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Abstract

Silver nanoparticles were formed electrochemically in the presence of poly(N-vinylpyrrolidone) (PVP) to generate highly stable
nanoparticles with a mean diameter of 12 nm. The optimised conditions involved formation at —6.0 V vs Ag|Ag* with a
PVP:Ag" ratio of 75:1. Particle agglomeration was observed when the PVP:Ag* ratio was reduced to 25:1 and when extended
polarisation periods were employed. Using the optimised conditions, the silver nanoparticles remained stable for periods in
excess of 2 months. The nanoparticles were immobilised inside a polyacrylamide hydrogel and used for the reduction of 4-
nitrophenol. The rate constant obtained for the reduction of 4-nitrophenol was calculated as 7.1 x 10 to 1.6 x 10> s~ depend-
ing on the amount of silver. The hydrogel-Ag composite was stable and could be stored for several months, while there was little

change in the rate constant when it was repeatedly used.
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Introduction

The formation and applications of metal nanoparticles have
attracted considerable attention in recent years [1-10]. In par-
ticular, silver nanoparticles are widely studied and they have
been employed in several areas, including food-related fields
[1], with applications in reducing infectious diseases [2, 3], as
sensors [4, 5] and in environmental science, mainly in water
purification [6, 7]. Silver ions and silver nanoparticles have
also been employed widely as antibacterial agents. It has been
shown that silver nanoparticles are effective against a broad
spectrum of bacteria, including both Gram-negative and
Gram-positive bacteria [3]. In particular, they inhibit the
growth of Escherichia coli [§] and MRSA [9]. The catalytic
activity of silver nanoparticles is also well known [10-13].
The reduction of 4-nitrophenol to aminophenol with the addi-
tion of sodium borohydride is typically used as a model reac-
tion. It is generally accepted that the borohydride transfers a
hydrogen atom to the surface of the silver nanoparticle which,
in turn, facilitates the reduction of the nitrophenol molecule.

< Carmel B. Breslin
Carmel.Breslin@mu.ie

Department of Chemistry, Maynooth University, Maynooth, Co.
Kildare, Ireland

Generally, smaller silver nanoparticles, with narrow size dis-
tributions, show higher catalytic activity [14]. In addition to
having a higher surface area to volume ratio, more efficient
electron transfer occurs and higher rate constants are achieved.
However, smaller silver nanoparticles are more susceptible to
particle agglomeration and this results in a significant loss in
the catalytic activity. Immobilisation of the particles onto or
into a support material is one of the most effective measures in
reducing particle agglomeration. Various materials have been
employed successfully to immobilise silver nanoparticles
[11-13]. Generally, the support material is immersed in a
silver-containing solution and the incorporated silver ions
are then reduced at/in the support [12, 13].

Silver nanoparticles and indeed other silver nanostructures,
such as silver nanoplates, are easily synthesised and they are
commonly formed using chemical reduction, where a reduc-
ing agent, such as sodium borohydride or sodium citrate, is
employed to reduce Ag* to Ag® [15, 16]. This is followed by
the formation of clusters which eventually leads to the gener-
ation of the silver nanoparticles. A protecting or capping re-
agent is also used to prevent particle agglomeration. While the
chemical synthesis of silver nanoparticles is very successful
and can be used to form well-defined nanoparticles with a
narrow size distribution, the costs of the reagents, the release
of hazardous by-products and the purification steps have
prompted the development of more ‘greener’ approaches.
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Consequently, biological methods have been developed,
where fungi, bacteria and plant extracts are employed [17,
18]. These extracts contain reducing and/or capping reagents,
with many plant extracts containing aldehydes and quinones.
Other green processes include electrochemical methods and
these can be used to generate large quantities of silver nano-
particles in relatively short periods of time. The most common
approach is to employ sacrificial anodes, where the anode is
dissolved to generate the metal cation, which is then combined
with a stabiliser and reduced at the cathode to give stabilised
colloidal particles [19, 20]. However, passivation of the anode
can occur and the efficiency of the process may be reduced
through the electrodeposition of the cations at the cathode in
the cell. Furthermore, the solution usually only contains the
protecting reagent, giving a low conductivity medium that
requires high potentials to deliver the metal cations.

