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ABSTRACT

The aim of the current study is to explore the application of silver nanoparticles (AgNPs) as a catalyst in air
gas-diffusion electrodes (AGDE). AgNPs have been successfully synthesized through an original sonochemical
method. The effects of reagent concentrations, temperature and reaction time were studied as well. Composites of
AgNPs and activated carbon (Norit NK) were prepared by using two adsorption methods to demonstrate the catalytic
activity. Method 1 involves homogenizing preliminary prepared AgNPs colloid solution and Norit NK followed by
evaporation of the suspension. One-step route was used for Method 2, i.e. all components were mixed altogether and
sonicated, resulting in the AgNPs formation directly on the surface and inside the pores of Norit NK. Additionally,
some of the samples were thermally treated at 300°C for 1h under air and argon. The composites were characterized
by X-ray diffraction (XRD), scanning electron microscopy with energy dispersive X-Ray analysis (SEM/EDX) and
transmission electron microscopy (TEM). The catalytic activity of the obtained composites regarding oxygen reduction
reaction (ORR) was investigated in AGDE using an aqueous 4M NaCl electrolyte. The thermally treated composite
obtained via Method 2 appears to show improved electrochemical catalytic activity regarding ORR in comparison
to the Method 1 samples.

Keywords: air gas-diffusion electrode, oxygen reduction reaction, silver nanoparticles, sonochemical synthesis.

INTRODUCTION

The development of renewable energy sources and
storage systems is fundamental for the future economic,
social and eco-oriented progress of humankind. Metal-
air systems, which fuse features of batteries and fuel
cells, are of particular interest due to their high energy
density, safety and finally use of oxygen from the air. The
major challenge of these systems is to achieve a balance
between maximum catalytic activity and minimum cost of
catalysts, being in most of the cases precious metals. Silver
has been studied as a potential substitute for platinum due
to its high catalytic activity for electrochemical reduction

of oxygen and the decomposition of hydrogen peroxide,
lower cost and wider distribution. These properties make
Ag an attractive candidate for a catalyst in air electrodes
for alkaline fuel cells (AFC) and metal-air batteries,
in its pure form or binary/ternary nano-alloys (Ag-Cu,
Ag-Pd, Ag-Au, Ag-Co etc.) [1]. A commonly used
approach is the preparation of composite which consists
of a small amount of catalyst and carbon material
(support substrate) such as activated carbon [2 - 4],
carbon paper [5], carbon nanotubes [6, 7], etc. Yang
et al. investigated silver-carbon composite materials
prepared via functional ion pre-adsorption method
obtaining Ag with different particle-size and morphology
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[3]. Modified multi-walled carbon nanotubes and Ag
composites were prepared using in-situ growth method
[7]. Carbon-supported silver catalysts consisting of
different Ag amounts were prepared by a citrate-
protecting method [4]. P. Singh et al. reported electrodes
prepared using “bare” silver (substrate-free) via the
Layer by Layer method [8]. Electrochemical deposition
under potentiostatic and galvanostatic modes were used
to ensure uniform distribution of the catalyst on the top
of the gas diffusion support [2, 5]. Silver nanoparticles
(AgNPs) were successfully implemented as a substitute
for the Pt catalysts in a variety of electrochemical
systems such as alkaline fuel cells, direct methanol fuel
cells (MFCs) [1, 5], zinc-air battery [6], oxygen cathodes
to practical chlor-alkali electrolysis [9], antimicrobial
agents in MFCs [2], etc.

Different chemical, physical and biological
methods were employed for the preparation of silver
nanoparticles such as chemical vapor deposition and
atomic layer deposition [10], electrochemical [11, 12]
and sonoelectrochemical synthesis [13], photoreduction
[14], laser ablation [15], microwave-assisted techniques
[16], ultrasonic irradiation [ 17], Tollens method [18] etc.
Depending on the synthesis approach, AgNPs of different
size and morphology (nanospheres [19], multi-branched
flowers [20], nanobars [21] and nanocubes [22, 23]) were
obtained. However, the chemical reduction in aqueous
solutions is one of the most frequently used approaches
for AgNPs synthesis. AgNO, [24] or AgC1[25] are usually
used as silver precursors while ethanol [26], sodium citrate
[27], sodium borohydride [28], ascorbic acid [29] are
employed as reducing agents. Recently, sonochemistry
was introduced as an environmentally benign approach
for the preparation of silver nanoparticles. This method
offers milder conditions, shorter reaction times, and
higher yields in comparison to the conventional chemical
reduction methods [30].

