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Abstract

Immobilization of silver nanoparticles (Ag NPs) to improve recyclability is crucial for applications in nanocatalysts. Herein,
silver nanoparticles were prepared on copper foil by immersing copper foil in the solution of silver citrate, containing an
excess of citric acid. The nanoparticles were characterized using X-ray diffraction (XRD), scanning electron microscopy
(SEM), energy dispersive X-ray (EDS), and atomic force microscope (AFM). The catalytic activity of silver nanoparticle
on copper was studied in reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the presence of excess borohydride.
The catalyst can be easily recycled and showed excellent reusability as a conversion higher than 95% was achieved after
30 cycles. Thus, the preparation of nanoparticle aggregates on copper foil has been proven a feasible, straightforward, and
effective protocol, which would facilitate the applications of Ag NPs in environmental control.
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1 Introduction

Silver nanoparticles have been investigated extensively to
understand their physical and chemical properties during
recent years, not only for scientific knowledge but also for
technological applications. However, their applications usu-
ally suffer from difficult recovery and irreversible aggrega-
tion due to the high surface energy and large surface area
[1, 2]. Immobilization of silver nanoparticles on a variety
of supports including semiconductors [3, 4], metal oxides,
[5] polymers, [6—-10] and carbon materials has been proven
capable of addressing these issues, [11, 12] and then broad-
ening the applications within, for example, memory devices,
[13, 14] photovoltaic cells, [15] and supercapacitors [16].
Moreover, the immobilization of nanoparticles on the sup-
ports can facilitate their reuse as a result of accessible sepa-
ration from the reaction mixture, [17-20] and also provide
them free of stabilizer. Nevertheless, weak interactions
between silver nanoparticles and the supports give rise to
the leakage, aggregation, [21] or poor distribution of nano-
particles [22]. In this regard, preparing silver nanoparticles
with good stability are crucial.

Manufacturing of many antipyretic and analgesic drugs,
such as phenacetin, paracetamol, and so on, needs 4-ami-
nophenol as a potent intermediate. It is also used enormously
as a corrosion inhibitor, photographic developer, anticorro-
sion-lubricant, and hair-dyeing agent [23, 24]. Thus, being
a common precursor material for 4-aminophenol, a newer
and cheaper method for catalytic hydrogenation of 4-nitro-
phenol is always in demand. The conventional procedures
for hydrogenation of 4-NP involve iron/ acid as a reducing
agent [25]. However, treatment with metallic reagents has
limitations. Metal oxides are produced in huge amounts as
sludge out of these reactions. Therefore, there is a demand
for an alternative effective and green method for the reduc-
tion of 4-nitrophenol. As a consequence, hydrogenation of
4-nitrophenol has been studied in the presence of various
heterogeneous metal catalysts such as Pd, [26] Ni [27, 28],
Re, [29] Pt, [30] and TiO,-supported Ni [31] and the reduc-
tion of 4-NP by hydrazine in the presence of Raney nickel as
a catalyst in ethanol-water have been studied. The reduction
of 4-nitrophenol by borohydride in the presence of suitable
catalysts has also been accepted as an alternative route [32].
In this respect, catalytic applications of nanosized Ni, [33]
Au and Ag, [34-37] bimetallic Pt-Ni, [38] resin bound sil-
ver, [39] and so on could be worth mentioning. In addition,
metal nanoparticles synthesized on polymeric matrix such as
poly(acrylic acid) and poly (nisopropylacrylamide) have also
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shown their worth for catalytic reduction of 4-nitrophenol
[40, 41].

Here we present a cost-effective and simple method,
based on a wet chemical reaction, to produce silver nanopar-
ticles deposited on commercial copper foil in a reliable way.
This method involves the galvanic displacement (also known
as electroless deposition) of silver on commercial copper
foil. It is subsequently demonstrated that the thus-obtained
silver structures can be used for reduction of 4-nitrophenol
with high recyclability.

2 Experimental Section
2.1 Materials

All the chemicals were analytical reagent grade and used
as purchased without further purification. Silver nitrate
(AgNOy), citric acid and 4-nitrophenol were obtained from
Sigma Alderich Company.

