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Abstract. Size control of silver nanoparticles (Ag NPs) to improve monodispersity and recyclability is
crucial for application in nanocatalysts. Hence, a novel and effective protocol for in-situ synthesis of Ag
NPs in the microemulsion was proposed. The surfactant-stabilized microcavity in microemulsion can
provide a nanoscale reactor that limits nucleation, growth, and agglomeration of the particles. Ag NPs
of 540-640 nm were successfully grown and exhibited excellent catalytic activity with the apparent rate
constant (k) of 0.59 min" and the activation energy (Ea) of 23.03 kJ mol™ toward the reduction of
4-nitrophenol. Moreover, the catalyst could be easily recycled and showed excellent reusability after 6
cycles. So, the silver nanoparticles can be extended to an important metalcatalyzed reduction in
chemical industry, which is of great significance for the sustainable development.
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1 Introduction

As one of the most promising functional materials, silver nanoparticles (Ag NPs) in recent years are
appreciated for their unique and excellent optical, antimicrobial, electrochemical, and also catalytic
properties [1-3]. Thus, Ag NPs have catalytic activity for many organic reactions, such as the reduction
reaction of nitro compounds [4], ethylene epoxidation [5] and organic dyes [6]. Compared with other metal
nanoparticles with catalytic activity, such as Au, Pd and Pt nanoparticles [7-9], Ag NPs can be prepared
more readily and inexpensively [10]. However, it usually suffers from irreversible aggregation when Ag NPs
were synthesized [11]. Ag NPs normally incline to grow and form big agglomerates owing to their excellent
surface energy, thus resulting in reduction of their surface area [12, 13].

Recently, various synthesis methods have been explored to prepare Ag nanomaterial with different kinds
of structures and applications such as hydrothermal treatment [14-19], microemulsion and reverse micelles
[20, 21] chemical vapor deposition, electrodeposition and the microwave method [22]. Especially,
microemulsion synthesis has been demonstrated to be a very promising method due to its precise control
on morphology and dimension of nanoparticles [22]. From the viewpoints of colloid and interface chemistry,
there are two types of microemulsions, reversed (water/oil) and direct (oil/water) microemulsion [23-25].
These systems are transparent, isotropic liquid media composed of discrete, thermodynamically stable [20].
The surfactant-stabilized microcavity in microemulsion can provide a nanoscale reactor that limits
nucleation, growth, and agglomeration of the particles [22]. Accordingly, we could use this method to get
Ag NPs with a controlled dimension.

As we all know that 4-nitrophenol (4-NP) shows one of the most notorious toxic pollutants in the
industrial effluents [26]. 4-aminophenol (4-AP) is very useful and important in many applications including
analgesic and antipyretic drugs, photographic development, corrosion inhibition, anticorrosion lubrication,
hair-dyeing agent etc [27]. Therefore enormous current interests have arisen in the development of catalysts
for reduction of the 4-NP to 4-AP [28-30]. Traditional methods for this process usually involve
reduction/catalytic hydrogenation [31-35]. Considering these aspects, sizecontrolled synthesis of Ag NPs
for 4-NP transformations in a simple, cost-effective, and selective manner is highly demanding [26].

We herein report our new efforts to synthesize Ag nanoparticles by the microemulsion method. Through
our research, most of catalysts were alloy or compound of silver nanoparticles traditionally. A single metal
of Ag NPs were manufactured in our work through a simple and fast method. In this system,
o-phenylenediamine (oPD) was used as a weak reductive agent, who has been employed to produce silver
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nanostructure in previous reports [17]. In this study, the Ag NPs were high-yield synthesized by mixing
oPD and microemulsion which was composed of n-hexane, ethyl alcohol and distilled water. And different
proportion of this composes was discussed in our work. The resulting Ag NPs showed excellent catalytic
activity for 4-NP to 4-AP. The highly efficient and stable catalytic performance under sunlight irradiation
makes them promising alternatives to the conventional UV light or visible-light energized photocatalysts.
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Scheme 1. Schematic illustration of in situ generation of Ag NPs in microemulsion.

2 Materials and Methods

2.1  Materials

AgNO, (99.8%), o-phenylenediamine (oPD, 99.0%), n-hexane (97%), ethyl alcohol (EtOH, 99.7%),
4-Nitrophenol (4-NP, 99.5%), NaBH, (98%) were purchased from kelong (chengdu, China) and used as
received without further purification. The ultrapure water was purified using a Millipore (18.2 MQ - cm)
system and used in all experiments.