In this paper, silver nanoparticles were prepared in solution
using electrochemical reduction, but with a silver salt dis-
solved in a supporting electrolyte to give a conducting solu-
tion. The electrochemical formation of silver nanoparticles is
easily achieved as the Ag" ions are reduced on application of a
potential below the standard reduction potential of the Ag|Ag*
couple, making it possible to deposit silver nanoparticles and
other silver nanostructures [21-23]. The reduction of Ag* in
the presence of poly(N-vinylpyrrolidone), PVP, which is a
well-known stabilising agent [21], was used to generate
PVP-protected silver nanoparticles in solution, within a 5-
min period, without the need for a reducing agent, or a sacri-
ficial anode. Large negative overpotentials were employed to
give rapid formation of the nanoparticles at room temperature.
To the best of our knowledge, this approach, using a large
negative constant potential in a silver-containing salt solution,
has not been investigated and optimised for the formation of
stable silver nanoparticles. The electrosynthesised particles
were then immobilised within a polyacrylamide hydrogel
and tested as a catalyst for the reduction of nitrophenol.
Although the in situ synthesis of silver nanoparticles in
hydrogels, where the hydrogel matrix is used as the reaction
medium, is more commonly used to form hydrogel—
nanoparticle composites, the electrochemically synthesised
silver nanoparticles are easily dispersed within the hydrogel
matrix and the silver nanoparticles facilitate the formation of
the hydrogel.

Experimental and materials

Electrochemical formation of PVP-protected silver
nanoparticles

PVP, AgNO; and KNOj3 were obtained from Sigma—Aldrich,

while the platinum sheet electrodes (99.9%) were purchased
from Goodfellow Metals. The platinum sheets were abraded
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using a Metaserve Universal polisher with water-lubricated
silicon carbide paper to a 1200 grit grade, and they were then
sonicated in an ethanol-water mixture and dried under a
stream of air. The electrochemical reduction of Ag" was
achieved using a Solartron (Model SI 1287) potentiostat in a
typical three-electrode cell, with a Ag|Ag* pseudo-reference
electrode, and two platinum sheet electrodes (1 x 5 cm length
x width) as the working and counter electrodes. All experi-
ments were carried out in deoxygenated solutions and the cell
was covered to remove light. The applied potentials and con-
centrations of Ag™ and PVP were varied to give stable silver
nanoparticles with a narrow-size distribution. The optimised
solution consisted of 50 mM AgNO; and 423.75 g dm > PVP
to give a ratio of PVP:Ag* of 75:1, which was dissolved in a
supporting 0.1 M KNOj; electrolyte. The PVP content is
expressed in g dm > as an exact molecular mass is not avail-
able (average molecular mass is 40,000 g mol ). The nano-
particles were generated under constant agitation at potentials
ranging from — 0.10 to —6.0 V vs Ag|Ag". The potential of the
silver pseudo-reference electrode was measured before and
after the experiments, and no significant potential drift was
observed.

Formation of a hydrogel with PVP-protected
nanoparticles

The PVP-protected silver nanoparticles were incorporated in-
to a polyacrylamide (PAAm) hydrogel composite. All solu-
tions were purged with nitrogen for 20 min before any of the
solutions were combined and also purged during formation of
the gel. The acrylamide (4.0 g) monomer and N,N'-methylene-
bis-acrylamide (MBA) (0.175 g) were dissolved in 10 mL of
water. The PVP-protected silver nanoparticles dispersed in
10 mL of water were added to the monomer solution with
stirring. Freshly made 1% ammonium persulfate (AP) solu-
tion and tetramethylethylenediamine (TEMED) were added
with vigorous mechanical stirring to initiate polymerisation.
The gels were then transferred to a glass vial (5 cm x 1 cm in
diameter) and allowed to set at room temperature to give the
hydrogel-Ag composites. After a 2-h period, the bottom of the
glass tube was removed using a grinding wheel and the hy-
drogel cylinder was removed and cut into 3-mm discs using a
sharp blade. Based on the amount of silver salt initially used,
the mass of silver was estimated as 0.2 mg in each disc. The
discs were suspended in deoxygenated deionised water and in
the dark for 24 h to extract any unreacted reagents from the
hydrogel.

