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Abstract Catalysis by silver nanoparticles (Ag-NPs) in
organic transformations has received growing attention
due to their unique reactivity and selectivity. Herein, we
investigated a versatile one-step approach for synthesiz-
ing thermally stable AgNPs using catechol (1,2-benzen-
ediol) without additional reducing and stabilizing agents in
aqueous solution. In an alkaline environment, oxidation of
catechol played a dual role in the reduction of silver ions
(Ag") and stabilization of the AgNPs. Nanoparticles with
different size and morphology were obtained under differ-
ent experimental conditions. X-ray diffraction (XRD) anal-
ysis suggests the formation of crystalline AgNPs of average
size 13, 38 and 47 nm and face centered cubic structure as
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the reaction pH varied. As demonstrated in dynamic light
scattering (DLS) and scanning electron microscopy (SEM)
images, AgNPs with uniform size distribution (50 nm)
were synthesized at pH 11. The nanoparticles are ther-
mally stable with a steady loss of weight up to 800°C as
confirmed by thermogravimetric analysis (TGA). Compar-
ing to AgNPs@pH5 and AgNPs@pH8, AgNPs synthe-
sized at pH 11 have shown significant catalytic activity in
the reduction of 4-nitrophenol (4-NP) to 4-aminophenol
(4-AP) with 61% conversion at 20 °C. The results suggested
that stable and monodisperse nanoparticles with tunable
catalytic activity could be produced as the pH of the reac-
tion was altered.
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1 Introduction

Noble metal nanoparticles have received much attention in
catalysis [1-3] and medicine [4-6] owing to their unique
optical and electronic properties. In particular, silver nano-
particles (AgNPs) have shown a remarkable catalytic activ-
ity, high reactivity and excellent selectivity [7, 8]. AgNPs
catalyzed reduction of 4-nitrophenol (4-NP) to 4-aminophe-
nol (4-AP) by borohydride ion have been widely investi-
gated [9-13]. However, their susceptibility to aggregation
could possibly diminish the surface area available for inter-
action, and limit their applicability [14]. To overcome this
situation, AgNPs were fabricated using different capping
agents such as cationic polyborons,[1] catechin,[15] fibrous
nano-silca,[8] sugar based amphiphiles,[16] and composite
copolymers [4]. Similarly, aggregation and morphology of
the AgNPs were delicately tuned by pH, time and reaction
temperature [17, 18].

Substantial work in the preparation of stable and mono-
dispersed silver nanoparticles has been disclosed [5, 19,

+2H" + 2¢-

AgN03
25°C
Ag-NPs@catechol

20]. The synthesis of metal nanoparticles using raw plant
extract is considered as a green alternative [21] to the tra-
ditional ones that empolyed harmful chemicals as reduc-
ing agents [22] and pose an environmental threat [23].
However, the nature of the capping molecules and exact
surface properties of nanoparticles have remained unclear.
It has been indicated that the biomolecules in raw plant
extract are likely responsible for controlling the size of
nanoparticle through surface activity [24] due to their inde-
finitive structures upon seasonal change. Likewise, the
adsorption of organic molecules on the surface of the nan-
oparticles could block the available active sites which are
required for metal catalyzed reactions [25]. Consequently,
natural reducing and stabilizing agents with definitive
chemical structure [26-30] have been used to synthesize
monodisperse nanocrystals.

In this regard, a natural 1,2-benzenediol, catechol, which
has been widely explored for the exceptional binding affin-
ity and reducing power,[31-35] attracted our interest. For
instance, Lee and co-worker denoted the use of polyphenol
derivatives with additional functional groups can produce
different Au nanostructures [23]. In another example, Roy
et al. discussed the simultaneous reduction of Au** ions
and growth of AuNPs on polydopamine [36]. However, the
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effect of reaction parameters on the formation and stabili-
zation of AgNPs associated to catechol oxidation requires
further investigation. Accordingly, we hypothesized that
biomolecules with definitive chemical structure could
simultaneously reduce metal ions and stabilize metal nano-
particles to control the size and tune the catalytic activity
as the reaction pH altered. To support our assumption, we
attempted to prepare stable and monodisperse silver nano-
particles by catechol as reducing and stabilizing agent for
effective catalysis in the reduction of 4-NP. We chose cat-
echol since it is easily accessible, inexpensive and natural
reducing and stabilizing agent. Moreover, the synthesis
approach employed here is not only facile, cost-effective
and green but also provides an insight toward the synthesis
of metal nanoparticles by biomolecules with known chemi-
cal structure in an eco-friendly aqueous solvent.