2.2 Synthesis of Ag NPs

Typically, according to a certain proportion of microemulsion, the volume ratio of N-hexane, ethanol and
water was 10:1:2, 10:10:2, 10:5:2 respectively. Then AgNO; and oPD was added to the above solution with
the molar ratio 1:1. The mixed solution was stirred for 2h at room temperature, and the color of the
solution gradually changed from light yellow to brown. Products were collected by centrifugation, and
sequentially washed with EtOH and water to remove adsorbed organics. The silver precipitates were
washed with water by centrifugation twice, and the resulting precipitates were dried at 60°C for 12h in
vacuum for further use.

2.3  Characterization Methods

Scanning electron microscopy (SEM) measurements were made on a JSM-6510 (Rigaku, Japan) operated
at an accelerating voltage of 20 kV. UV-vis spectra were obtained on a UV-7502PC Spectropheotometer.
The crystal structure and purity of Ag NPs was characterized by powder X-ray diffraction (XRD) patterns
recorded on a Dmax/Ultima IV (Japan Rigaku).

2.4  Catalytic Reduction of 4-Nitrophenol

For evaluating the activity of our Ag NPs as an efficient catalyst, the reduction of 4-NP by NaBH4 was
carried out in experiments as follows. Since the catalytic degradation of 4-NP follows pseudo-first-order
kinetics, the experiment was done taking 20 mL of 2 mM 4-NP solution in 20 mL of 0.25 M NaBH, solution,
leading to an immediate color change from light yellow to yellow-green. 0.02 g of Ag NPs was then added
to the mixture as catalyst. The reaction was carried out at 25°C with continuous stirring to ensure
homogeneous mixing of the reactants and distribution of the catalyst. And then 600 g L mixed solution
was taken in a standard quartz cuvette of 1 cm path length with 3 mL distilled water. The UV-vis
absorption spectra were then recorded at RT in a scanning range of 250-500 nm. For studying the effect of
catalyst dose, the amount of Ag NPs catalyst was varied 0.01 g-0.03 g; however, volume and concentration
of 4-NP and NaBH, were kept constant (20 mL of 2 mM and 20 mL of 0.25 M, respectively). In a similar
way, the temperature was varied 0-95°C.
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3 Results and Discussion

3.1 Characterization of Ag NPs

The fabrication of Ag NPs is illustrated in Scheme 1. In the first stage of silver nanoparticles, the surface
area of Ag NPs is large, so it will spontaneously aggregate together. However, under the condition of
microemulsion, Ag NPs grow, and agglomerate in a certain size and shape.

Fig. la-c represents the typical low magnified SEM images of Ag NPs which the volume ratio of
N-hexane, ethanol and water was 10:1:2, 10:10:2, 10:5:2 respectively. As we could see, Ag NPs suffered from
serious aggregation with a small amount of ethanol (Fig.1a). In the microemulsion, ethanol plays a role of
surfactants. So in the case of less ethanol, a serious aggregation was appeared. As the increase of ethanol,
Ag NPs emerged granulum structure without any aggregation. However, the particle size of Ag NPs was
not uniform when the volume ratio was 10:10:2 (Fig. 1b). This was probably because of forming uneven
cavity in the nanoscale reactor of microemulsion. Fig.1c shows the low magnification SEM image of Ag NPs
the volume ratio of which was 10:5:2 and the high magnification SEM image were shown in Fig. 1d.
Obviously, most of the products were granulum structure with a size distribution of 580-600 nm. The inset
showed particle size distribution of Ag NPs, demonstrating the diameter of Ag NPs was 540-640 nm.
Therefore, we thought that the microcavity in microemulsion could provide a homogeneous nanoscale
reactor with the volume ratio 10:5:2. The composition of the Ag NPs was confirmed by EDS spectrum in
Fig.1e. The inset showed the concentration corresponding to Ag and O elements. The XRD pattern of Ag
NPs was shown in Fig.1f. The spectra of sliver nanocrystals displayed specific peak at 20 = 38.3°, 44.5°,
64.6° and 77.5°, corresponding to the (111), (200), (220) and (311) crystallographic planes, respectively.

3.2 Catalytic Reduction of 4-Nitrophenol

The reduction of 4-nitrophenol to 4-aminophenol by NaBH, reducing agent was chosen to evaluate the
catalytic performance of the Ag NPs. The progression of the reduction reaction was monitored by UV-vis
absorption spectroscopy. An aqueous solution of 4-NP is light yellow in color, which shows absorption at
317 nm. The peak redshifted from ca.317 to 400 nm after the addition of NaBH, and the color changed
from light yellow to deep yellow. This color change can be attributed to an increase in the alkalinity of the
solution, which results in the formation of the 4-nitrophenolate ion (C;H,NO,") [36].