Scanning electron microscopy (SEM) was performed on a
Hitachi SEM model S-3200N instrument. The nanoparticles
were dispersed onto a metal substrate, and Image J software
was used to estimate the size of the particles. TEM measure-
ments were carried out using a FEI Titan TEM. UV-visible
spectroscopy was used to monitor the stability of the silver
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nanoparticles. The solution collected from the electrochemical
synthesis was diluted in some cases before the UV-Vis data
were collected to give absorbance values lower than about 1.0.
This dilution factor, if applied, is indicated in the figure cap-
tions. All measurements were performed using a Cary UV-
visible spectrometer.

Reduction of 4-nitrophenol

Solutions of 4-nitrophenol and NaBH, were freshly made and
purged with N, for 20 min. Three hydrogel discs were used
and added to the combined solutions, 3 mL of 1.2 x 10™* M 4-
nitrophenol with 6 mL of 0.1 M NaBH, and stirred. The rate
of the reduction reaction was monitored using UV-visible
spectroscopy. Using this approach, the ratio of NaBH, to 4-
nitrophenol was maintained at 1667:1. All experiments were
repeated at least three times and the average values are shown
with error bars.

Results and discussion
Formation of PVP-protected Ag nanoparticles

The silver nanoparticles were formed electrochemically using
PVP which is a well-known protecting agent that can be
employed to minimise agglomeration [21]. Initially, the influ-
ence of PVP on the electrochemical reduction of Ag* at a
platinum substrate was studied and typical data are presented
in Fig. 1. The data presented in Fig. 1a correspond to the first
cycle while the steady-state voltammograms, recorded after
10 cycles, are presented in Fig. 1b. In the absence of PVP,
the reduction of Ag* to Ag’ is seen at about —0.10 V vs
Ag|Ag*, while the reverse oxidation reaction occurs at approx-
imately 0.10 V vs Ag|Ag*. The addition of increasing
amounts of PVP has little influence on the initial reduction
of Ag" at the clean unmodified platinum substrate and the
subsequent oxidation waves are only slightly reduced in the
presence of PVP. However, as shown in Fig. 1b, the subse-
quent cycles are very different and the influence of PVP is

clearly evident. In the PVP-containing solution, some of the
silver ions will be free and some will be bound by PVP to give
PVP-Ag". As the PVP-Ag" is large and bulky, it will diffuse
more slowly to the electrode—solution interface. This is con-
sistent with the shift in the reduction wave to more negative
potentials (Fig. 1b). Reduction of the free Ag* occurs at a peak
potential of —0.10 V vs Ag|Ag™, but the protected PVP-Ag*
is reduced at —0.14 V vs Ag|Ag*. This 35- to 40-mV shift in
the reduction potential is evident for all PVP concentrations,
where the ratio of PVP:Ag* varies from 27:1 to 75:1 and this
suggests that some additional process that is less dependent on
the PVP:Ag" ratio may also occur. Gasparotto et al. [24] have
shown that PVP adsorbs onto platinum in acidic solutions,
inhibiting the characteristic hydrogen adsorption process. It
appears that the added PVP also adsorbs onto the platinum
substrate in this nitrate solution and the reduction of free Ag*
and PVP-Ag" now proceeds at the PVP-modified surface to
give a lower reduction potential. In the absence of PVP, the
Ag" ions are reduced initially to form a layer, and then this
silver layer serves as a surface for further nucleation, giving a
broad reduction wave and the growth of silver deposits.
Interestingly, the reduction peak is sharper in the PVP-
containing solutions and this may be due to the ability of the
adsorbed PVP to bind Ag" at the surface, facilitating more
efficient electron transfer and the formation of protected Ag’
that is not available as a surface for the further reduction of
Ag".

