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3. INTRODUCTION

Numerous applications such as fuel cells, metal-air batteries, and hydrogen
peroxide production benefit from the oxygen reduction reaction (ORR) studies.
Oxygen reduction proceeds via either direct 4-electron or 2-electron pathway,
and the formed hydrogen peroxide can be further reduced or disproportionate
[1]. Former is preferred for the fuel cells (FCs) and metal-air batteries and latter
for hydrogen peroxide electrosynthesis. To overcome high overpotentials of the
ORR, highly active Pt and Pd electrocatalysts are used [2, 3]. However, these
platinum group metals are expensive, so cheaper alternatives are highly topical
[4, 5]. One option is to use silver as it has shown electrocatalytic activity for
ORR that in alkaline media approaches that of platinum [1, 4, 5].

This work compares Ag catalysts which were prepared using different depo-
sition methods on various support materials. To understand the impact these
methods and materials had on the size of Ag nanoparticles (AgNPs), their
dispersion, catalysts’ overall activity, and stability for the ORR in alkaline
conditions, the rotating disc electrode (RDE) method was used. The end goal
was to prepare suitable cathode catalysts for anion exchange membrane fuel
cells (AEMFC).

In the first two parts of the thesis, Ag was electrodeposited onto clean glassy
carbon (GC) electrode by varying the time the electrode was kept under the
deposition potential. In the first part, the aqueous AgNO; and KNO; solution
was used [I]. In the second part, the non-aqueous acetonitrile solution of
AgClO, and LiClO4 was employed [II]. In the third part of the thesis, AgNPs
were deposited onto four different high surface area carbon supports keeping
deposition time and potential constant but varying the upper potential limits
[III]. This was done to limit the growth of AgNPs. First three parts were con-
ducted to develop tuneable electrochemical deposition method to produce small
and evenly distributed AgNPs for the ORR [I-III]. In the fourth part of the
thesis, AgNPs were chemically deposited on two differently pre-treated
commercial carbide-derived carbons using NaBH, as the reducing agent. As
these carbon materials have high porosity, the effect of porosity on the AgNP
size and electrocatalytic activity was studied. The prepared catalysts were tested
for ORR and hydrogen peroxide reduction reaction to determine these catalysts
viability as the cathodic catalysts for AEMFCs [IV]. In the fifth part of the
thesis, AgNPs were deposited onto nitrogen-doped graphene oxide using three
different reducing agents (NaBH,, glycerol and ascorbic acid). The purpose of
the work was to evaluate if different reducing agents and nitrogen-doped carbon
support play a significant role in the prepared catalysts [V]. In the sixth part of
the thesis, six Ag-based catalysts were synthesised, four of which were prepared
onto commercial mesoporous nitrogen-doped carbon substrates. For
comparison, the other two were prepared onto the conventional Vulcan XC-72R
carbon support. The reducing agents applied were NaBH,; and hydrazine
hydrate. To evaluate the effects of mesoporous catalyst supports, these materials
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were synthesised and tested for their electrocatalytic activity towards the ORR
in half-cell configuration, as well as anion exchange membrane fuel cell [VI]. In
the seventh part of the thesis, Ag layers with three different nominal thicknesses
of 5, 10, and 20 nm were sputter-deposited onto two synthesised
MnO, MWCNT substrates. This was done to prepare more stable and active
Ag-based composite catalysts for the ORR [VII]. In the eighth part of the thesis,
thin Ag films with five thicknesses were deposited onto clean GC electrodes.
The nominal thicknesses were 0.5, 1, 2, 5 and 10 nm. The prepared electrodes
were tested for the ORR and for the hydrogen peroxide reduction [VIII]. In the
ninth part of the thesis, commercial Ag nanowires with three different diameters
(35, 90 and 120 nm) were purchased and electrochemically tested for the ORR
[IX]. In the tenth part of the thesis, the catalyst materials prepared in part [VI]
were tested for stability studying Ag dissolution [X]. This was done to further
investigate stability and catalyst degradation regarding the AEMFC application.
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4. LITERATURE OVERVIEW

4.1 The oxygen reduction reaction

In the field of AEMFC and metal-air batteries the efficiency of oxygen reduc-
tion reaction is highly important and thus has been studied extensively. The
oxygen is reduced to hydroxide ions on the cathode side of an AEMFC stack
and is limited by sluggish first electron transfer to oxygen molecule on platinum
group metal catalysts. The ORR may follow multiple pathways and two main
pathways are direct four-electron pathway and 2+2 electron pathway [6—8]. The
direct four electron pathway is preferred as it does not produce hydrogen
peroxide or keeps it minimal. The hydrogen peroxide if produced may diffuse
into solution and at high enough concentrations can start corroding cathodic
catalysts and reacting with ion exchange membranes of the fuel cells.
The relevant ORR pathways in alkaline environment are [9]:

Direct four electron pathway:
05, s+ 2H,0 + 4¢” > 40H E’=0.401V (1)
and 2+2 electron pathway:

03, 005 + HoO +2¢” > HO, + OH E°=-0.065V )
HO, .+ H,O +2¢ > 30H E'=0.867V 3)

E’ is standard potential vs. SHE.

The ORR mechanisms have been thoroughly studied on Pt electrodes [10,
11]. In alkaline media a mixture of 4 and 2+2 electron pathways are most likely
because of weaker O, adsorption and adsorbed product species, for example,
OH,4s desorption, which enables OH, production [12, 13]. The limiting factor
in low temperature fuel cell technology development is the sluggish kinetics of
the ORR, high price of the typically used catalysts such as Pt, low long-term
stability, and poor resistance to poisoning [14].

Chatenet and co-workers tested bulk Pt and Ag as well as catalysts prepared
by depositing Pt and Ag nanoparticles onto carbon support, and found that in
both cases Pt and Ag catalysts catalyse the ORR to form water and that the
catalysts demonstrated first order kinetics in relation to oxygen concentration in
the solution [15]. Density functional calculations and Monte Carlo simulation
show that the adsorption of intermediates is the main factor that determines the
ORR activity on Ag [16, 17]. More specifically, strongly adsorbed OH™ ions
and weak O, adsorption decreases the electrocatalytic ORR activity of Ag.
Furthermore, on Pt structures, functional calculations have been used to analyse
the energetics of oxygen molecule dissociation reactions [10]. These
calculations have implied that during the first step, oxygen adsorbs more
favourably to the defect-rich sites: steps, kinks, and corners[10]. Furthermore,
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chemisorbed oxygen molecules tend to diffuse onto flat facets nearby, on which
weakly bound OH species form and are thus easily released [10]. During the O,
reduction, the oxygen molecule, before its O-O bond is broken, adsorbs to the
surface of the catalysts. The catalyst then participates in O, activation during
which oxygen-containing adsorbates (O,4) form on the catalyst surface [18].
The energy of the O-O bond has been determined to be 498 kJ mol™, and
catalysts help to break this bond, thus catalyse the ORR at a sufficient rate [19].
It follows that high ORR activity depends on the strength of O, chemisorption
to a catalyst surface and weaker adsorption of the adsorbed product species to
the catalyst surface [18, 20].

