed study has been done on the effect of IL on
the size and photocatalytic activity of AgNP. The photocatalytic
activity toward PNP reduction was evaluated in the absence
and in the presence of visible light irradiation. PNP degradation
was observed to be very slow in the absence of light, whereas
visible light irradiation significantly boosted the reaction
kinetics. NBO analysis was performed and found to show a
strong interaction between the Ag cluster and bmimBFs IL
through BF4 anion. Also, electron transfer from the donor (ILs)
to the acceptor (Ag cluster) indicates that ILs stimulate the NP
for the further catalytic reaction. Photocatalytic PNP reduction
using NP in the absence of light follows first-order kinetics,
whereas in the presence of light it follows zero-order reaction
kinetics.
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