Oxidation of the deposited Ag” appears as two overlapping
oxidation waves, at 0.10 Vand 0.16 V vs Ag|Ag", and there is
a marked decrease in the magnitude of the oxidation wave in
the presence of PVP. This clearly shows that two forms of
silver are deposited. A decrease in the current for the peak at
about 0.10 V vs Ag|Ag* shows that the amount of free Ag’ is
lowered with the addition of PVP, while the new peak that
emerges at 0.15 V vs Ag|Ag" is consistent with the oxidation
of PVP—Ag®, which is more difficult to oxidise. The viscosity
of the solution also appears to influence the amount of silver
deposited. Higher ratios of PVP to Ag* give higher oxidation
peak currents and this suggests that in the more viscous solu-
tions, the electrochemically formed PVP-Ag” remains at the

Fig. 1 Cyclic voltammograms 4.0 -
recorded at 20 mV s™' in 5 mM 30 4 4.0 7
AgNO;3 and 0.1 M NaNO; with ' 3.0
—, no PVP; —, 15 g dm > PVP; 2.0 -
,20g dm > PVP; —, E 10 - < 2.0 1

30 g dm > PVP; and —, < € 1.0 1
40 g dm™ PVP (a) 1st cycle and = 0.0 4 = i
(b) 10th cycle 00
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surface and is available for oxidation, giving higher peak cur-
rents, while it diffuses into the bulk solution in the less viscous
lower PVP concentrations.

As shown in Fig. 1, the reduction of Ag" is achieved at
potentials lower than —0.10 V vs Ag|Ag* and to facilitate the
removal of the electrogenerated PVP—Ag’ from the surface
the solutions were continuously agitated. Current-time tran-
sients recorded in 50 mM AgNOs with 113 g dm > PVP are
presented in Fig. 2, where the data are shown at fixed poten-
tials of —1.70 V and —0.50 V vs Ag|Ag*. The observed re-
duction currents are consistent with the conversion of Ag™ to
Ag” and these reach a near-steady state after about 10 s at —
1.70 VAglAg* and 150 s at—0.50 V vs Ag|Ag" While silver
nanoparticles were formed at —0.50 V vs Ag|Ag*, a stream of
a yellow-coloured solution became clearly visible at —1.70 V
Ag|Ag*, indicating the formation of high concentrations of
protected silver nanoparticles, within a short period of 200 s.
The applied potential has a significant effect on the rate of
formation of the nanoparticles, with higher steady-state cur-
rents observed at lower applied potentials. This is clearly ev-
ident in Table 1, where the steady-state currents are shown as a
function of the applied potential. At potentials in the vicinity
of —1.70 V AglAg" and lower, the reduction of H* and water
occurs at the platinum surface and the high currents observed
at these low potentials will contain contributions from Egs. 1
and 2.

2H' + 2¢ —H,(g) (1)
2H,0 + 2¢ —H, + 20H" (2)

The UV-Vis spectra of the PVP-protected silver nanoparti-
cles formed at —6.0 V vs Ag|Ag" are shown in Fig. 3 where
the influence of the concentrations of PVP and AgNO3, the
electrodeposition period and reproducibility are summarised.
As evident from Fig. 3a, a PVP:Ag" ratio of 75:1 gives the
highest absorbance. A further increase of the PVP

-0.10
-0.15 A r
0
< -10
] <
-0.20 S0
30
-0.25 1 40 -
0 50 100 150 200
t/ min
-0.30
0 50 100 150 200
t/s

Fig. 2 Current transients recorded at Pt in 50 mM AgNOs, 0.1 M KNO;
and 113 g dm™> PVP at — 1.7 V vs AglAg* and at —0.5 V vs AglAg*
(inset)
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Table 1 Steady-state