4.2 Oxygen reduction reaction on bulk Ag electrodes

It has been demonstrated that the ORR in alkaline media proceeds via a 4-
electron pathway on Pt as well as on Ag [15]. Although Pt is more active when
it comes to the ORR performance, the cost favours Ag [21]. On single crystal
Ag(hkl) the ORR tends to proceed via 2+2 electron pathway [22]. The ORR on
Ag is highly structure sensitive as electrocatalytic activity is the highest on
Ag(110) and lowest on Ag(100), while Ag(111) shows intermittent activity
[22]. At the same time, activation energy is highest for Ag(100), intermediate
for Ag(111), and lowest for Ag(110) [22]. It stems from OH™ ions blocking the
active centres for O, molecules on Ag(110) to a higher degree in comparison to
Ag(111) [22]. Additionally, the adsorption of OH ions depends on potentials
[22]. It has been demonstrated that on Ag(111) in 0.1 M KOH the hydrogen
peroxide yield falls below 2.5%, while in acidic 0.1 M HCIO, solution OH,"
yield depends on potential region [12]. Furthermore, during the ORR process at
first hydrogen peroxide starts to form. The ORR then reaches regions where
reduction via a mixture of 2 and 4 electron pathways is more prevalent. Finally,
the ORR at the highest overpotentials starts to follow the complete 4-electron
pathway [12]. Importantly, the adsorption of spectator species play an important
role in determining whether the ORR follows 2- or 4-electron pathway [12].
Comparing electrocatalytic activities of bulk Ag and nanostructured silver, O,
molecules are reduced to OH ions on both surfaces; however, the ORR on bulk
Ag yields higher amounts of hydrogen peroxide [13]. This difference stems
from more defective surface of Ag bulk and the electroactive sites being
blocked for two-site O, molecule adsorption by still adsorbed OH species
leading to hydrogen peroxide formation [13].

Exceptional electrocatalytic activity can be ascribed to high-Miller-index
differently stepped Ag surfaces that Ag nanomaterials abundantly possess and
density functional theory calculations has been used to model the ORR on these
surfaces [23]. High-Miller-index Ag surfaces have been studied due to their
higher electrocatalytic activity as they possess different layer separation and
higher amount of available bonding sites than lower-Miller-index Ag surfaces
[24]. However, high-Miller index catalysts are short lived as most this type of
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catalysts have increased surface energies which eventually lead to their
reorganisation to thermodynamically more stable configurations [25].

4.3 Oxygen reduction reaction on nanostructured
Ag electrodes

Silver is a promising alternative to replace Pt catalysts as cathode materials, yet
only if it is used in a dispersed form [26]. The behaviour of different Ag
nanostructures’ electrocatalytic activity has been thoroughly studied [27-31].
For example, on Ag nanodecahedra predominantly with Ag(111) single crystal
facet the ORR proceeds via a direct 4-electron pathway, while on nanocubes
with (100) facet, it follows a 2+2 electron pathway [27]. The differences in the
ORR activity come from weaker OH ™ adsorption to the Ag(111) facet, which in
turn provides higher number of electroactive centres in comparison with
nanocubes with Ag(100) facets [27]. Similarly, on -electrodeposited Ag
nanosheets with mainly Ag(111) facets the ORR follows a 4-electron pathway
[28]. Nonetheless, on triangular Ag nanoparticles with predominant Ag(111) the
ORR may follow a mix of 2 and 4-electron pathways [29]. If Ag is
electrodeposited using surfactants (e.g. PVP), the crystalline growth in the
direction of (111) is inhibited, and only Ag(111) is allowed to form [28].
Therefore, the ORR on Ag nanosheet arrays proceeds to water formation.
Similar behaviour has been observed with Ag nanoplatelets prepared using
sodium citrate as the capping agent [30]. At Ag terraces and edge sites, the
ORR follows different reaction pathways; at the former, it follows a 4-electron
pathway, and the latter, a 2-electron pathway [31]. It has been shown that
100 nm Ag nanoplatelets had the electron transfer number (n) value of 3.27,
while 135 nm nanoplatelets had »n value of 3.16 [29]. The ORR electrocatalytic
activities depend on Ag nanoparticle size [32]. For example, smaller e.g.,
4.1 nm particles favour two-electron pathway while larger ones e.g., 174 nm
follow a 4-electron pathway [29, 33-35]. In case of Ag nanocubes, particles size
increase from 12 nm to 38 nm resulted in decrease in specific activity [34]. In
addition, triangular 99 nm Ag particles were reported to be more active than
136 nm counterparts [29]. Similarly, Lu and co-workers found that 0.7 nm Ag
nanoclusters showed higher electrocatalytic activity than 3.3 nm nanoparticles,
as mass activity (MA) was higher for 0.7 nm Ag nanoclusters. In addition, the
ORR in both cases was suggested to follow 2+2 electron pathway (because of
capping agents used) [35]. Wang and co-workers reported that Ag particles with
the size of 3—5 nm show higher activity than slightly larger 6-8 nm and 12—
15 nm AgNPs [36]. In addition, it was observed that the MA of Ag grows if Ag
nanoparticles size and Ag nanowire diameter decreases [37]. However, some
contradicting results have been obtained [33, 37], indicating that smaller Ag
particles have facets and corners which catalyse 2-electron reduction, while
larger ones catalyse predominantly 4-electron reduction [33, 38]. Ag nanowires
(AgNWs), however, have a unique structure with one dimension in nanoscale
and peculiar physicochemical properties, that provide higher aspect ratio
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compared to silver nanoparticles [37]. Similarly, AgNWs have high surface
area, which is useful in fuel cells [26]. In addition, it has better mass-transfer of
oxygen molecules to the catalyst surface, and greater long-term potential
cycling stability [37]. AgNWs with 25, 40, 50, and 60 nm diameters were
studied and showed increase in the specific activity and mass activity in the
decreasing order of diameter of the AgNWs [37]. On small Ag nanoparticles the
ORR kinetics are influenced by size effects [39]. Ohyama and co-workers claim
that Ag nanoparticles of 10 nm in size do not influence Ag specific activity and
that Ag nanoparticles smaller than 3 nm already show quantum dot and size
effects as they have large number of unsaturated Ag atoms [39].

Bidault and Kucernak have tested fuel cell system that consists of only Ag
metal, where porous silver was used as membrane, catalyst support and charge
collector [40, 41]. Ag catalysts produced by plasma-jet method with a 16—
17 nm diameter were electrochemically highly active and stable [42]. In addi-
tion, Ag nanofibers due to their porous structure possess better mass transfer
and have shown one of the highest electrocatalytic activities so far, as the ORR
onset potential value was 1.041 V vs. RHE, half-wave potential of 0.848 V, and
peak potential of 0.864 V vs. RHE [43]. This is also attributed to the effects of
microstructure’s large curvature, which helps accumulating more electrons, and
additionally, the exposed Ag(110) facets play an important role in the enhanced
ORR electrocatalytic activity. Yang and co-workers used y-radiation to prepare
AgNPs by varying ionomer concentration as a capping agent [44]. When the
ionomer concentration was 320 ppm the prepared Ag catalyst showed the
highest mass (24 A gAg_l) and specific activities (137 pA cmAg_z, at 0.75 V vs.
RHE) [44].

4.4 Oxygen reduction reaction on carbon-supported Ag
catalysts

Ag-based catalysts have been prepared on various carbon substrates that have
different effects on Ag catalysts’ electrocatalytic activity. The catalysts prepared
onto carbon nanotubes can surpass bulk polycrystalline Ag materials in
electrocatalytic activity [45]. However, carbon supports generally catalyse the
ORR via a 2-electron pathway [46, 47]. For example, graphene itself is not very
active [48], but the efficiency of carbon substrate graphene can be further
increased by adding Vulcan XC-72R carbon powder, which increases the
porosity of the substrate [49]. In addition, the activity of carbon supports such
as graphene can also be increased by N-doping [50, 51]. For example, Cao and
co-workers studied Ag-based catalysts prepared onto N-doped hollow carbon
tubes and found that these catalysts showed high electrocatalytic activity during
the ORR due to high porosity and synergistic effect between Ag nanoparticles
and surface N-species [52]. Pyridinic and graphitic N adsorb O, more strongly
than Ag nanoparticles; and during the synthesis of N-doped graphene AgNW
composite catalysts, AgNWs addition creates channels within graphene sheets
that increase oxygen diffusion [53]. Moreover, bonding interactions between the
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Ag nanoparticles and N-species are shown to further improve Ag-based
catalysts ORR activity. These bonding effects have been corroborated by the
XPS and surface enhanced Raman spectroscopies [54]. For intermittent
summary, several factors increase the ORR activity on N-doped carbon
(graphene): size of Ag nanoparticles, contact between the Ag nanoparticles and
the surface N-species, high mobility of charged species on nitrogen-doped
graphene and the higher amount of pyridinic nitrogen [55]. The ORR on carbon
supported Ag catalysts may follow 2 and 4 electron pathways simultaneously
[31, 33, 56, 57]. For example, silver has been deposited onto graphene and
resulting catalysts have shown to catalyse the ORR via 4-electron pathway [57,
58]. Vega-Cartagena and co-workers, in their recent work, electrochemically
prepared Ag catalysts on Vulcan XC-72R carbon support using ring-disc slurry
electrodeposition technique by varying deposition potentials from 0.0 V to
0.4 V vs. RHE [59]. Material prepared using 0.1 V vs. RHE possessed AgNPs
that were 7.5 nm in size and yielded the highest electroactivity in terms of mass
activity (4,765 mA mg ') and the n value was 3.5 [59]; the higher activity was
reasoned to come from higher amount of AgQO, formed through AgNPs
combining with O, on AgNPs surface [59, 60].