In the present work, we investigate the catalytic
activity of silver nanoparticles obtained via chemical
reduction using sonication. AgNPs were integrated
onto the active layer of AGDE to demonstrate their
catalytic activity. Two different methods of silver
nanoparticles and Norit NK activated carbon composites
preparation were developed. The electrodes’ catalytic
activity was studied in three electrode half-cell with
Ag/AgCl reference electrode using 4M NaCl solution
as electrolyte.
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EXPERIMENTAL

Synthesis of silver nanoparticles (AgNPs)
Analytically grade silver nitrate (> 99.8 % AgNO,,
Sigma-Aldrich) was dissolved in distilled water by
vigorously stirring at room temperature. Afterwards, 0.8
mL CH,OH (96 %, Valerus Co., Bulgaria) and 0.8 mL
25 % NH,OH solution (Valerus Co., Bulgaria) were added
drop-wise to the solution. The total volume of the solutions
was constantly kept at 100 mL. Then, the solution was
sonicated in an ultrasonic bath (UST 2.8 - 100, 32 kHz,
Siel Ltd., Bulgaria). The syntheses were performed at two
temperatures (30 and 50°C) of the ultrasonic bath media.

Air gas-diffusion electrodes

The AGDE were composed of gas-supplying (100
mg cm?) and catalytic (20 mg cm?) layers (Fig. 1). The
hydrophobic gas-supplying layer was made of teflonized
acetylene black (XC35) which was prepared by using
acetylene black (P1042) and polytetrafluoroethylene
(PTFE) following a similar preparation approach to
the reported by Iliev et al. [31]. The catalytic layer was
prepared by mixing composite material (Ag-activated
carbon) and XC35 in 2:1 ratio, respectively. A stainless-
steel mesh was used as a supporting matrix and current
collector. Two preparation methods of Ag-Norit NK
composites were developed.

Counter
electrode

Reference
electrode

Electrolyte

Catalytic layer

Gas-supplying layer

Current collector
& support

Fig. 1. Three-dimensional model of the test cell.
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Method 1

An activated carbon Norit NK (NORIT, Amersfoort,
Netherlands) was added to preliminarly prepared
colloids of silver nanoparticles obtained from 4, 5
and 6 mmol L' AgNO, solutions. The mixtures were
constantly stirred and evaporated at 80°C (IKA RH basic
KT/C stirrer equipped with IKA ETS-DS5 thermocouple,
Germany) until the liquid was almost completely
removed. Further, the wet composites were dried in
an oven at 100°C for 24 h under air atmosphere. The
samples were denoted as M1US4 (4 mmol L' AgNO,
solution and Norit NK), MIUSS (5 mmol L' AgNO,
solution and Norit NK) and M1US6 (6 mmol L' AgNO,
solution and Norit NK). Additionally, other samples
prepared in the same manner were heated at 300°C for
I hour. The resulting composites were designated as
M1TA4 (4 mmol L' solution and Norit NK), M1TAS
(5 mmol L' AgNO, solution and Norit NK) and M1TA6
(6 mmol L' AgNO, solution and Norit NK). Another
composite sample (M1TAr5), obtained from 5 mmol
L' AgNO,, was thermally treated under argon instead
of air atmosphere at 300°C for 1 h to explore possible
oxidation of the AgNPs during the thermal treatment
as a detrimental factor of the AGDE catalytic activity.

Method 2

AgNO, (5 mmol L") was dissolved in 100 mL
distilled water. After complete dissolution of the silver
nitrate, 0.8 mL 96 % C,H,OH, 0.8 mL 25 % NH,OH
and 2.55 g Norit NK were added to the solution in
the respective order. Then the mixture was sonicated

in ultrasonic bath. After sonication, the samples were
evaporated at constantly stirring, followed by drying
in the same manner as described for Method 1. The
untreated sample was denoted as M2USS5. The other
composite (M2TAS) was thermally treated for 1 h under
air at 300°C analogically to Method1.