current as a function of EIV vs AglAg" J/mA

the applied potential in

50 mM AgNO;, 0.1M  —0.1 20016

KNO; and 113 g dm > -03 30.1+22

PVP ~05 322420
-0.8 353+1.3
-1.3 90.0+4.0
-2.0 180.8 +£7.6
-6.0 310.4+6.6

concentration to give a ratio of 100:1 gives a slightly lower
absorbance and this appears to be related to a lower diffusion
rate of the PVP-Ag" to the electrode surface in the more
viscous medium. Variations in the PVP:Ag" ratio between
50:1 and 100:1 had little influence on the size and size distri-
bution of the particles. A typical TEM micrograph, presented
in the inset, shows the silver nanoparticles with an average
size of about 12 nm in diameter. In Fig. 3b, a lower absorbance
and broadening of the absorbance band is seen when the ratio
of PVP:Ag" is reduced to 25:1, indicating particle agglomer-
ation as insufficient PVP is available to protect the newly
formed nanoparticles. The electrodeposition period has a sig-
nificant influence (Fig. 3¢). More nanoparticles are generated
at 1200 s, but with increasing electrodeposition times, the
decreasing absorbance coupled with band broadening indi-
cates particle agglomeration, while at 6000 s, nearly complete
agglomeration is seen, giving large silver deposits. The TEM
micrograph, shown in the inset, was recorded after 2400 s and
shows evidence of larger particle sizes and particle agglomer-
ation. These results are consistent with electrochemical
Ostwald ripening [25] and the theory of suspended electrodes,
where the suspended nanoparticles become charged due to
collisions with the electrode, facilitating further silver ion de-
position to create larger particles [26]. It appears that while
longer polarisation periods give rise to larger particle sizes,
particle agglomeration becomes more difficult to avoid, due
to Ostwald ripening, and therefore this approach is more suit-
ed to lower time periods. These data clearly show that the
formation of the silver nanoparticles is very dependent on
the experimental conditions. However, when the experimental
conditions were optimised to give a PVP:Ag" ratio of 75:1,
with deposition at — 6.0 V vs Ag|Ag" for about 600 s, giving a
total fixed charge of 180 C, very good reproducibility was
achieved, as illustrated in Fig. 3d. Identical Amax values of
405 nm with narrow bandwidths and very similar absorbance
values were achieved with repeated experiments. The size and
size distribution of the silver nanoparticles were estimated
using TEM and SEM. A typical SEM micrograph is shown
in Fig. 4a, where the average particle size was estimated at
12 nm, with the majority of particles between 9 and 14 nm
(Fig. 4b), in good agreement with the TEM micrographs
shown in Fig. 3.
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Fig. 3 UV-Vis absorption of a 1.0 7 i
solution of silver nanoparticles 2.4
(diluted by a factor of 120) 0.8 20 1
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The stability of the nanoparticles was monitored over a 2-
month period and these data are summarised in Fig. 5a. Very
good stability is observed, with only a slight shift in the Amax
and a small reduction in the absorbance. However, when ali-
quots of 5 mM AgNO; or 5 mM KNO; were added, or the
solution was heated to 60 °C, instability was observed as
shown in Fig. 5b where the maximum absorbance is plotted
as a function of time. It is evident from Fig. 5b that very
similar data are obtained with the addition of AgNO; and
KNOs;, with a decrease in the absorbance after about 1 day,
suggesting that the instability is due to the added nitrate or a

Fig.4 (a) SEM micrograph of the
silver nanoparticles and (b) size
distribution

(@)

change in the ionic strength and not due to the presence of
additional Ag" ions. Although PVP is a large and steric nano-
particle protector compared with the more common electro-
static protectors, the protected nanoparticle can nevertheless
be influenced by ionic strength. It has been shown that while
citrate-protected particles are more susceptible to aggregation
at high ionic strength, PVP-protected particles do suffer from
some aggregation at high ionic strength [27]. Furthermore, the
nitrate anion is an oxidant and it may behave like peroxides
that have been shown to degrade PVP [28]. To test the possi-
bility of PVP degradation in these media, the solution was

10 12 14 20

Diameter /nm

Frequency

(b)
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Fig. 5 (a) UV-Vis spectra of solutions of PVP-protected silver nanopar-
ticles generated at — 6.0 V vs Ag/Ag* —, initially and —, after 2 months
(solution diluted by a factor of 120) (b) absorbance at A, plotted as a
function of time with O, no additions; ®, 5 mM AgNOs; ¢, 5 mM KNO;;
and A, heated at 60 °C

heated at 60 °C. This heating step resulted in a rapid decrease
in the absorbance, as shown in Fig. 5b, with the formation of
large silver deposits, and an increase in the absorbance be-
tween 250 and 350 nm, consistent with the formation of
PVP oxidation and degradation products. These results show
that while the electrochemically formed silver nanoparticles
are stable for long periods, the addition of an oxidant, alter-
ations in the ionic strength, or changes in the solution temper-
ature reduce the protecting properties of PVP.