The Ag loading on carbon support plays an important role influencing the
ORR mechanism and Ag catalysts electrocatalytic activity. When the distance
between the particles is large enough, the intermediate hydrogen peroxide has
less nearby active centres to be further reduced. In other words, to have an
effective Ag catalyst, the interparticle distance should be less than 30 times that
of particle radius [61, 62]. Thusly, Ag loadings from 20 wt% to 60 wt% are
suitable as they have sufficient amount of Ag nanoparticles that catalyse a 4-
electron O,-reduction, while at 10 wt% and lower loadings the Ag interparticle
distance is higher and some of the ORR proceeds on carbon support via 2-
electron pathway [31, 63, 64]. Guo and co-workers found that peroxide yield on
10 wt% Ag/C catalyst increased by 10% while on Ag catalysts with Ag loading
of 20 wt% and up ring currents of the rotating ring-disc electrode (RRDE)
showed negligible hydrogen peroxide yield [63]. This is supported by Neumann
and co-workers, who discovered that the increase of the Ag interparticle
distance decreases the water yield [62]. It has been suggested that 20 wt% Ag
loading is the most optimal. Ag/C with 20 wt% loading has shown higher
current densities and mass activities [65] and excellent durability towards
methanol poisoning as compared to the Pt/C catalyst. High loadings of Ag may
hinder the efficiency of the ORR. Namely, 40 and 60 wt% Ag catalysts show
the n values close to 4; however, if Ag loading is increased to 80 wt%, the n
value starts to fall [66]. Ag-based catalyst prepared by magnetron sputtering of
15 nm nominal Ag layer onto MWCNTs showed higher electrocatalytic activity
in comparison to bulk Ag and unmodified MWCNTs [45].

In addition, Ag is a good catalyst for peroxide reduction [67] and studying
hydrogen peroxide reduction is highly important when exploring the ORR
kinetics as it is an inevitable side product for ORR and Ag has been employed
as peroxide sensor material [68, 69].
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4.5 Oxygen reduction on Ag catalysts
on nanocomposite supports

Another approach in producing electrocatalytically more active and stable Ag-
based catalysts is to use transition metal oxides. Typically, used metal oxides
for this are Mn,Oy-s [70-74]. The benefits of manganese oxides are numerous:
their low cost, high abundance, and promising electrocatalytic activity. More-
over, MnO, has a d-band electronic structure that is similar to that of platinum
[70, 71]. According to electron paramagnetic resonance measurements the
addition of Ag to a-MnO, decreases oxides electrical resistance [70]. In turn,
manganese oxides addition to Ag causes ligand effects between the metals,
where transition metal oxide affects the metals’ electronic structure and d-band
centre [70, 72]. In addition, Ag and manganese oxides compensate each other’s
shortcomings to catalyse indirect 4-electron O, reduction. For example, oxygen
adsorption to Ag is weak and disproportionation of OH, ion is fast. In contrast,
manganese oxide adsorbs oxygen strongly, and OH, disproportionation is slow
[72, 73]. Ag addition to manganese oxide increases current densities in CV-s
and LSV-s and decreases the charge transfer resistance [71]. Sun and co-
workers report that pure MnO, tends to catalyse the ORR via a 2-electron
pathway, and with Ag added the resulting catalyst reduces adsorbed O, mole-
cules via a 4-electron pathway [72]. Moreover, Mn;O, proximity to Ag particles
can result in Ag,O formation that in turn provides increased numbers of
electrochemically active sites on the composite catalyst, and further increases
Ag catalysts activity during the ORR [63, 75]. Stability of the Ag-manganese
oxide composites may originate from negligible hydrogen peroxide formation.
Mn;0,4 on carbon substrates tends to increase O, molecule side-on adsorption;
furthermore, Mn;0, and Ag proximity results in hydrogen peroxide, which has
formed on manganese oxide, to disproportionate quickly on Ag surface (the
ensemble effect) [72, 74, 75]. Another aspect concerning this type of com-
posites electrocatalytic activity and stability is oxygen vacancies that Mn;O4
close to Ag particles tends to create by affecting Ag particles surface states [76].
The oxygen vacancies help to better facilitate O, reduction, attract electrons to
the reaction centres and act as the additional ORR active sites [76].
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5. EXPERIMENTAL

5.1 Electrode preparation

Before catalyst coating, the glassy carbon disks (GC, d = 5 mm, GC-20SS,
Tokai Carbon; Japan) were first polished on 1200 and 4000 grit emery papers
and then on alumina slurries (1 and 0.3 pm, Buehler), followed by cleaning with
2-propanol and Milli-Q water in an ultrasonic bath for 5 min in each.

GC disks with drop-cast Ag catalysts (Ag loading: 0.06 mg cm~ unless
otherwise stated), saturated calomel electrode (SCE) and Pt wire were the
working, reference and counter electrodes, respectively. For comparison,
polycrystalline bulk Ag disc (d = 5 mm, 99.95%, Alfa Aesar) embedded into
Teflon holder and 20 wt% commercial Pt/C (E-TEK) catalyst were used.

5.1.1 Electrodeposition of AgNPs from aqueous media

The electrochemical deposition of silver was carried out from Ar-saturated
(99.999%, AGA) 1 mM AgNO; (99%, Sigma-Aldrich) aqueous solution
containing 0.1 M KNO; (99%, Lachema) as supporting electrolyte [I]. The
electrodeposition was conducted at a constant potential of -0.5 V vs. SCE at
different durations (from 0.1 s to 300 s). These electrodes are designated as
Agx, where the x marks the electrodeposition time in seconds.

5.1.2 Electrodeposition of AgGNPs from non-aqueous media

The electrochemical deposition of silver was carried out from Ar-saturated
(99.999%, AGA) 0.1 mM AgClOy4 (97%, water-free, Sigma-Aldrich) solution in
acetonitrile containing 0.1 M LiClOy4 (99.8%, water-free, Sigma-Aldrich) [II].
The deposition was performed at a constant potential of -0.5 V vs. SCE for up
to 300 s. The electrodeposited Ag electrodes are labelled as Ag,, where x marks
the deposition time in seconds.

5.1.3 Electrodeposition of AgNPs onto different carbon supports

Graphene oxide (GO) was prepared using a modified Hummers method [III]
[50, 77]. Briefly, a known amount of graphite was added into a glass flask, to
which concentrated H,SO4 (97%, Honeywell) was added, and the mixture was
sonicated for 1 h. Then the temperature of the mixture was raised to 35 °C and
held for 18 h. In the following step, the mixture was cooled down in an ice bath
and deionised water was added to it. Afterwards, hydrogen peroxide was added
followed by washing the suspension with hydrochloric acid. The resulting
mixture was rinsed with copious amount of Milli-Q water (Millipore, Inc.) and
dried at 75 °C.