All samples obtained through both methods, the
corresponding conditions and treatments are summarized
in Table 1.

Characterization

The colloidal AgNPs solutions were analysed using
a UV-Visible spectrophotometer (T60, PG Instruments
Ltd., U.K.) immediately after synthesis. X-ray powder
diffraction (XRD) data of the composites were collected
on a Philips APD 15 diffractometer, using Cu Ka
radiation (A = 1.5418 A). The morphology of the
samples was examined by dual beam scanning electron
microscope focused ion beam system (SEM/FIB LYRA
I XMU, Tescan, Czech Republic), equipped with EDX
detector (Quantax 200, Bruker, USA). Moreover, the
morphology of the obtained silver nanoparticles from a
solution and the composites was studied by Transmission
Electron Microscopy on a JEOL JEM 2100, 80-200 kV
(Jeol Ltd. Japan).

Electrochemical experiments were carried out in the
half-cell conditions using 4M NaCl electrolyte, stainless
steel as the counter electrode and a reference electrode
Ag/AgCl (Fig. 1). The catalytic activity of air gas-
diffusion electrodes was investigated via polarization
curves recording.

Table 1. Summary of the methods and conditions for the preparation of the various Ag-Norit NK composites.

AgNO, concentration in
Sample the solution, Drying process Thermal treatment
mmol L™

M1US4 4 100°C, 24 h, Air -

MI1US5 5 100°C, 24 h, Air -

M1US6 6 100°C, 24 h, Air -
Method 1 MI1TA4 4 100°C, 24 h, Air 300°C, 1 h, Air

MITAS 5 100°C, 24 h, Air 300°C, 1 h, Air

MI1TAG6 6 100°C, 24 h, Air 300°C, 1 h, Air

MI1TArS 5 100°C, 24 h, Air 300°C, 1 h, Ar

M2US5 5 100°C, 24 h, Air -
Method 2 M2TAS 5 100°C, 24 h, Air 300°C, 1 h, Air

1121




Journal of Chemical Technology and Metallurgy, 59, 5, 2024

0.14

0.12
0.10
0.08
0.06

0.04 I/

Absorbance (arbh.)

0.02

0.00 1 1 1 1 1

350 400 450 500 550 600

Wavelength (nm)

Fig. 2. UV-Vis spectra of AgNPs solutions prepared for 6 min.
and (b) 4 mM and 6 mM AgNO, solutions at 30°C.

RESULTS AND DISCUSSION

Aqueous solutions of AgNO,, C_.H,OH and
NH,OH were prepared and sonicated for 6 minutes
at two different bath media temperatures (30°C and
50°C). The colour of the solutions became light yellow
indicating the formation of colloidal silver. The UV-Vis
absorption spectra (Fig. 2) of all samples appear to show
a peak at about 400 - 425 nm which is characteristic
for spherical silver nanoparticles [14]. The absorbance
intensity increases along with the increase of AgNO,
concentration. There is a significant difference in the
absorbance values of the solutions obtained at 50°C
(Fig. 2a) and 30°C (Fig. 2b). This is most likely due to
the slower kinetics of the chemical reaction at 30°C. It
is important the ultrasonic bath media temperature to
be kept equal or below 50°C to avoid oxidation of the
AgNPs in the solution.

The morphology of AgNPs obtained from 6 mmol L-!
AgNO,; solution at 50°C was observed by Transmission
Electron Microscopy 24 hours after synthesis (Fig. 3). The
sample exhibits nearly spherical-shaped particles. The
particle size varies from 1 to 7 nm as the size distribution
is predominantly in the range of 3 - 4 nm. The electron
diffraction pattern (Fig. 3 inset) displays concentric rings
of a face-centred cubic lattice (space group Fm-3m) with
unit cell parameters a=b = ¢ =4.077 A.

Fig. 4 shows the X-ray diffraction (XRD) patterns
of composites (Norit NK active carbon and silver
nanoparticles) obtained via Method 1 - untreated (Fig.
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Fig. 3. TEM micrograph of a sample obtained from 6 mmol L'
AgNO, solution at 50°C.