2.2 Deposition of Silver Onto Commercial Copper
Foil

For electropolishing, the copper foils were degreased in
ethanol and acetone for 5 min, respectively, followed by
distilled water rinsing after each step. The copper foils were
then immersed in a 0.1 M HNO; aqueous solution for 2 min
with ultrasound in order to remove the oxidized surface layer
and then rinsed with distilled water and dried at room tem-
perature for future use. An acidic solution of silver citrate
(AgzC¢Hs0, 300 ppm), containing excess of citric acid
(H3CH50O,) were prepared. For deposition of silver, the Cu
foil was immersed into distilled water and then the prepared
solution of silver citrate was added dropwise to the reaction
vessels for 48 h at room temperature (about 298 K), fol-
lowed by rinsing with a large amount of distilled water for
three times. The products were finally dried and stored in for
further usage (Fig. 1).

3 Characterization
3.1 XRD, FESEM, and EDX Analyses

The morphology and composition of the of silver nanopar-
ticles were examined with the SEM, AFM, XRD and EDX
experiments. Structural and morphological properties and
the uniformity of the silver nanoparticles on copper were
studied by SEM, XRD and AFM. Scanning electron micros-
copy (SEM) images show that films exhibit uniform surface
morphology with well-defined spherical particles with aver-
age size of 10—15 nm without agglomeration (Fig. 2).
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The nature of Ag entities on copper foil was probed
using Grazing incidence X-ray diffraction and Energy
Dispersive Spectroscopy (EDS). The XRD pattern of sil-
ver film on copper (Fig. 3) includes four obvious peaks
at 38.16°, 44.32°, 64.50° and 77.4° corresponding to the
(111), (200), (220) and (311) planes, which are reflec-
tions of face-centered cubic (fcc) silver (JCPDS, silver
file 4-0783). No characteristic peaks to indicate impurities
such as Ag,O were found in this sample. Thus, pure silver
metal with fcc symmetry was synthesized on the com-
mercial copper foil. The sharp diffraction peaks of copper
foil appeared at 20 values of 43.7°, 50.9° and 74.5° for
the index (111), (200) and (220) planes of crystalline Cu
particles, respectively.

The silver nanoparticles were also confirmed by EDX
patterns (Fig. 4). The characteristic peaks related to the sil-
ver are located between 2 and 4 keV. In Fig. 4, the intense
peaks attributed to elemental silver are observed between
2.9 and 3.6 keV, pertaining to the silver characteristic lines
Lo and LP. These results confirm those obtained by the
other analysis methods.

The Atomic Force Microscopy (AFM) helps in evalu-
ating parameters like amplitude or height parameters,
functional or statistical parameters and spatial parameters
which describe the surface topography or the roughness.
The topographic images of the silver nanoparticles were
obtained using a Bruker make multimode-V atomic force
microscope (AFM) in contact mode (air) with silicon
nitride tip of 10 nm radius of curvature (Fig. 5). As shown
in Fig. 5, the AFM results showed that the silver layer is
smooth and the maximum height difference of the cross
section is negligible.

3.2 Optimization of the Catalyst

To determine the optimum amount of sodium borohydride
and the catalyst for the reduction of 4-nitrophenol, reduction
studies were carried out with varying amounts of NaBH, and
the catalyst. It can be seen from Table 1 that upon keeping
the amount of sodium borohydride constant, the time for
completion of the reduction of 4-nitrophenol decreases on
increasing surface of the catalyst. Similarly, upon keeping
the surface of catalyst constant, the time for completion of
the reaction decreases on increasing the amount of borohy-
dride reagent. No reaction occurred either in the absence of
the catalyst or sodium borohydride. To optimize the time
duration of the reaction as well as the amount of the cata-
lyst and NaBH, required for the reaction, 220 cm? surface
of the containing 0.02 mol of NaBH, was selected as the
optimum amount for reducing 2.0 x 10™* mol of 4-nitrophe-
nol. This experiment is important because an optimum time
duration once determined will enable one conveniently to
follow the reaction kinetics of the reduction of 4-nitrophenol

Fig.1 The image of a sample of deposited silver nanoparticles on
commercial copper foil
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Fig.2 SEM image of the surface morphology of silver nanoparticles
on copper foil

spectrophotometrically, which will be discussed in the next
section.