As a next step the obtained GO was doped with nitrogen using dicyan-
diamide (DCDA, Aldrich) as described previously [50]. Briefly, after GO was
mixed with polyvinylpyrrolidone (PVP, Thermoscientific) in the mixture of
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deionised water and ethanol, DCDA was added. The mixture was first sonicated
for 2 h and subsequently dried at 75 °C and then pyrolysed at 800 °C for 2 hin a
constant flow of nitrogen gas. After that, the furnace was allowed to cool down
and nitrogen-doped graphene (NGO) was collected.

Before the electrodeposition, 20 pl of suspensions (1 mg of carbon material
in 1 ml ethanol) of NGO, graphene (Gr, Strem Chemicals), Vulcan carbon XC-
72R (C, Cabot Corp.), and multi-walled carbon nanotubes (MWCNT, diameter
30£15 nm, length 5-20 um, purity >95%, NanoLab Inc., USA) were drop-
casted onto GC electrodes. MWCNTs were acid-treated before use according to
a procedure reported previously [78]. Electrodeposition of Ag was carried out in
aqueous 0.1 M KNO; solution containing 0.01 mM AgNO; by cycling between
the deposition potential of -0.6 V and different upper potential (0.3 and 0.4 V)
for 100 cycles with scan rate of 100 mV s'. The resulting materials were de-
signated according to the upper potential value. For example, for NGO-
supported Ag catalysts when it was 0.3 V the catalyst was named Ag/NGO1
and when the upper potential was 0.4 V then Ag/NGO2. Other Ag-based
electrocatalysts were named in the same way.

5.1.4 Preparation of Ag/CDC catalysts

The carbide-derived carbon (CDC) samples CDC1 and CDC2 were purchased
from Skeleton Technologies OU (Estonia). Both CDC samples were synthe-
sised from titanium carbide powder (H.C. Starck, @<4um) via high-temperature
chlorination [IV]. The CDC1 material was, prior to the purchase, additionally
physically activated with H,O vapour at 900 °C. The detailed descriptions of the
synthesis and physical activation processes can be found elsewhere [79]. After
the preparation of the CDCs and before the synthesis of Ag nanoparticles to a
CDC support, the CDCs were ball-milled in ethanol environment for three
cycles of 30 min. at 800 rpm to decrease the CDC grain size. Ag/C catalysts of
40 wt% were prepared by utilizing a method in which sodium borohydride was
used as the reducing agent [80]. First, Vulcan carbon XC-72R, CDC1 and
CDC2 were dispersed in water. Then a known amount of sodium citrate was
added. After that AgNO; was added to achieve 40 wt% Ag/C and finally silver
nanoparticles were synthesised using NaBH4 (99%, Aldrich). These catalysts
are denoted as Ag/C, Ag/CDC1 and Ag/CDC2, respectively. After the
synthesis, the reaction mixtures containing Ag/C and Ag/CDC catalysts were
vacuum-filtered and dried at 70 °C overnight.

5.1.5 Preparation of Ag/NGO catalysts

The synthesis of the nitrogen-doped graphene oxide support is described in
section 5.1.3. The silver nanoparticles were synthesised using three different
methods, and for all methods the nominal Ag content was fixed at 40 wt% [V].
First, citrate stabilised AgNPs were prepared by reducing AgNO; with NaBH,
in an aqueous solution in the presence of NGO and sodium citrate [80]. This
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catalyst is designated as Ag/NGO3. For the preparation of the second catalyst
(Ag/NGO4) an aqueous solution of glycerol and sodium hydroxide was added
to the suspension of NGO containing AgNO; [81]. The third catalyst
(Ag/NGOS5) was prepared using ascorbic acid as a reducing agent [82]. In this
synthesis as with previous suspension of NGO and AgNO; was made and the
Ag" ions were reduced by slowly adding ascorbic acid to the mixture under
constant stirring. After the synthesis of Ag/NGO catalysts, the suspensions were
filtered and dried at 75 °C.

5.1.6 Preparation of Ag catalysts on mesoporous ECS

Ag-based catalyst materials were synthesised from silver nitrate using two
simple citrate methods, as described in the literature [80, 83] with sodium
borohydride (NaBHy4, 99%, Aldrich) and hydrazine hydrate (H4sN, -xH,O, 64%,
Acros Organics) as reducing agents [VI]. Ag was deposited onto three different
carbon supports such as (i) nitrogen-doped mesoporous carbon ECS004201 and
(i1) ECS004601 (Pajarito Powder, LLC) and Vulcan carbon XC-72R (Cabot
Corp.). In case of NaBH,4, 60 mg of the carbon supports were dispersed in 200
ml Milli-Q water in an ultrasonic bath for two hours. Later 62.9 mg (40 mg Ag)
of silver nitrate (AgNOs;, = 99%, Sigma-Aldrich) was added, and the suspension
was stirred for 30 min on a magnetic stirrer. Then 348.6 mg of sodium citrate
tribasic dihydrate (Fluka, puriss p.a. = 99%) was added to the synthesis
solution, and 5 min later, 313.8 mg of NaBH,4 was quickly dissolved in a 10 ml
vial in ice-cold Milli-Q water and added to the reaction mixture, the vial was
washed twice with the same ice-cold Milli-Q water, and Ag nanoparticles were
synthesized. After the addition of AgNQO;, the synthesis beaker was set onto a
magnet stirrer and constantly stirred at ~700 rpm. After the addition of the
reducing agent, the synthesis solution was stirred overnight. To break down the
excess citrate, KOH was added; after 2 h the stirring was stopped, and the
catalyst material was left to precipitate overnight. The catalyst materials were
vacuum-filtered and dried at 60 °C overnight. The prepared catalysts are named
as Ag/4201 BH4, Ag/4601 BH4 and Ag/VC BH4. No. 4201 represents
ECS004201 carbon support; no. 4601 represents ECS004601; VC represents
Vulcan carbon substrate, and BH4 represents reducing agent NaBH,.

When the reducing agent was hydrazine hydrate, the same carbon materials
were dispersed in 200 ml Milli-Q water for 2 h, 71.3 mg of AgNO; was added,
the suspension was stirred on a magnetic stirrer for 0.5 h, then 24.7 mg of
sodium citrate was added, and the solution was stirred at 700 rpm for 5 min.
Before adding the reducing agent, the catalyst suspension was heated to 50 °C,
and then 91 ml of hydrazine hydrate solution was added (91 ml of Milli-Q water
+ 170 ul of 64% hydrazine hydrate). The reaction temperature was 50 °C, and
the mixture was stirred at 700 rpm for 2 h, after which the heating was switched
off, and the synthesis solution was left to cool overnight. All consecutive steps
were the same as when using the NaBH,. The Ag-catalyst materials synthesised
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are denoted analogously as in previous paragraph, but HH, which represents
reducing agent hydrazine hydrate, was used instead of BH4 at the end.

5.1.7 Sputter-deposition of Ag onto MnO,-MWCNT composites

Acid treatment of commercial MWCNTs (Nanocyl) was carried out according
to a previously reported protocol [78]. MnO, MWCNTI1 substrate was
synthesised using previously published method [84] by adding 25 mg of acid-
treated MWCNT to 20 ml of deionised (Milli-Q, Millipore, Inc.) water and
sonicated for 30 min [VII]. 228.4 mg of MnSO,xH,0 (Sigma-Aldrich, > 98%)
was added to the suspension and sonicated further for 30 min. A fresh KMnO4
(Thermo Scientific, ACS reagent) solution was prepared by dissolving 704.8
mg of KMnQ, in 30 ml of deionised water. Under vigorous stirring, MWCNT
suspension and KMnO, solution were heated up to 80 °C and KMnO, solution
was quickly added to the suspension. The synthesis suspension was kept under
vigorous stirring for 1h until the purple colour disappeared. It was then washed,
filtered with ethanol and deionised water and dried overnight at 60 °C.