Reduction of nitrophenol at the hydrogel-Ag
composite

The PVP-protected silver nanoparticles were incorporated
within a polyacrylamide hydrogel and then used for the reduc-
tion of nitrophenol. The gelation times for the preparation of
the hydrogel were about 15 to 20 min, using 400 puL of AP and
10 uL TEMED; however in the presence of the silver nano-
particles, instantaneous gelation was observed. The volumes
of AP and TEMED were reduced to 300 puL and 5 uL, respec-
tively, to control the gelation period. Similar effects have been
observed with a silver electrode [29] and Ag* [30] and this has
been attributed to the generation of radicals at a much faster
rate from persulfate at the surface of silver. Given that the
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radicals are generated at the surface of the silver nanoparticles,
this suggests that the silver nanoparticles are immobilised ef-
fectively within the forming hydrogel matrix. While these
conditions are likely to partially degrade the PVP, the encap-
sulation of the nanoparticles within the forming hydrogel will
serve to stabilise the nanoparticles.

The silver nanoparticle-containing hydrogels were then
employed as a heterogeneous catalyst in the reduction of 4-
nitrophenol using borohydride ions. This reduction reaction
was chosen as a model as it is well known that as the borohy-
dride, B(OH), , is converted to BH; [31] and in the presence
of H,O molecules, H atoms are transferred to the silver sur-
face. These adsorbed H atoms facilitate the reduction of 4-
nitrophenol to 4-aminophenol [32]. In Fig. 6, UV-Vis spectra
recorded as a function of time are shown for the hydrogel discs
without (but with PVP) and with the incorporated silver nano-
particles, in the presence of 4.0 x 107> M 4-nitrophenol and
6.7 x 10> M NaBHy. It is evident from the data presented in
Fig. 6a that there is no decay in the peak at 404 nm that is due
to the 4-nitrophenolate ion, which is formed in the presence of
the alkaline solution generated on addition of NaBH,. This
clearly shows that the hydrogel matrix does not facilitate the
reduction of nitrophenol. However, when the silver nanopar-
ticles are added to the hydrogel matrix to give the hydrogel-
Ag composite, the conversion of 4-nitrophenol to 4-
aminophenol occurs (Fig. 6b) with a reduction in the absor-
bance at 404 nm and the appearance of a new band at 300 nm,
which can be attributed to the aminophenol.

As the borohydride is present in large excess, the reaction
can be assumed to be a pseudo-first-order reaction. Hence, the
apparent rate constant k,y,, is defined using a first-order decay
where ¢, is the concentration of 4-nitrophenol at time 7, and k;
is the rate constant normalised to the surface area, S, Eq. 3.
This equation can be reduced to the expression provided in
Eq. 4, where the absorbance, A, is related to ¢, through the
Beer—Lambert law. The corresponding first-order plots are
shown in Fig. 7a, where the logarithm of the absorbance at
404 nm is plotted as a function of time with freshly prepared
hydrogel-Ag discs and rehydrated discs (stored in the dry
state for 1 week). The good linearity is consistent with the
pseudo-first-order decay (Eqs. 3 and 4). The apparent rate
constant, k,pp, was calculated as 7.1 x 10* s™'. Furthermore,
there is no significant difference in the rate constants when the
freshly and rehydrated hydrogel-Ag composites are com-
pared, indicating that the dried hydrogel-Ag discs remain as
effective catalysts for the reduction of 4-nitrophenol.

dc
7t = kappct = k]SCt (3)
t

InA; = InA,—Fk gt (4)

It is well known that the rate of the catalytic reaction is
dependent on the amount and surface area of the catalyst. In
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Fig. 6 UV-Vis spectra of 4.0 x 10 10
107> M 4-nitrophenol and 6.7 x
102 M NaBH, with (a) three os |
hydrogel-PVP discs and (b) three ° \ 08 7
hydrogel-Ag discs added e )
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particular, as the reduction of nitrophenol involves adsorption
processes, then the surface area of the silver nanoparticles
incorporated within the hydrogel will have an influence on
the rate constant. To illustrate this effect, the rate constant
was determined as a function of the number of hydrogel beads
used and the results of this study are presented in Fig. 7b.
There is a near linear increase in the rate constant with an
increasing number of discs, with a gradient of 2.3 x 107* 57!
per disc. This linear dependence is consistent with good dis-
persion of the silver nanoparticles within the hydrogel and
good reproducibility in the silver loading from disc to disc.
The reusability of the hydrogel-Ag was further studied by
repeated use in the reduction of nitrophenol. The hydrogel-Ag
composite was used as a catalyst to reduce the nitrophenol
solution for 60 min, and the hydrogel-Ag composite was then
rinsed for 20 min in deionised water and then exposed to a
fresh nitrophenol-containing solution. This was repeated sev-
eral times and the results are summarised in Table 2. Overall,
the reusability of the hydrogel-Ag catalyst is very good with
only a slight reduction in the rate constant from 7.1 x 10™*s™
to 6.9x10°* s ! after four repeated uses, and from 7.1 x
10% s t0 6.7 x 10~* s after five repeated reduction exper-
iments. While oxidation of the silver nanoparticles to Ag* ions
and the leaching of these ions is a possible reaction for the