In this work, we investigated the synthesis of AgNPs by
catechol without additional reducing and stabilizing agents
at different reaction conditions. Three samples of silver
nanoparticles, i.e. Ag@pHS5, Ag@pHS, and Ag@pHI11
were prepared by mixing aqueous solutions of catechol and
silver nitrate and adjusting the reaction pH at 5, 8, and 11.
Herein, we report (1) the use of catechol as both reducing
and stabilizing agent for the synthesis of AgNPs in aque-
ous solution, (2) the effect of the amount of reducing agent,
solution pH and reaction time on the formation of AgNPs,
(3) characterizations of AgNPs by UV—Vis spectroscopy,
XRD, DLS, SEM, TGA and DSC, (4) AgNPs catalyzed
reduction of 4-NP to 4-AP in the presence of sodium boro-
hydride as a reducing agent.

2 Experimental Section
2.1 Materials

Silver nitrate (AgNO;, 99.8%), catechol (C4HgO,, 98%),
sodium hydroxide (NaOH; 96%), sodium borohydride
(NaBH,, 98%), 4-nitrophenol (4-NP, 98%) were purchased
from Sinopharm Chemical Reagent Co, Ltd, and used as
received. Distilled water was used as a solvent for the prep-
aration of all solutions.

2.2 Synthesis of Silver Nanoparticles

The pH of an aqueous solution of catechol was adjusted to
8 and 11 by adding 1 M NaOH drop by drop. The basic
solution of 4 mL of 107> M catechol was added dropwise to
the aqueous solution of 10 mL of 107> M AgNO; in 50 mL
Erlenmeyer flask at room temperature. The progress of the
reaction was monitored via UV-Vis spectrophotometer.
The sample solutions were prepared by taking 100 pL from
the suspension and diluted in 900 pL distilled water. Then,
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200 pL of the diluted form of the suspension was used for
measurement. The absorbance was measured in triplicate.
The product was washed and centrifuged three times at
6000 rpm for 10 min. The supernatant was removed and
the precipitate was dried in an oven and kept for further
characterization.

2.3 Optimization of Reaction Parameters

To evaluate the effect of the amount of reducing agent,
1-4 mL of catechol solution was added to 10 mL of 107> M
AgNQOj;. Then, different volumes of 0.1 M NaOH was added
to the optimum ratio of the reducing agent and AgNO;. The
kinetic reduction of Ag* ions to AgNPs was monitored by
absorbance measurements. Moreover, three different sam-
ples of AgNPs named Ag@pHS5, Ag@pHS8 and Ag@pH11
were synthesized by adjusting 1072 M catechol solution by
1 M NaOH and mixing with aqueous solution of AgNO;.

2.4 Characterization

Absorbance measurement was done on Molecular devices
spectra Max M3 spectrophotometer. The size distribu-
tion of the nanoparticles was analyzed by Dynamic Light
Scattering (DLS) Malvern Instruments Zetasizer Nano S90
with a He-Ne laser (633 nm, 4 mW) at room temperature.
Sample solutions were prepared in distilled water hav-
ing a concentration of 10 mg mL~'. SEM measurements
were performed using Hitachi S-4800 scanning electron
microscope. Thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC) were carried out on
a TGA NETZSCH STA 449F3 instrument at a heating rate
of 10°C min~' from room temperature up to 800 °C under
a nitrogen atmosphere (50 cm® min~!). X-ray diffraction
(XRD) patterns were recorded in the reflection mode under
Cu K o radiation (A=0.1542 nm) and operating at 40 kV
and 40 mW by using a Bruker-AXS D8 ADVANCE X-ray
diffractometer (Germany). Origin version 8§ and XRD High
Score soft wares were used for spectral analysis obtained
from the spectroscopic instruments.

2.5 Catalytic Conversion

The reduction of 4-NP to 4-AP as a benchmark reaction
was employed to evaluate the catalytic activity of the as-
prepared AgNPs. Initially, 100 uL of 0.1 M NaBH, was
added to a test tube containing 1.25 mL of 1 mM 4-NP
solution [37]. Then, 200 uL of AgNPs suspension in dis-
tilled water was added to the mixture of 4-NP and NaBH,.
For absorbance measurement, 100 uL. of the mixture was
taken and diluted with 900 pL distilled water. The reaction
was monitored through periodic sampling from O to 60 min
on UV-Vis spectrophotometer for spectral and kinetic
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measurement. The percentage catalytic conversion of 4-NP
was calculated by the equation below from the absorbance
readings taken at the initial time (Ag) and time t (A) at
60 min.

% Conversion =

-A
0 "X %100 (1
0
where A, is the absorbance of 4-NP measured at time t; A
is the absorbance of 4-NP measured at time zero [14].