MnO, MWCNT2 was synthesised in one pot method where 10 mg of
untreated MWCNTSs were added to 10 ml of deionised water, to which 100 mg
of KMnO, was added and dissolved [85]. The synthesis mixture was stirred at
room temperature for 6 h. Next, 50 ul of concentrated H,SO4 (Honeywell, 97%
puriss, p.a.) was added, and the synthesis mixture was stirred at room tempe-
rature for 1h. The solution was then heated to 80 °C and stirred for an additional
60 min. The synthesis mixture was then removed from the heat source, poured
into a 1 | flask containing 0.5 1 of deionised water and filled up to the 1 1 mark.
The suspension was filtered, washed with ethanol and a copious amount of
deionised water and dried overnight at 60 °C.

50 pl of ink was drop-casted onto a freshly polished GC electrode to have a
loading of 0.25 mg cm?, and the electrode was dried under N, gas flow [84,
86]. Ag was sputter-deposited onto the substrates with nominal thicknesses of 5,
10, and 20 nm. Magnetron sputtering was carried out, as reported earlier [45,
87, 88], and in this study using a Ag target in the Ar atmosphere. The deposition
chamber pressure was 3x10° mbar, the DC power of 2 W, and the distance
between target and substrate was 6 cm. Si plates were used as additional
substrates to determine the deposited Ag loading by X-ray fluorescence (XRF).

5.1.8 Preparation of thin-film Ag electrodes

Ag was deposited onto GC electrodes using Vacuum Service OY evaporation
device in which the base pressure was below 1x10°° Torr [VIII]. The deposition
rate was held constant at around 0.2 nm s for thinner and up to 1 nm s for
thicker coatings. The nominal thickness of Ag films was varied from 0.5 to
10 nm.
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5.1.9 Silver nanowire-based catalysts

Prior to the use, commercially available suspensions of silver nanowires with
diameters of 35, 90 and 120 nm (Blue Nano, USA) were purified by first
keeping the nanowire material in 1 M KOH solution for 1 h, then washed by
multiple consecutive rinsing and centrifugation with Milli-Q® water [IX]. Final
suspensions (1 mg ml™") were prepared using 2-propanol (Merck). 30 ul of
resulting ink was drop-casted onto freshly polished and washed GC electrodes.

5.1.10 The dissolution stability of Ag nanoparticles

The synthesis of tested materials Ag/MC (Ag/4201 HH) and Ag/VC
(Ag/VC_HH) is described in section 5.1.6.

On-line electrochemical dissolution measurements

An inductively coupled plasma mass spectrometer (ICP-MS, Perkin Elmer,
Nexion 350X) together with a three-electrode scanning flow cell (SFC) were
used for the on-line electrochemical dissolution measurements employing a
custom-made Labview software [X]. The potentiostat used for both
SFC-ICP-MS and RDE measurements was a Gamry Reference 600. The
electrode rotation rate was controlled with a MSR rotator (Pine Research). In
SFC experiments the working electrode was a 5x5 cm glassy carbon plate
covered with catalyst spots. For that, 0.2 ul of catalyst ink with concentration of
1 mg ml™" in mixture of 2-propanol (20%) and Milli-Q water (80%) was drop
casted to achieve (catalyst) spots with a radius ranging from 600 to 750 pm.
Before each measurement, the GC plate was polished with alumina slurry with a
grain size of 0.3 um. The counter electrode was a GC rod with a diameter of 5
mm (HTW Sigradur G). The reference electrode was Ag/AgCl/3 M KCI
electrode (Metrohm), and it is situated in the outlet channel of the SFC system
to avoid contamination with chloride ions. The experiments were carried out in
0.05 M KOH solution (pH = 12.7) prepared from KOH pellets (Sigma-Aldrich,
p.a.). The electrolyte solution was purged with Ar gas. The average flow rate
from SFC to ICP-MS is 3.5 ul s™'. The time delay of electrolyte flow from the
SFC to ICP-MS was accounted for and adjusted for a direct correlation between
the potential and dissolution data.

Before the measurements, the ICP-MS was calibrated using 0.5, 1, and 5 ppb
solutions of Ag standard. Before the electrolyte entered the ICP-MS it was
mixed 1:1 with a 1% HNOs; solution with 10-ppb internal standard (Rh)
solution.

Electrochemical protocols

Ag dissolution was measured using both SFC and RDE methods. For SFC-ICP-
MS measurements, in the case of Protocol 1, the lower potential limit 0.3 V vs.
reversible hydrogen electrode (RHE) stayed the same, the upper potential limit
was varied from 0.9 V to 1.8 V vs. RHE by increments of 0.1 V, and the
potential scan rate was 10 mV s . In Protocol 2, the lower potential limit was
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0.3 V vs. RHE, the upper potential limit was 1.8 V vs. RHE, and two CVs were
measured at a potential scan rate of 2 mV s ' for better separation between
anodic and cathodic dissolution peaks. The cyclic voltammetry response for
these protocols was also recorded in the RDE configuration for obtaining
smoother voltammetric profiles.

5.2 The physical characterisation of Ag-based catalysts

The surface morphology of the catalyst materials was characterised using
scanning electron microscopy (SEM, Helios Nanolab 600, FEI) equipped with
an energy dispersive X-ray spectrometer (EDS) analyser INCA Energy 350
(Oxford Instruments) and operated at 10 kV, and scanning transmission electron
microscopy (STEM, Titan 200, FEI), equipped with energy dispersive X-ray
spectrometer Super-X™ system, operated at 200 kV. The X-ray photoelectron
spectroscopy (XPS) analysis of catalyst samples was carried out using
SCIENTA SES-100 instrument with Mg Ka X-ray source (incident energy of
1253.6 eV). The X-ray diffraction (XRD) analysis was carried out with the
catalyst powders using Bruker D8 Advance diffractometer with Ni filtered Cu
Ko radiation and analysed using software Topas 6 (Bruker, Germany). The Ag
loading on the carbon supports was estimated by thermogravimetric analysis
(TGA) in a Setaram Labsys Evo 1600 thermoanalyser in O, + Ar gas mixture
(21:79 ratio).

The N, adsorption measurements for CDC samples were done at the boiling
temperature of nitrogen (77K) using the NOVA touch LX2 (Quantachrome
Instruments). Total pore volume (Vi) was derived at P/P, of 0.97 and the
calculation of the specific surface area (Sger) was done corresponding to the
Brunauer-Emmett-Teller (BET) theory [89]. The volume of micropores (V) and
the pore size distribution (PSD) were calculated from N, adsorption isotherms
by using a quenched solid density functional theory equilibria model for slit-
shape pores.