4a) and heated at 300°C for 1h in air atmosphere (Fig.
4b). Additionally, XRD data were collected for Norit NK
as reference material. The data of all composites fitted
well to the face-centred cubic structure (Fm-3m) of the
Ag (ICSD 44387) [32]. An additional peak at 26.6 °20
indicates presence of graphite (ICSD 52230) [33] in the
Norit NK sample. There are also few unidentified peaks
(marked with *) in the profiles of M1USS5 (68.2 °20),
MITAS (68.2 °20) and M1US6 (39.4 and 41.3 °20).
Polarization curves were plotted to evaluate the
catalytic activity of the composites obtained via Method
1 (Fig. 5). Among the thermally untreated composites,
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Fig. 4. X-ray powder diffraction profiles of activated
carbon NoritNK and the composites prepared via Method
1: (a) untreated and (b) thermally treated.

the M1USS electrode exhibits the lowest polarization
while M1US6 marks the most noticeable potential drop
in this group (Fig. 5a). The M1US6 behaviour could be
attributed to the higher initial AgNO, concentration,
which subsequently might lead to Ag agglomeration
during the composite and electrode preparation resulting
in less electrochemically active surface area hence
detrimental for the sample performance. Similarly to
M1USS, the thermally treated composite obtained from
5 mM AgNO,; solution (M1TAS), appears to show better
catalytic activity in comparison to the other samples in
the thermally treated group (Fig. 5b).
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Fig. 5. Polarization curves of electrodes (a) non-thermally
and (b) thermally treated composites; and (c) potential
as a function of the composites’ Ag concentration of the
thermally untreated (solid lines) and treated (dashed lines)
samples at current densities of 70 mA cm2, 100 mA cm™
and 120 mA cm™.
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A relationship between the potential and composites’
Ag concentration was plotted to compare the two groups
of samples at current densities of 70 mA cm?, 100 mA
cmand 120 mA cm™ (Fig. 5¢). Apparently, the untreated
composites performed better compared to their treated
counterparts in almost all cases. The more pronounced
potential drop of the treated group could be explained by
partial surface oxidation of the Ag particles during the
composite thermal treatment. It is interesting to note that the
differences in the potentials between untreated and treated
samples became less evident with the increase of Ag content
to the point that there is almost no difference in the potential
values between M1US6 and M1TA6 at 70 mA cm™.

In order to confirm indirectly the oxidation as a cause
for the worse electrochemical behaviour, we prepared a
composite (M1TAr5) obtained from 5 mmol L' AgNO,
solution, which was later heated at 300°C for 1h in argon
instead of air atmosphere. This sample and untreated
M1USS resembles similar electrochemical behaviour to
each other, confirming our assumption for the oxidation
as a possible detrimental cause (Fig. 6). The growing
difference in the polarization between these two samples
and treated in air (M1TAS) is more evident at current
densities higher than 50 mA cm?.

Considering the results of the composites obtained
from 5 mmol L' AgNO, solution, we decided to
prepare samples (M2US5 and M2TAS5) with the same
concentration in a single step (Method 2). M2TAS
sample was thermally treated under air in the same
manner as Method 1.

The XRD patterns of M2US5 and M2TAS
composites (Fig. 7) exhibit slightly lower intensity of the
Ag reflections (ICSD 44387) [32] in comparison to the
composites prepared via Method 1. This phenomenon
might be caused by a direct formation of Ag particles
inside the activated carbon pores which walls may
slightly prevent the x-rays penetration and/or absorb
the reflected rays from the silver. It also seems that the
graphite in Norit NK was transformed into amorphous
carbon or some other allotropic form of carbon, evident
by the absence of a peak at 26.6 °20 in the M2USS5 and
M2TAS patterns. This phenomenon was most likely
caused by the ultrasonic treatment.