3 Results and Discussion
3.1 Preparation of AgNPs

Catechol was used as reducing and stabilizing agent to
prepare AgNPs at room temperature. When an aqueous
solution of AgNO; was added to catechol solution under
alkaline environment, rapid change in color was observed
within 20 min. The formation of AgNPs was confirmed
by the rapid change in color at higher pH of the reaction
mixture (Fig. S1). This is due to oxidation of two vicinal
hydroxyl groups in catechol to quinones providing two
electrons at basic condition [38, 39] which are responsi-
ble for simultaneous reduction of Ag* ions and stabiliza-
tion of AgNPs. Their ability to coordinate strongly to metal
surface through two adjacent hydroxyls, covalently cross-
linked and releasing electrons when oxidized to quinones
[40] provides further stability of the AgNPs.

3.2 UV-visible Spectroscopy

The characteristic surface plasmon resonance (SPR) peaks
at A, =395 and 400 nm was observed due to the forma-
tion of AgNPs[16]. The SPR is related to the size, and the
gradual increase in absorbance is due to an increase in the
size of AgNPs. Initially, AgNPs were prepared by adding
1-9 mL of 1072 M catechol solution to a flask contain-
ing 10 mL of 107> M AgNO; solution. As demonstrated
in Fig. S2, at a lower amount of reducing agent (1 mL) no
SPR peak observed, but with increasing the amount of the
reducing agent in a basic medium, a significant increase in
absorbance peak was observed, which confirmed the for-
mation of AgNPs.

3.3 Optimization of Reaction Parameters

The preparation of AgNPs was carried out at different reac-
tion parameters such as amount of reducing agent, reaction
pH, time, and the nature of the stabilizing agent [17, 18,
41]. The characteristic absorbance peak of AgNPs implied
that catechol solution at different reaction condition acts as

both reducing and stabilizing agent due to its oxidative self-
condensation nature [33].

3.4 Amount of Reducing Agent

In order to identify the optimum amount of catechol and
the concentration of AgNO;, we carried out a series of
experiments. Based on our screening, 4:10 (V/V) ratio of
reducing agent to AgNO; gave an optimal absorbance, and
this proportion was used throughout the experiment. As
the amount of reducing agent increased, a gradual increase
in absorbance observed. This indicates the formation of
AgNPs with increasing the amount of catechol (Fig. 1a)
[42].

3.5 Reaction pH

As the amount of NaOH increases, an increase in absorb-
ance intensity of AgNPs was observed (Fig. 1b). A solu-
tion with dark brown color was observed at pH 11 with
enhanced SPR band near 400 nm. This showed that the oxi-
dation and redox potential of catechol are dependent on the
volume of NaOH. Previous studies suggested that the pH
dependence of the catechol redox process can be ascribed
to a two proton—two electron (2H™2e™) transfer, called
a proton-coupled electron transfer reaction [39, 40, 43].
Hence, catechol played a dual role as reducing and stabiliz-
ing agent in the synthesis of AgNPs.

3.6 Kinetics of Ag™ Ions Reduction

Upon the addition of basic solution of catechol to aqueous
solution of AgNO;, rapid change in color was observed as
soon as the two solutions mixed. This indicates the reduc-
tion of Ag* ions to AgNPs at pH 11 took place within short
time frame. The slight increase in absorbance at A, =400
from the initial time to 20 min reaction is due to the fast
reduction of Ag* ions and formation of the nanoparticles
(Fig. 1c, d).

3.7 Dynamic Light Scattering (DLS) Analysis

To investigate the size distribution of AgNPs the test solu-
tions were prepared in distilled water. Fig. S3 demonstrates
the formation of AgNPs with uniform size distribution.
The hydrodynamic diameter was found to be 121, 131 and
174 nm for the samples Ag@pH11, Ag@pH8 and Ag@
pHS respectively. The particle diameter measured using
DLS is bigger as compared to that of XRD and SEM due
to the adsorption of substances associated to catechol self-
condensation on the surface of the nanoparticles and solva-
tion shell moving along with the particle [44] besides the
size of the core particle (Fig. S3). At lower concentration of
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Fig. 1 UV-Vis spectra of catechol capped silver nanoparticles. a 10 mL of 1072 M AgNO; and 1-4 mL of 1072 M catechol b effect of addition
of 0.1 M NaOH to 4 mL of catechol and 10 mL of AgNO; ¢ reaction time at pH 11 and d absorbance time graph

the metal salt (AgNO;), nanoparticles with small and uni-
form size distribution could be achieved [16].