hydrogel-Ag composite, the presence of the reducing agent,
NaBHy, is likely to inhibit this oxidation reaction and maintain
the silver in the reduced Ag0 state. Instead, this small decrease
in the rate constant can be explained in terms of the slow
diffusion of the 4-aminophenol from the hydrogel matrix,
which potentially blocks the nitrophenol from the Ag nano-
particles. Indeed, it was found that the rate constant was
returned to its initial value of 7.1 x 10°* s™' on rinsing the
hydrogel-Ag discs in deionised water for 24 h, lending sup-
port to the slow diffusion of nitrophenol and aminophenol
within the hydrogel-Ag composite. The slow diffusion within
the hydrogel is further evident in Fig. 8 where cyclic voltam-
mograms recorded at a platinum wire electrode and at the
platinum wire encapsulated within the hydrogel-Ag matrix
in a ferricyanide-containing electrolyte are compared.
Oxidation of the ferrocyanide probe is clearly evident (Eq.
5) during the forward cycle, while reduction (Eq. 6) is evident
during the reverse cycle at the exposed platinum wire, with a
peak separation close to the ideal value of 0.057 V for a re-
versible reaction. However, when the platinum electrode is
surrounded by the hydrogel-Ag composite, much lower peak
currents are observed, consistent with poor diffusion of the
ferricyanide probe within the hydrogel matrix. Furthermore,
the peak separation is significantly higher than 0.057 V.
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absorbance at Amax as a function ] '

-0.5
of time for the catalytic reduction &!!A».! 1.8 7 s
of 4-nitrophenol in 4.0 x 107> M -1.0 1 'l._‘ 15 .
4-nitrophenol and 6.7 x 102 M < 15 1 "l..‘ " i -
NaBH, with freshly prepared = 4, Eﬂ 1.2
discs @ and rehydrated discs A, -2.0 7 .. . £ 09 T .
(b) rate constant as a function of 25 1 ‘~‘_ o6 e
the number of hydrogel-Ag discs RN ’ L]

-3.0 1 0.3 1 .

-3.5 T T T 0.0 . . .

0 1000 2000 3000 4000 0 2 4 6 8
t/s Number of Beads
(@ (b)

@ Springer



556

Colloid Polym Sci (2020) 298:549-558

Table2 Reusability of the hydrogel-Ag composites in the reduction of
4-nitrophenol

keapp/ 5! Number of times used

(7.1£02)x10*
(7.0+£03)x 107*
6.8+0.1)x107*
6.9+02)x107*
6.7+02)x 10"

S N S

Fe(CN),* —Fe(CN)> +¢ (5)
Fe(CN)> + ¢ —Fe(CN)* (6)

It is difficult to compare directly the rate constants obtained
to other literature reports, as in some cases theoretical specific
surface areas are used [32], while in others the rate constant is
normalised to the silver concentration used in the original
synthesis of the particles [33]. In many cases, the silver nano-
particles are suspended free in solution and the rate constants
are expressed in terms of the concentration in solution and the
specific surface area [34]. Moreover, the rate is not only de-
pendent on the surface area of the catalyst but also the rate of
diffusion of reactants and products within the hydrogel matrix
will have a clear influence on the conversion of nitrophenol to
aminophenol. Nevertheless, this study compares well with
data reported by Lu and co—workers, where apparent rate con-
stants of 7.0 x 10~* s~ were reported for the reduction of
nitrophenol using a poly(vinyl alcohol) matrix loaded with
silver nanoparticles [35]. However, a higher value of 3.3 x
102 5! has been reported by Mao et al. [13] using silver
nanoparticles dispersed on polyacrylamide/polypyrrole/
graphene oxide sheets. Using the estimated mass of silver in