5.3 The electrochemical characterisation
of Ag-based catalysts

The ORR current for the Ag-based catalyst materials was measured using an
Autolab potentiostat/galvanostat PGSTAT30 (Metrohm Autolab B.V., The
Netherlands) controlled by General Purpose Electrochemical System (GPES) or
Nova software. The RDE measurements were carried out employing an EDI101
rotator and CTV101 speed control unit (Radiometer, Copenhagen). For the
RRDE testing an AFMSRX rotator and MSRX speed control unit (Pine
Research Instrumentation, Grove City, PA, USA) with Pine Instrument’s fixed
tip glassy carbon disk (0.164 cm?®) and Pt ring electrode was employed. The
collection efficiency (V) of the RRDE tip was 0.25. The electrode rotation rate
was varied from 360 to 4600 rpm. The electrodes were coated with 30 puL (50
uL in the seventh part of the work [VII] and 20 pl in the third part [III]) of Ag
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catalyst ink suspension (1 mg mL™"), which was prepared by weighing 2 mg of
catalyst added to Milli-Q water (1.6 mL), 2-propanol or ethanol (0.4 mL) and 2
pL of Nafion dispersion (5 wt% in lower aliphatic alcohols, Sigma-Aldrich).
Commercial 20 wt% Pt/C catalyst (E-TEK) was prepared by depositing the Pt/C
suspension onto the GC electrode by drop-casting 10 uL of Pt/C ink at a Pt
loading of 0.01 mg cm ™. A potential scan rate of 10 mV s was employed for
oxygen reduction and peroxide reduction measurements. The background
currents were measured and subtracted from the oxygen reduction current. From
the ORR polarization curves recorded on all silver catalysts only anodic scans
were used for further analysis. The oxygen reduction studies were carried out in
O,-saturated (99.999%, AGA) 0.1 M KOH (puriss p.a., Sigma-Aldrich)
solution. Before the ORR studies, the electrodes were pre-conditioned by
cycling in a potential range from -1.2 to 0 V vs. SCE in Ar-saturated 0.1 M
KOH solution for 10 potential cycles with scan rate of 100 mV s'. Pre-
conditioning is necessary as it affects the Ag-based catalyst material
electrocatalytic activity towards ORR [38]. In this potential range, the silver
catalyst surface is not yet oxidised and the rearrangement of AgNPs on all the
carbon supports is avoided. The peroxide reduction experiments were
conducted in Ar-saturated 0.1 M KOH solution containing 1 mM HO,; . In order
to determine the electroactive surface area of silver, either Pb underpotential
deposition experiments were conducted in Ar-saturated 0.1 M KOH containing
0.5 mM Pb(NO;), (=99%, Sigma-Aldrich) or calculated from cathodic Ag
reduction peaks of the obtained voltammograms after CV measurements where
electrodes were cycled in potential range of -1.2 V and 0.4 V vs. SCE at 50 mV
s' potential scan rate. After the electrochemical testing Ag was electro-
chemically dissolved in Ar-saturated 0.1 M NaClO,, (Merck) solution at scan
rate of 50 mV s ' and the mass of silver was calculated from the charge of the
obtained stripping peak of the voltammogram.

All prepared electrodes were subjected to electrochemical testing in an O,-
saturated 0.1 M KOH solution in which RDE polarisation curves were
measured at different electrode rotation rates. The obtained ORR polarisation
data were analysed using the Koutecky-Levich (K-L) equation (Eq. 4).

1 1 1 1 1
SE—t = 7 4

- b 2/3 —1/6ch ,1/2
J Jk Ja nFkCp,  0.62nFDy " v=1/6C5, w1/

where j is the measured current density, j, and j4 are the kinetic and diffusion-
limited current densities, respectively, n is the number of electrons transferred
per O, molecule, & is the rate constant for O, reduction, F is the Faraday

constant (96,485 C mol'), @ is the rotation rate (rad s), C82 is the

concentration of oxygen in the bulk (1.2x10° mol cm™) [90], D02 is the

diffusion coefficient of oxygen (1.9x107 cm® s ') [90] and v is the kinematic
viscosity of the solution (0.01 cm?s™") [91].
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To compare the intrinsic electrocatalytic activity of Ag-based catalysts,
specific activities (SA) were calculated using (Eq. 5):

SA=1./A4, &)

where [ is the kinetic current at a given potential and 4, is the electroactive
surface area of silver. 4, was determined either from lead underpotential
deposition (Pb,,q) or from Ag oxide reduction peak (obtained from cyclic
voltammetry measurements).

The mass activities (MA) for ORR were calculated using the following
equation (Eq. 6):

MA = I/m (6)

where m is the mass of Ag on the electrode surface calculated either from the
Ag dissolution experiments, or from the XRF data, or mass of the whole
catalyst.

The amount of dissolved Ag was calculated by charge integration under the
CV peaks from Ag stripping data using equation (Eq. 7):

_ MAg)=Q
- n*xF (7)

where M is the atomic mass of Ag (107.87 u), Q is the charge, n is the number
of electrons involved (n = 1), and F is the Faraday constant.

Data obtained from the RRDE measurements was used to determine the
peroxide yield (®), which was calculated using the following equation (Eq. 8):

IR
_ ZOO*W

(®)

IR

where Ip and I are disk and ring currents, respectively, and N is the collection
efficiency (0.25). In addition, the number of electrons transferred per O,
molecule (n) was also calculated using equation (Eq. 9):

_ 4xIp

©)

= Tr
1D+W

The AEMFC performance for the Ag-based cathode catalysts (Ag/4601 BH4,
and Ag/4201 HH materials) was evaluated with the membrane-electrode
assemblies (MEA) that have an active area of 5 cm® and are fabricated using
Sigracet 39BB gas diffusion layer (GDL), the AEM Aemion+ (AF2-HLES-10-
X, 10 pm), and Pt-Ru/C (Alfa Aesar) as the anode catalyst. MEAs with the
commercial Pt/C (20% Pt) cathode catalyst was also evaluated for comparison.
The catalyst inks were prepared and drop-casted onto GDLs. The loading of the
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cathode catalysts was 2 mg cm > and the anode catalyst 0.8 mgp.p, cm > [92].
Catalyst-coated GDLs and membrane were immersed in 3 M KOH solution for
1 and 3 days, respectively. The solution was changed once a day. The MEA was
assembled in a single cell fuel cell using silicone gaskets with a torque of
9N m. The potentiostatic polarization experiments were conducted in
Greenlight Fuel Cell Test Station (G40 Fuel Cell System, Hydrogenics, Canada)
using H, and O, gases (65% RH) with 1.0 NLPM flow rate at 65 °C with
200 kPa backpressure.
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6. RESULTS AND DISCUSSION

6.1 O, reduction on electrodeposited Ag catalysts in
alkaline media

In the first part of the work, Ag nanoparticles were synthesised onto clean GC
electrodes using simple electrodeposition method in aqueous environment,
where the GC electrodes were kept at Ag deposition potential -0.5 V vs. SCE at
different durations [I]. The deposition times were 0.1, 10, 60, 180 and 300 s.
The goal of this work was to improve and tune the electrodeposition method to
achieve smaller Ag nanoparticles. The coatings were tested for the ORR in
0.1 M KOH solution using the RDE method. The measured GC electrodes with
the deposited Ag particles were denoted as Ag0.1, Agl0, Ag60, Agl80 and
Ag300.

6.1.1 SEM and XRD studies of the electrodeposited AgNPs

Figure 1 presents the SEM images of all the electrodeposited Ag catalysts.
Initially bigger agglomerates of large particles (up to 200 nm) form; also, some
smaller particles (ca 15 nm) can be observed. Same results were obtained with
all parallel measurements. After 0.1 s of deposition a majority of the GC surface
is still uncovered and clean. After 10 s of deposition (Figure 1¢) the number of
smaller particles is growing, and the number density of big agglomerates stayed
the same. In addition, the particle size remained similar to the AgNPs deposited
for 0.1 s. With further increase of the deposition time (60 s), the number of
smaller particles increased and so did their size being about 23 nm. As ex-
pected, after the increasing of the deposition time to 180 s, the particles grew to
about 30 nm and at 300 s the particles were about 45 nm in size. In addition, a
number of Ag particles below 10 nm were still visible, showing that the
electrodeposition occurs at random locations. The observation that big agglo-
merates form during the first 0.1 s suggests that initially there is no gradient of
Ag’ cations and the amount of silver ions near the surface is high enough,
which enables the formation of agglomerates. After a gradient for Ag" ions
formed, further deposition took place on the whole substrate. The particles
deposited in this study are considerably smaller than those reported in the
literature [93, 94] showing that careful selection of electrodeposition parameters
is crucial for the preparation of AgNPs with the desired size and number density
on the GC surface. These observations suggest that as the silver surface area
increases with increasing the electrodeposition time, the overall electrocatalytic
activity towards the ORR should also increase.
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Figure 1. SEM micrographs of (a) bare GC, (b) Ag0.1, (c) Agl0, (d) Ag60, (¢) Agl80
and (f) Ag300 samples.