3.8 X-ray Diffraction Study

The XRD patterns of three different samples of AgNPs
are displayed in Fig. 2. Accordingly, the expected Bragg
diffraction angles of Ag-NPs at 38.12°, 44.34°, 64.40°,
77.33°, 81.40° in the XRD pattern correspond to (111),
(200), (220), (311), and (222) planes of face-centered cubic
(FCC) crystal structure of crystalline Ag-NPs [8, 45]. The
average crystallite size of Ag-NPs calculated on the basis
of reflection width by Debye—Scherrer equation;

= KA
" Bcosd

@

where 7 is average crystallite domain size; k is dimension-
less shape factor with value close to unity (0.94); A is X-ray
wavelength;f is the line broadening at half maximum inten-
sity XRD spectrum; 0 is diffraction angle;

@ Springer

The average crystallite size of the three samples named
Ag@pH=5, Ag@pH=8, and Ag@pH=11 was found to
be 47, 38 and 13 nm respectively [46]. As calculated by
Eq. 2 the average crystallite size of the sample prepared at
pH 11 is very small comparing to AgNPs prepared at pH 5
and 8. This indicates that catechol redox potential and oxi-
dative self-condensation are highly dependent on the pH of
the reaction mixture which in turn influence the size of the
particles. As a result, crystallographic nature and the num-
ber of active sites is related to catalytic activity of AgNPs
[47].

3.9 Scanning Electron Microscopy (SEM)

The shape and size of catechol stabilized silver nanopar-
ticles of the three samples named, Ag@pHS, Ag@pHS
and Ag@pH11 determined by this technique. As shown in
Fig. 3c, spherical nanoparticles with a uniform size distri-
bution of 50 nm were obtained at pH 11. The result sug-
gests a close agreement to the nanoparticles synthesized
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Fig. 2 XRD pattern of catechol stabilized silver nanoparticles at three different pH values; Ag@pHS5 (Red), Ag@pHS8 (Blue), and Ag@pH11

(Green)

using additional reducing and protecting agents.[23, 32] In
addition, Ag@pHI11 has shown a relatively better intensity
or absorption peak (Fig. 3d, Blue) comparing to the Ag@
pH5 and Ag@pHS8 (Fig. 3a, b). The absence of SPR peak
for Ag@pHS5 in the Uv-visible spectrum (Black) as the
reduction of Ag* ions is less pronounced. As compared to
Ag@pHS5, sample Ag@pHS8 of AgNPs shows a better dis-
tribution of particles and the formation of the nanoparticles
was observed in SEM image and Uv-Vis spectra (Red).
As reaction mixture gets more basic, the formation of sta-
ble and uniformly distributed nanoparticles is due to the
dependence of catechol oxidation and redox activity on pH
[48].

3.10 Thermal Analysis of AgNPs

The thermal stability of the obtained AgNPs was analyzed
by TGA. The nanoparticles synthesized by this approach
are thermally stable up to 800 °C with weight loss less than
11%. The weight losses of Ag@pH11, Ag@pHS, and Ag@
pHS8 were found to be 11, 8 and 1% respectively [49]. TGA
and DSC spectra imply the formation of thermally stable
AgNPs and the decomposition of the adsorbed substances
associated with catechol oxidation and self-condensation
on the surface of nanoparticles after 300 °C with less than
11% weight loss (Fig. 4a, b).

3.11 Catalytic Conversion

AgNPs are the most widely used catalysts in the transfor-
mation of fine chemicals to enhance the rate of degradation
[1, 50]. We have chosen the reduction of 4-nitrophenol to
4-aminophenol as a model reaction in order to examine the
catalytic activity of AgNPs. The reduction of 4-NP to 4-AP
was monitored by absorbance reading at a maximum wave-
length of 400 nm. Silver nano-catalyst enhanced the rate
of degradation of 4NP in the presence of reducing agent
(NaBH,). Upon addition of AgNPs to a reaction mixture
containing 4-NP and NaOH with the interval of 0—60 min
reaction time, the conversion of 4-NP to 4-AP reached
61%, 33% and 17% for samples Ag@pH11, Ag@pH8 and
Ag@pHS respectively (Table S1). The catalytic conversion
of 4-NP is associated with the size of the nanoparticles.
The concentration of AgNPs has a significance influence
in the reduction of 4NP and completion [16, 51]. After the
addition of NaBH, to 4NP solution, the disappearance of
4NP confirmed by its characteristic absorption maximum at
317 nm in water with a shift to 400 nm due to the formation
of the p-nitrophenolate ion [1]. Moreover, with a prolonged
reaction time, increasing temperature and varying the
[4-NP]/[AgNPs] ratio 100% conversion could be achieved
(Fig. S4). The size of the particles played a key role in the
catalytic conversion of 4-NP to 4-AP which is related to the
surface area available for interaction at the surface.
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In this typical reaction, after addition of AgNPs to the
mixture of 4NP and NaBH, the color gradually faded with
time which implied the reduction of 4-NP to 4-AP (Fig. 5a).
The catalytic decomposition of 4-AP by NaBH, confirmed
by the gradual decrease in the intensity of the absorbance
peak with time at 400 nm (Fig. 5b) [52, 53]. Since the con-
centration of NaBH, as compared to 4-NP is very high and
the reaction is expected to be independent of the amount of
borohydride. Accordingly, the kinetic data for the reduction
of 4-NP can be fitted to a Langmuir-Hinshelwood apparent
first-order plot [14, 54].