1.0

0.5 1

J/mA
o
o

-0.5 1

-1.0 T T T T
-0.2 0.0 0.2 0.4 0.6 0.8

E/V vs SCE

Fig. 8 Cyclic voltammograms recorded at 20 mV s™' in 0.01 M
K3Fe(CN)g and 0.1 M Na,SO,4 at —, platinum surrounded by the
hydrogel-Ag composite and — - —, pure platinum electrode

@ Springer

each disc (0.2 mg), the normalised rate constant, k,,, was
calculated as 0.188 mmol ' s™!, which compares well with
values reported by Zhang et al. [33] of 0.134 and
0.148 mmol ' s~'. While the rate constants obtained in this
work are comparable with literature values, these hydrogel
composites have good reusability and can be stored in the
dehydrated state for several days without any loss in activity
and they are also easily removed from the solution phase.
Leaching of the silver nanoparticles from the hydrogel ma-
trix was monitored by immersing a single hydrogel disc in
deionised water and then the solution was monitored at different
time intervals using UV-visible spectroscopy. The resulting data
are summarised in Fig. 9, where it is evident that there is very
little leaching of the silver nanoparticles over a 24-h period. The
absorbance only reaches a value of about 0.04 in a 10-mL
volume. However, at longer immersion times, after 2 weeks, a
more pronounced absorbance band centred at about 420 nm is
evident and the absorbance increases further with the Amax
shifting to a longer wavelength of 448 nm following an immer-
sion period of 3 weeks. This increasing Amax indicates particle
agglomeration, which becomes more evident when higher
amounts of the silver nanoparticles are leached from the hydro-
gel. It appears that oxidation of the silver nanoparticles occurs
as there is a sufficient concentration of dissolved oxygen in the
water to corrode the silver nanoparticles. The leached Ag®, or
Ag* generated from the corrosion of the released particles, fa-
cilitates further particle agglomeration, giving rise to the in-
creasing Amax. Indeed, it has been shown that Ag* ions are
released from silver nanoparticles, with the extent of dissolution
depending on the size of the particle and the pH of the solution.
This dissolution process has been attributed to the oxidation of
the particles by O, dissolved in solution and with the release of
chemisorbed Ag" [36, 37], while a two-step process was more
recently described, where the initial formation of silver oxides
at the nanoparticles is followed by the dissolution of this oxide
phase leading to the release of silver ions [38]. As the silver
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Fig. 9 Leaching of silver from hydrogel-Ag discs recorded after e « o «,
24 h; = =, 2 weeks; and ——, 3 weeks
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nanoparticles are small, with an average diameter of approxi-
mately 12 nm, they are more prone to oxidation than larger
nanoparticles [37] and this will facilitate the release of Ag®.
Although the release of silver nanoparticles from the hydrogel
is possible due the large free volume and diffusion of water into
and out of the hydrogel, the release of silver nanoparticles is
slow, as evident in Fig. 9.

Conclusions

Highly stable silver nanoparticles with a narrow size distribu-
tion and with an average diameter of about 12 nm were
formed in solution using an electrochemical approach, where
the particles were formed rapidly at —6.0 V in a silver-
containing solution with PVP as a protecting agent. These
nanoparticles were incorporated and immobilised within a
polyacrylamide hydrogel. The presence of the silver nanopar-
ticles accelerated the rate of formation of the gel, suggesting
that the nanoparticles are wrapped within the forming gel. The
hydrogel-Ag composite showed good catalytic activity for the
reduction of 4-nitrophenol in the presence of NaBH,4, which
also prevented the oxidation or corrosion of the silver nano-
particles, giving the hydrogel-Ag composite good stability
and reusability. Although, hydrogels have a much larger free
volume that other polymer systems and the release of the
particles may be expected, it appears that the synthetic condi-
tions, where the silver nanoparticles are involved in the reac-
tions associated with the formation of the gel, give rise to the
formation of well-bound silver nanoparticles that are slow to
release.
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