Fig. 2a-c shows the time-dependent UV-vis absorption spectra with the Ag NPs catalyst added. With
the volume ratio of 10:1:2, 10:10:2, 10:5:2 in microemulsion, the reduction reaction was 12 min, 9 min and
7 min respectively. Due to suffer from a serious aggregation, Ag NPs had a low efficiency when the volume
ratio was 10:1:2 (Fig. 2a). However, owing to nonuniform of particle size, the reaction was not complete
after 7 min (Fig. 2b). As a representative case of the catalyst, this reduction reaction was completed in 7
min (Fig. 2¢), as indicated by a fast color change of the reaction solution from yellow to colorless. From the
absorption spectra, it was noted that the intensity of the absorption peak at 400 nm dramatically decreases
and, at the same time, a new peak at 298 nm started to rise due to the conversion of 4-NP to 4-AP.

Fig. 2d shows In(A,/A,) versus reaction time for the reaction of 4-NP with Ag NPs as catalysts, where A,
and A, are the initial absorption intensity and absorption intensity of 4-NP at time t, respectively. It was
obvious that the good linear relationships of In(A,/A,) versus reaction time were obtained, suggesting that
the reactions followed a pseudo-first-order kinetics reaction. The pseudo-first-order rate constant of the
reaction catalyzed by the Ag NPs catalyst was calculated by measuring the disappearance of the
characteristic peak, viz., the concentration of 4-NP quantitatively at 400 nm collected at given intervals.
The rate constant can be calculated using the formula

ln(At /AO) =-k ¢ (1)

app

where k,  is the apparent rate constant, t is the reaction time, A is the initial concentration of 4-NP, and
A, is the concentration of 4-NP at time t [30]. As expected, a linear relationship between In(A,/A,) and
reaction time was obtained. Thus, the rate constant was estimated from the slop of the best-fit line as
ca.0.59 min™, which was much higher than that of other catalysts reported elsewhere (Table 1) [1, 30,
37-42]. Due to the fact that our catalyst was of low cost, easy to synthesize, and highly efficient, it was

beneficial over those from other reports.
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The effects of Ag NPs catalyst dosing were investigated by varying the concentration of catalyst, while
keeping other parameters, such as the concentration of 4-NP and NaBH,, constant (Fig. 3a). The reaction
rate generally increased with the mass of catalyst. This observation is consistent with the view that an
increase in the total surface area and number of reaction sites enhances the catalytic activity [43]. However,
when the mass of catalyst was more than 0.02 g, the average rate of increase was decreased obviously (Fig.
3b).

In order to investigate Ag NPs catalyst for 4-NP reduction reaction, the optimal reaction temperature
(T) was also given out. As shown in Fig. 3¢, the temperature was varied 0-95°C, keeping other parameters
constant for studying temperature effect of the substrate. With the increasing of the temperature, the
reaction rate (k) increased gradually. This illustrated that reaction rate was affected significantly by the
temperature. The phenomenon mainly stems from the fact that random movement of molecules was
obvious with the increase of temperature. When temperature rose to 95°C, Ag NPs catalyst still showed
better catalytic performance. It declared that Ag NPs had high-temperature-resistance, without larger
reunion between metal particles. And then Ag NPs’ activity would not be affected. When the experiment
was carried out in the absence of the Ag NPs catalyst, it was observed that NaBH, showed almost no
change over 16 min. Therefore, it could be confirmed that the catalyst was providing a surface for the
adsorption of both species (4-NP and NaBH, reducing agent molecules), which increased the rate of
degradation reaction by increasing electron transfer between these reacting molecules [36].
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Figure 1. Low magnification SEM images of Ag NPs in microemulsion of different volume ratio (a) 10:1:2 (b) 10:10:2
(c) 10:5:2. (d) High magnification SEM images of Ag NPs in microemulsion with the volume ratio 10:5:2. Inset: particle
size distribution of Ag NPs. (e) EDS spectrum of Ag NPs. Inset: element concentrations of Ag and O of Ag NPs. (f)
Powder XRD patterns of Ag NPs.
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Figure 2. Time-dependent UV—vis spectra of the reaction solution in the presence of Ag NPs in microemulsion of
different volume ratio (a) 10:1:2 (b) 10:10:2 (c) 10:5:2. Inset: Color change of 4-nitrophenol solution (left) before and
(right) after the catalytic reaction. (d) Plot of In(At/A0) against the reaction time, corresponding to the reduction of
4-NP.