To obtain some additional information about the structure of the Ag coating, the
XRD analysis was carried out with Ag300 (Figure 2). It can be observed from
the diffraction pattern that Ag(111) reflection has highest contribution of silver
crystal facets at 260 = 38°. The XRD peak of Ag(200) is located at 44° and
Ag(220), Ag(311) and Ag(222) have been also identified. In addition to Ag,
broad XRD peaks originating from the GC substrate are present. The reflection
of graphitic carbon (002) is centred at ca. 26° and the (101) peak at ca. 43°.
After further inspection of the spectra, it was determined that the crystallites are
not isometric. For further analysis, the Scherrer equation was employed, and the
average size of the Ag crystallites were calculated to be 159-395 nm. These
values coincide with the big agglomerates/particles observed on the SEM
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images. Apparently, smaller Ag particles observed under the SEM have smaller
contribution to the XRD signal, whereas a slight effect may also originate from
the differences in the preparation of the sample.

Intensity

10 30 50 70 90
20/ degree

Figure 2. XRD pattern for Ag300.

6.1.2 ORR studies on the electrodeposited AgNPs

A comparison of the RDE polarisation curves for the ORR on electrochemically
deposited silver catalysts in O,-saturated 0.1 M KOH solution is presented in
Figure 3a. All the Ag/GC electrodes have significantly higher ORR activity
than the clean GC disk as the ORR onset and half-wave potentials shift to more
positive values with increased electrodeposition time. In addition, these
electrodes have a current minimum at about -0.9 V vs. SCE, which decreases
with increasing of the electrodeposition time. It could be related to a change in
the reaction mechanism and a shortage of Ag on the surface of the GC at the
initial stage of deposition causing the observed current minimum to be more
prominent. Similar current minimum has been noticed in several studies, and
Yang and co-workers have observed this using Ag nanoclusters comprising of 2
to 5 Ag atoms [60]. Despite the current minimum appearance, it was found that
the peroxide yield remained below 15%. Using carbon nanotube-supported Ag
catalyst this minimum was suppressed [45] and we may assume that by
increasing the amount of Ag this feature would fade. This feature could be
related to some specific crystallographic orientation as Blizanac and co-workers
observed this minimum only for Ag(111) and that the peroxide yield increased
at the location of this minimum [22].
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Figure 3. (a) Comparison of the RDE polarisation curves for the ORR on the
electrodeposited AgNPs. (b) Tafel plots for the ORR derived from (a). Test solution:
O--saturated 0.1 M KOH. @ = 1900 rpm, v=10mV s .

For further analysis of the RDE data on O, reduction the Tafel plots were
constructed (Figure 3b) and the corresponding slope values were determined.
The Tafel slope values for all the prepared AgNP covered GC electrodes were
similar being in the range between -70 and -80 mV. These Tafel slope values
are consistent with those previously reported for magnetron sputtered Ag
nanoparticles on MWCNTs [45] and more recently on AgNPs prepared by pulse
charge deposition [42]. In addition, constantly changing Tafel slope values have
been reported for Ag, meaning that at low current densities a slope value
of -80 mV rises to -130 mV when scanning to high current densities [22].
Blizanac and co-workers explained the change in the Tafel slope by potential
dependent surface coverage of OH,4s and change of the Frumkin parameter [22].
In addition, the Tafel slope values of -90 mV for bulk Ag and -120 mV for
AgNPs have been reported [95, 96]. Innocenti and co-workers observed a
change in the Tafel behaviour for small quantities of Ag as compared to higher
amounts of metal [97]. For lower amount of Ag, the Tafel slope had a
constantly changing value, but starting from Ag loading of 14.2 pg cm* the
material exhibited clearly linear Tafel ranges. On the other hand Novikova and
co-workers who studied the ORR on small deposited Ag quantities reported
linear Tafel plots with the slope value between -112 and -138 mV, which
corresponds to slow transfer of the first electron to the adsorbed O, molecule in
the charge transfer stage [31].

After the ORR measurements the electrodes were transferred to Ar-saturated
0.1 M KOH solution containing Pb*" cations in order to give an estimation of
the electroactive surface area (4,) of silver [98]. In their study, Kirowa-Eisner
and co-workers found that the charge for the monolayer of Pb,,q on Ag
corresponds to 0.26 mC cm . As expected from the SEM measurements the A,
value increased with increasing the deposition time, being lowest for Ag0.1
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(4, = 0.015 cm?) and highest for Ag300 (4, = 0.278 cm?). The specific activity
for O, reduction was calculated at -0.25 V vs. SCE using equation (Eq. 5),
where 4, was obtained from the Pb,,q data. It was revealed that the SA value did
not depend on the deposition time. It was 0.81, 0.79, 0.82, 0.83 and
0.79 mA cm” for Ag0.1, Agl0, Ag60, Agl80 and Ag300, respectively. This
suggests that there is no clear particle size effect in the size range from 15 to
45 nm. Interestingly, it has been demonstrated that the particle size effect is
present for Ag particles in 100 nm scale in which smaller particles have higher
activity [29]. Wang and co-workers have reported that the ORR activity
increases with decreasing the Ag particle size from 12-15 nm to 3-5 nm, which
was suggested as the optimum AgNP size for ORR [36]. The ORR activity has
been shown to increase further when particle size decreased from 3.3 to 0.7 nm
[35], which might originate from the fraction of unsaturated silver atoms and
the quantum size effect [39]. The results obtained in this study are in agreement
with those reported by Ohyama and co-workers, which showed that the Ag
particle size above 10 nm have negligible effect on the SA value [39]. However,
it needs to be noted that Campbell and Compton have studied Pb,,q extensively
from sodium potassium tartrate solution and they concluded that UPD is
observed for Ag particles larger than 50 nm but it is absent for smaller AgNPs
[99].

After the electrochemical measurements, the electrodes were transferred to
Ar-saturated 0.1 M NaClO, solution in which silver was electrochemically
stripped from the surface of the GC electrode. The mass of Ag was calculated
from the stripping charge using Eq. 7. It was found that the mass of silver grows
almost linearly with the deposition time and only the initial growth is rapid as
the amount of Ag" cations near the GC surface is higher at the first stage of the
deposition. Within few seconds a gradient of Ag' cations is formed and the
growth of silver mass starts to increase linearly as metal cations are transferred
to the GC electrode. Based on the SEM micrographs the initially formed Ag
particles are somewhat bigger, which might indeed be due to the high initial
concentration of Ag™ cations adjacent to the GC electrode surface and the
particles formed in the next stage of deposition are smaller because of the cation
concentration gradient. The mass-activities for O, reduction were calculated at
-0.25 V vs. SCE using the dissolved Ag mass (Eq. 7) and kinetic current values
at the given potential (see the experimental section Eq. 6). As with the specific
activities, the MA values did not essentially depend on the mass of the
electrodeposited Ag and were in the range of 50-58 A g .

Additionally, to analyse the ORR kinetics on the prepared Ag catalysts, the
ORR polarisation curves were recorded at various electrode rotation rates and
the obtained data were treated by the K-L equation (Eq. 4). Figure 4a shows a
typical set of the RDE polarisation curves of Agl80 and the respective K-L
plots are presented in Figure 4b. The n value was slightly lower than four for
most of the electrodeposited Ag catalysts, and for Ag300 and bulk Ag the n
value was close to 4. These n values suggest that some peroxide is formed on all
Ag/GC electrodes and the ORR proceeds at least partially via series 2+2
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electron pathway. It has been demonstrated that the residues from the synthesis
of Ag nanoparticles may reduce the electron transfer number [100]. Lu and co-
workers found that polyvinylpyrrolidone protected Ag nanorods catalyse
incomplete two-electron reduction of O,, while unprotected Ag nanorods
catalyse the four-electron oxygen reaction to form water. Also, silver decorated
MWCNTs, without any further additives, catalyse the ORR to form water [45].
Another explanation could be related to the crystallographic orientation of the
electrodes, as it has been suggested that Ag(111) catalyses the direct four-
electron reduction of oxygen [27]. As the XRD measurements showed that the
Ag particles deposited onto GC have preferential Ag(111) orientation and as
even the Ag/GC electrodes prepared using smaller deposition time have n value
close to 3.5 then we may assume that indeed the ORR on Ag(111) proceeds via
direct 4e” pathway. However this is in contradiction with the findings reported
by Blizanac and co-workers who determined that the Ag(110) plane is the most
active single crystal facet of Ag for the ORR [22].
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Figure 4. (a) RDE polarisation curves of Agl80 for ORR at different electrode rotation
rates. (b) Koutecky-Levich plots at various potentials; inset shows the dependence of n
on potential. Test solution: O,-saturated 0.1 M KOH. v=10mV s