3.3 Catalytic Reduction of 4-nitrophenol

The catalytic activity of the silver nanostructures on
copper foil was investigated in the reduction of 4-NP to
4-AP by NaBH, (Fig. 6). Catalytic reduction of 4-nitro-
phenol was monitored via Uv/Vis spectrophotometry.
In the absence of silver nanostructures on copper foil,
it was observed that the absorption band of 4-nitrophe-
nol (A, . =317 nm) is red shifted to 400 nm, which is

max
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Fig.3 Grazing incidence X-ray diffraction patterns of the gradient Ag—Cu thin film, showing presence of metallic Ag and Cu
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Fig.4 EDX spectrum of the nanolayer silver on copper foil

attributed to the formation of 4-nitrophenolate ions under
alkaline conditions by the introduction of NaBH,, which
can be observed by the color change from light yellow
to dark yellow after addition of NaBH,. The intensity of
the peak remained unaltered at 400 nm with time. How-
ever, in the presence of the catalyst the dark yellow color
of 4-nitrophenolate ions solution vanished quickly, indi-
cated by the fast intensity decrease in the absorbance of
400 nm. Concomitantly, a new peak appeared at 300 nm,
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and increased with reduction time, which is assigned to
4-aminophenol, confirming the reduction 4-NP to 4-AP.
The experiment shows that the reaction did not happen
when no the catalyst was used.

Figure 6 shows the real time changes in the absorbance
of both the reactant 4-NP and the product 4-AP in the pres-
ence of the catalyst. There is no change in the absorbance of
4-NP within the first 5 s, which we define as the induction
period (t,). During this period, the catalyst does not seem to
participate in the reduction reaction, and the catalysis reac-
tion is paralyzed until the induction period is finished. After
induction period, the reduction starts and the absorbance
of 4-nitrophenol decreases. Figure 6 shows the absorption
spectrum of the reaction mixture at time interval of 0.5 min.
It is seen from the spectrum that the intensity of the absorp-
tion peak of 4-NP decreases to almost zero within 12 min.

The reaction can be described as follows: Sodium borohy-
dride reacts with water to generate large amounts of hydro-
gen molecules and NaBO, this reaction catalyst by the silver
nanostructures, and at the same time, 4-nitrophenol adsorbs
onto the silver surface. Here, 4-nitrophenol is reduced to
4-aminophenol via two intermediates, namely 4-nitrosophe-
nol and 4-hydroxyaminophenol, which desorbs afterwards
(Scheme 1). At A=400 nm, one can see the decrease of
the absorption of the nitrophenolate ion, while the increas-
ing peak at around A =300 nm indicates the increasing
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Fig.5 AFM images a 2D topography and b 3D surface topography of the surface of the deposited silver nanoparticles on copper foil

Table 1 Optimization of surface of catalyst and the amount of
sodium borohydride for the reduction of 2.0x 10™* mol of 4-nitrophe-
nol

Amount of sodium Reaction time (min)
borohydride (mol)

Entry Surface of silver
nanolayer catalyst

(cm®)

1 60 0.005 120

2 60 0.01 60

3 150 0.01 30

4 220 0.01 25

5 250 0.01 20

6 250 0.015 15

7 250 0.02 10

8 250 0.04 10

9 250 0.06 10

10 250 0.08 10

11 250 0.10 10

10 -Nil- 0.01 No reaction
11 60 -Nil- No reaction

concentration of 4-aminophenol. There are three isosbestic
points (280, 320 and 470 nm) in the UV/vis-spectra which
are in full agreement with most published data. It should
be noted that gas bubbles of H, may evolve during the runs
(Fig. 6). These bubbles would severely impede the optical
measurements because their presence would lead to a shift
of the UV—-vis spectra and a loss of the isosbestic points.
The catalytic reduction of 4-NP to 4-AP is schematically
presented in scheme 1. It is a six-electron transfer process.

4-nitrophenolate

2 4-aminophenol

15

Absorbance (s.u.)