Tablel. Recent studies on the reduction of 4-NP using various catalysts

Material kapp (min') Ref.
Ag-SiO,NWs 0.152 1]

Ag NPsG@PGMA-SH 0.236 [30]
CNC@PDA-Ag 0.2554 [37]
AgCit 0.0108 3]
acrylic acid —amidodiol/Ag hydrogel 0.49 [39]
AgNP-PG-5K 0.33 [40]
Ag—PMMA 0.049 [41]
Au/AgNR/SnO, 0.50 [42]

Ag NPs 0.59 This work

Moreover, in reaction kinetics, the activation energy (Ea) can be obtained by the k under different
temperature which is an empirical parameter describing the dependency of the k constant with
temperature. A larger Ea value indicates higher sensitivity of the kinetic constant k to reaction
temperature. The Ea values were calculated using the Arrhenius equation:

Ea
kapp = Aexp _ﬁ (2)
mk =-—+2 1A 3)
app RT

where A is the Arrhenius factor, k is the rate constant at temperature T (in Kelvin), and R is the universal
gas constant. From the slope of the plot of In k,,, against 1/T, the Ea for the Ag NPs was determined to be
23.03 kJ mol™, which was much smaller than some clad metal catalysts (the Ea for Ag based catalysts is
30-40 kJ mol' [37, 44-46], the Ea for Fe,O, based catalysts is 30-40 kJ mol' [47]). Usually, for
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surface-catalyzed reactions, the Ea value lies between 8.4 kJ mol™ and 41.9 kJ mol™ [48]. Thus, the results
support the belief that the conversion of 4-NP to 4-AP occurred via surface catalysis. Moreover, the low Ea
of Ag NPs was also in agreement with the superior photocatalytic activity of Ag NPs than other catalysts.
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Figure 3. (a) Plot of In(A,/A,) versus time t for different silver quality in Ag NPs stock solutions. (b) Plot of k versus
the mass of catalyst Ag NPs. (c) Plot of k versus the reaction temperature. (d) Plot of A,/A, vs reaction time for a
mixture of 4-NP and NaBH, without the addition of catalyst.
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Figure 4. (a) Plot of C,/C, versus time (t) for the recycling of the catalyst. (b) Reusability of Ag NPs catalyst for the
reduction of 4-NP with NaBH,

To check the stability of Ag NPs catalyst, a recyclability test was carried out over six cycles. The catalyst
was separated from the reaction solution after each cycle, and then washed and dried for the next run
under identical condition. As shown in Fig. 4a and b, high yields were attained in all six reaction runs,
indicative of the recoverable catalytic activity of the Ag NPs. We were aware of the slight decrease in
conversion, which implied the possibility that the catalyst may leak off after many cycles in use. From the
experimental results, the rate constant (k) values of six successive cycles are 0.59 min™, 0.57 min™, 0.54
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min™, 0.51 min®, 0.50 min™, 0.47 min™, respectively. Therefore, the as-prepared Ag NPs was proven to have
excellent catalytic activity, reusability, and longterm stability, and thus to be a promising catalyst for the
borohydride reduction reaction of 4-NP.

3.3 Mechanism of Catalytic Activity Enhancement.

The catalytic properties of Ag NPs were evaluated by reduction of 4-nitrophenol (4-NP) to 4-aminophenol
(4-AP) with the present of NaBH, (Fig. 5a). Fig. 5b shows the catalytic mechanisms for 4-NP reduction by
Ag NPs in the presence of NaBH4. When Ag NPs were used for catalytic reduction, the electron transfer
from BH, to Ag NPs and then to 4-NP was the first step. Herein, BH, was adsorbed onto the surface of Ag
NPs to react and transfer electrons to Ag NPs [30]. And then the bare Ag NPs serve as catalyst to transfer
electrons from BH, to nitrophenols, leading to the production of amino derivatives, 2-amion-4-nitrophenol

and p-aminophenol [49].
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Figure 5. (a) schematic diagram for catalytic reaction of 4-NP. (b) Schematic illustration demonstrating the catalytic
reaction mechanism of the reduction of 4-NP to 4-AP by aqueous solution of NaBH, over Ag NPs catalyst.

4  Conclusions

A simple, microemulsion technique for the in-situ synthesis of Ag NPs was proposed. A single metal of
silver nanoparticles were prepared by a rather simple and fast method. The size and morphology of Ag NPs
were highly controlled by microemulsion, which were obtained a granulum structure with a diameter of
540-640 nm. The Ag NPs exhibited high catalytic activity in the reduction of 4-NP in the presence of
NaBH,, as a result of the high surface area and electronic properties of Ag NPs supports. Excellent
reproducibility and stability were further confirmed. The silver nanoparticles can be extended to an
important metalcatalyzed reduction in chemical industry, which is of great significance for the sustainable
development.
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