The polarization curves of composites (obtained
from 5 mmol L' AgNO, solutions) prepared via
both methods (thermally treated and untreated) are
compared in Fig. 8. The thermally treated sample
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prepared via Method 2 (M2TAS) seems to exhibit
the lowest polarization among all examined samples.
The performance of M1USS5 and M2USS is similar,
slightly better in M2USS5 case. Method 2 samples better
electrochemical behaviour can be explained by the Ag
formation inside the activated carbon pores, which might
prevent the oxidation during the composite preparation
and the following heating process.

v || i

0.0 H el e A T
2 4 s s 10 2 a4 ® 18
kev

The SEM images of these four samples (Fig. 9) show
Norit NK’s porous particles with irregular shapes, being
from few micrometers to few hundred micrometers.
The highly contrasting Ag particles (white spots) on the
Norit NK surface appears to grow additionally during
the composite preparation process in comparison to the
observed AgNPs 24h after their synthesis in Fig. 3. It
is also interesting to note that the Ag particles are seen

TRy ==
SE MAG 378% HVZ2Q
4.5 TRE S R

o
25F znsi Ag

Fig. 9. SEM images and EDX analysis of M1USS5 (a), MITAS (b), M2USS (c) and M2TAS (d).
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more often on the surface of the composites obtained
via Method 1 (Fig. 9a and 9b) in contrast to Method 2
composites (Fig. 9c and 9d). This observation may be
indirect proof of the assumption for silver formation inside
the Norit NK pores of M2USS5 and M2TAS since the initial
concentration of AgNO, is the same for all four samples.

Besides silver and carbon, EDX analysis (graphs
below the SEM images in Fig. 9 and Fig. 10) indicates
the presence of silicon and zine, which might have

left after the carbon activation process. Moreover,
these composites show the presence of oxygen, which
might be attributed to oxides formed by the Si and Zn
impurities in Norit NK as well as the already discussed
partial silver oxidation. If the latter is valid then the
Ag oxidation seems to occur even before the heating
treatment i.e. during the evaporating and/or drying steps.

Samples of the thickened composite’s suspensions
were collected after the evaporation process to be

10%m

N ko

MAG: 878 % HV: 20.0'KV, D"

o

Fig. 10. EDX elemental mapping of M1USS5 (a), M1TAS (b), M2USS5 (¢) and M2TAS (d).
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Fig. 11. TEM images of M1USS (a and b) and M2USS5 (c and d) at 40k (a and c¢) and 100k (b and d) magnifications.

examined by transmission electron microscopy (Fig. 11).
These samples were obtained from 5 mmol L' AgNO,
and Norit NK suspensions, prepared via both methods.

Method 1 composite shows silver nanoparticles
attached on the Norit NK particle edges and surface (Fig.
11 a and b). The activated carbon morphology appears
to be smooth and layered (Fig. 11a). The Ag particle
size is ca. 5 - 20 nm (Fig. 11b). The Norit NK surface
seems to be heavily affected in the Method 2 composite
case, most likely due to the ultrasonic impact (Fig. 11¢c
and 11d). This is expected to result in a higher surface
arca, which must have been one of the contributors to
the better electrochemical performance of the Method
2 samples. The silver particles are barely noticeable as
they were formed mainly inside the pores of the carbon
particles (Fig. 11d).

CONCLUSIONS

An ultrasonic approach for synthesis of silver
nanoparticles using three different concentrations

(4, 5 and 6 mmol L' of aqueous AgNO, solution)
was developed. Composites of AgNPs and Norit NK
activated carbon were prepared via two different
methods and then used as a catalytic layer in AGDE.
Further, some of the composites were thermally treated
under air and argon atmosphere. XRD data show the
presence of metal silver and graphite for the samples
obtained via Method 1. The graphite reflections are
absent in the diffractograms of the Method 2 samples
most likely caused by the sonication process. SEM
analysis of 5 mM composites obtained via Method 1 and
Method 2 presents an additional ongoing agglomeration
of the AgNPs during their adsorption on the activated
carbon. EDX analysis of M1USS5, M1TAS, M2USS5 and
M2TAS composites indicates the presence of silicon and
zinc impurities as well as oxygen. The oxygen presence
might be attributed to silicon and zinc oxides as well as
AgNPs oxidation during their adsorption on the carbon
and thermal treatment in air.

Among all examined samples, the electrode
containing thermally treated composite prepared
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via Method 2 (M2TAS) seems to exhibit the best
electrochemical performance, especially at higher
current densities (over 100 mA cm™). This behaviour
could be explained by the activated carbon higher
surface area and silver formation inside the carbon pores
protecting the Ag from oxidation.
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