dc _ K'KC

Rate(r) = =~ = m 3

where r can be defined as the rate of disappearance of 4-NP,
C is the concentration of the reactant, t is the reaction time,
K represents the reaction rate constant; K is adsorption
coefficient of the reactant. Assuming the initial concentra-
tion is very small the rate can be expressed as apparent first
order [49];

(a) N 02 NH 2
NaBH,
—
AgNPs
OH

Absorbance (AU)

(d)

o T T T -r T

0 10 20 30 40 50 60
Time (min)

2141
d
r= —d—f = kKC 4
Ct
—In Fo =kKC =K, t 5)

Kipp 1s the apparent first-order rate constant (s™). The rate
of conversion of the reactant is monitored by Uv—Vis spec-
trometer from absorbance measurements since the ratio of the
concentration of 4-NP (C,) at time t to its initial concentration
C, at t=0 is directly given by the ratio of respective absorb-
ance [A]/[A],. According to the apparent first-order rate
equation, In (A, /A,) is proportional to time, the reaction rate

corresponds to the slope k,,, of the curve.
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Fig. 5 Nano-silver catalyzed reduction of 4-nitrophenol in the presence of NaBH, a conversion of 4-NP to 4-AP, b its gradual decrese in

absorbance, ¢ absorbance versus time graph, d kinetic plot
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Fig. 6 Schematic representation of mechanism of nano-silver catalyzed reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the pres-

ence of sodium borohydride as a reducing agent

Reaction rate expressed in terms of the rate of decom-
position of 4-NP. The absorbance versus time graph indi-
cates the catalytic reaction followed first order kinet-
ics (Fig. 5c, d). The rate constant was determined from
the plot of In([A]Jt/[A]O) versus time graph and its value
is 1.6xX10—2 min—1. The results obtained imply that
AgNPs@catechol catalyzed reduction of 4-NP is in agree-
ment with literature reports [9, 49, 55].

The mechanism of catalytic reduction takes place on the
surface Ag nanoparticles [49]. The extent of the catalytic
reaction depends on the surface area available for interac-
tion. The smaller the particle the greater is its surface area
to volume ratio. Their crystallographic nature plays a key
role for reactions which occur on the surface. The adsorp-
tion of 4-NP onto the particle surface contributes to hinder
the kinetic barrier of the reaction [46, 47, 56].

The catalytic reduction proceeds on the surface of the
metal nanoparticles in such a way that BH,™ ions react with
the surface of the nanoparticle to form a surface-hydrogen
species and 4-NP adsorbs onto unoccupied sites. Due to
fast adsorption/desorption process of both reagents on the
surface, the reaction is modelled in terms of a Langmuir
isotherm (Fig. 6) [54].

4 Conclusion

A versatile, economically viable and pH-dependent
approach was established to prepare stable silver nano-
particles with relatively uniform size distribution. This
method of nanoparticle synthesis is a green chemistry
approach since catechol, which found in mussel foot pro-
teins, was used as reducing and stabilizing agent and water
as a solvent. Likewise, we have emphasized on the forma-
tion of AgNPs at different reaction parameters including
the amount of reducing agent, pH and reaction time. As a
result, the amount of reducing agent significantly influences
the size and formation of AgNPs. Thermally stable NPs
with less than 11% weight loss and uniform size distribu-
tion were synthesized. The stability of the nanoparticles is

@ Springer

due to oxidation self-condensation of catechol at the alka-
line environment. The results suggested that catechol plays
a dual role in the reduction of Ag* ions and stabilization of
AgNPs. Furthermore, AgNPs which are synthesized at pH
11 demonstrated higher catalytic performance in the reduc-
tion of 4-NP to 4-AP with a conversion of 61% at 20°C.
The as-synthesized Ag-NPs may be used as a promising
catalyst in the degradation of organic pollutants.
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