0.5

T T T T T T '
200 250 300 350 400 450 500
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Fig.6 Time dependent absorption spectra for the catalytic reduc-
tion of 4-NP by NaBH4 in presence of nanolayer silver on cop-
per foil. Conditions: 30 s time interval; [4-NP]=2.0x10"* M;
[NaBH,]=0.02 M

The role of the catalyst in redox reactions can be described
by electrochemical current potential. In the present case,
electron transfer occurs from BH, ™ to 4-NP through adsorp-
tion of the reactant molecules on to the catalyst surface. The
heterogeneous catalysis reaction may occur in four steps:
(1) Adsorption is commonly an essential first step in het-
erogeneous catalysis, (2) formation of the surface complex
by diffusion of the molecule to the active site, (3) reaction
of the complex to form the adsorbed product, and (4) finally
desorption of products from adsorption sites. The mecha-
nism, in the case of heterogeneous catalysis, depends on
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Scheme 1 The proposed mechanism for the reduction of 4-nitrophenol to 4-aminophenol catalyzed by the silver nanostructures on copper foil
catalyst and sodium borohydride
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Fig.7 a Plot of In(A/A,) against the reaction time, corresponding to
the reduction of 4-NP, b Conversion of 4-NP in 30 successive cycles
with the catalyst

many factors, namely, the adsorption behavior of the mol-
ecules, the concentration, surface coverage, and the nature
of the substrate.

If an excess of borohydride is used, the catalytic reduction
reaction occurred at the surface of catalytic nanostructures
following a monomolecular mechanism.

A+CoAC-> P

The reactant A (4-NP) interacted with the active sites on
the catalyst surface C (the silver nanoparticles on copper
foil) to form the adsorbed species AC, which underwent
reaction to form the product P (4-AP). Thus, the kinetics of
the reduction can be treated as pseudo-first-order in 4-NP
concentration, which simplifies the present analysis. The
pseudo-first-order rate constant of the reaction catalyzed by
the 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 (Fig. 7).
The rate constant can be calculated using the formula

At
In 14—0 = _kappt

Recyclability of catalysts is a vital factor for green chemistry
and their practical application. Reuse cycles of the silver
nanoparticles on copper foil catalyst were then examined.
The catalyst was separated from the reaction solution after
each cycle, and then washed for the next run under identical
condition. Moreover, no significant change was observed
in the properties, size and morphology of the catalyst even
after running of 30 cycles (Fig. 7b). As shown in Fig. 7a, a
linear relationship between In([4NP]/[4NP],) and reaction
time (t) is obtained for the catalyst in the first cycle and after
running 30 cycles, indicating the reaction is first-order with
respect to 4-nitrophenol. The rate constants (k) are measured
from the slope of the lines and the values are 0.0032 and
0.0025 s~! for cycle 1 and cycle 30, respectively. A catalyst
supported on solid matrix has always been appreciated in the
case of expensive catalysts because of their recyclability. In
the present experiment the catalyst is good in terms of its
recyclable property. A long shelf life of the catalyst was also
tested. After storage at room temperature for 12 months, no
detectable change was observed in the catalytic activity of
the catalyst. Therefore, the as-prepared silver nanolayer cata-
lyst was proven to have excellent catalytic activity, reusabil-
ity, and long term stability, and thus to be a promising cata-
lyst for the borohydride reduction reaction of 4-nitrophenol.

The catalyst turnover number (TON) and the turnover
frequency (TOF) are two important quantities used for
comparing catalyst efficiency. In heterogeneous catalysis,
the TON is the number of reactant moles that 1 g of cata-
lyst can convert into products. The TOF is simply TON/
time. The mass of silver nanoparticles on the copper foil
was calculated by mass of silver nitrate used to deposit
silver on copper foil. For the catalyst, using 2.0 x 107 M
concentration of 4-NP and 1.0 g-L ™! catalyst, the TOF was
found to be 1.73 x 10~* mol-g~!-s7".

4 Conclusion

We show here that simple galvanic displacement from
acidic baths can deposit silver nanostructure on copper foil
in certain ranges of pH. The particles were characterized by
XRD, SEM, AFM and EDS analysis, and they were found
to be spherical and crystalline, and with sizes of <15 nm.
The effectiveness of the silver nanostructure on copper foil
as catalyst for 4-NP reduction to 4-AP by excess borohy-
dride has been evaluated. The catalysts supported on solid
matrix have been appreciated in the case of expensive cata-
lysts because of their recyclability. This makes the process
cost-effective.
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