6.1.3 H,0; reduction studies on electrodeposited Ag NPs

It was of considerable interest to study the electroreduction of HO, on silver
coatings in order to evaluate the electrocatalytic properties of the Ag-based
catalysts towards this important electrochemical reaction. Ag180 was selected
for the HO,™ electroreduction studies. Figure 5a presents the RDE polarisation
curves for peroxide reduction on Agl80 in Ar-saturated 0.1 M KOH containing
1 mM HO, . The current minimum at -0.9 V is evident as could be observed
also for the ORR (see Figure 3a). The RDE data was analysed using the K-L
equation (Eq. 4, Figure 5b) and 1.36x107° cm® s™' as diffusion coefficient for
HO, [101]. The number of electrons transferred per HO, anion was found to
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be close to two. Neumann and co-workers observed that with increasing the
AgNP concentration on the substrate the peroxide reduction increases as a result
of peroxide diffusion over the Ag nanoparticle array instead of over individual
Ag particles [62].
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Figure 5. (a) RDE polarisation curves of Agl80 for the HO, reduction at different
electrode rotation rates. (b) Koutecky-Levich plots at various potentials; inset shows the
dependence of n vs. E. Test solution: Ar-saturated 0.1 M KOH containing 1 mM HO, .
v=10mVs’

As no surfactants or additives were used in this study to prepare AgNPs, it
could be concluded that the n value lower than four is caused by the insufficient
amount of silver catalyst on the substrate surface. With carbon-supported
AgNPs, it has been suggested that 10 wt% Ag is not sufficient to catalyse the
complete 4-electron reduction of oxygen [61, 63, 64].

The results presented in this part of the thesis suggest that electrodeposition
is a viable method to prepare AgNPs with tuneable size for the ORR and the
peroxide reduction reaction in alkaline media.

6.2 ORR on electrodeposited AgNPs
from non-aqueous media

In the second part of the work, Ag nanoparticles were synthesised onto clean
GC electrodes using similar electrodeposition method as in the previous part but
in non-aqueous environment [II]. The GC electrodes were similarly kept at the
Ag deposition potential of -0.5 V vs. SCE for 0.1, 10, 60, 180 and 300 s. The
purpose of this work was to evaluate whether the change of aqueous environ-
ment to a non-aqueous (acetonitrile) improves the electrodeposition method to
achieve smaller AgNPs than in the previous part of the work. The catalysts were
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tested for the ORR in 0.1 M KOH solution using the RDE method. The
measured GC electrodes with the five Ag particle deposition times were
labelled as Ago.1, Agio, Ageo, Agigo and Agzp.

6.2.1 SEM studies of the electrodeposited AgNPs

Figure 6 displays SEM images of AgNPs deposited onto the GC surface for 10,
60, 180 and 300 s. After 0.1 s, the surface is almost completely empty and only
some Ag particles are observed. The size of the particles and the number
density grow with increasing the deposition time. After 10 s the Ag particles are
approximately 45 nm in diameter, after 60 s the particles have grown to about
55 nm, 180 s yields 75 nm particles and after 300 s they are about 90 nm. In
addition, smaller particles can be observed from the SEM images revealing that
there are sufficient amount of surface sites for the deposition of Ag. Shorter
deposition times mostly yield individual particles and when the deposition time
is increased, the particles start to merge as their size and the surface coverage
increase.

Figure 6. SEM images of (a) Agj, (b) Ageo, (¢) Agiso and (d) Agsgo samples.

6.2.2. CV experiments on the electrodeposited AgNPs

For electrochemical characterisation, the electrodeposited Ag electrodes were
subjected to potential cycling in the potential range between -1.2 and 0.4 V vs.
SCE. A comparison of CV results is presented in Figure 7, and it can be ob-
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served that there are no characteristic peaks in the potential window from -1.2
to -0.1 V. The oxidation of silver surface starts at about 0.1 V and two
characteristic peaks are observed. A small peak at 0.16 V corresponds to both
dissolution of Ag and the formation of a monolayer of Ag,O. However the
origin of this peak has been considered to be complex as there have been
several propositions for the origin of this peak [102]. The large peak at 0.32 V
consists of two peaks, which have been associated with the formation of bulk
phases AgOH and Ag,0 [63, 102, 103]. The reduction of Ag oxides takes place
at the cathodic scan at about 0.05 V. In the literature, the oxide reduction peak
has been used to calculate the electroactive surface area of Ag [66, 103].
However, as Ag,O and AgOH form closely during the silver oxidation then this
approach may not be reliable.
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Figure 7. Cyclic voltammograms of the electrodeposited Ag coatings in Ar-saturated
0.l MKOH.v=50mV s

6.2.3 ORR studies on the electrodeposited AgNPs

Figure 8a displays a set of RDE polarisation curves of the ORR on electro-
deposited Agjs. The polarisation curves have a minimum at about -0.9 V.
When comparing the Ag-coated electrodes (Figure 9a) then it is obvious that the
minimum decreases with increasing the deposition time. This minimum may
originate from the change in reaction mechanism or could be related to specific
crystallographic orientation as discussed above (see sub-section 6.1.2) [I] based
on the findings in Ref. [22].

The RDE data was analysed using the K-L equation (Eq. 4). The value of n was
4 in the whole potential range studied with Ag;so, Agsoo and bulk Ag. For Agg
the n value was somewhat lower than 4 while for Agg 1, Agj, it was between 2.5
and 3.5. As expected, from the RDE polarisation curves the lowest electron
transfer number was in the potential range in which the minimum in polari-
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sation curve is observed. It has been reported in several publications that the
amount of Ag is crucial for the ORR activity [62-64]. For example, Guo and co-
workers determined that the silver content has to be above 20% in Ag/C catalyst
to catalyse 4e” reaction pathway [63]. Neumann and co-workers described that
the surface coverage with Ag particles is important for complete reduction of
oxygen [62]. They proposed that when peroxide is formed on the disk surface it
diffuses away from the surface if the distance of Ag particles is more than 30
times the nanoparticle radius. If the number density of particles is increased,
then the peroxide escape is lower and the formed H,0, is further reduced on the
neighbouring Ag particles. Similar conclusion can be made from the work in
which 174 nm and 4.1 nm Ag nanoparticles were studied, as the ORR on bigger
particles proceeded via 4-electron pathway and on smaller particles via both
4-electron and 2-electron pathway simultaneously [33]. Singh and Buttry com-
pared the ORR on AgNPs to that on polycrystalline silver [13]. The K-L
analysis revealed that in certain conditions the AgNPs have higher »n value than
that of polycrystalline Ag. They attributed the higher fraction of two-electron
pathway on bulk Ag to the fact that its surface had more defects, which prevents
the two-site adsorption of O, molecule, as this is required for direct 4-electron
pathway. The K-L equation (Eq. 4) only gives an overall electron transfer
number, and it is impossible to differentiate between the two-step two-electron
reaction pathway and the direct 4-electron pathway. It has been demonstrated
that the ORR on silver low-index single crystal facets is structure sensitive and
it has been suggested that the ORR proceeds via series pathway on these
surfaces [22]. However, Wang and co-workers studied the ORR on shape-
controlled Ag particles (nanodecahedra and nanocubes) [27]. They proposed
that the ORR on nanodecahedra, enclosed with Ag(111) crystal facet, proceeds
via a direct 4-electron pathway and via series pathway on Ag nanocubes, en-
closed with Ag(100) facets.
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Figure 8. (a) A set of RDE polarisation curves for ORR on Ag;g in O,-saturated 0.1 M
KOH. v = 10 mV s . (b) K-L plots derived from (a) and inset shows the potential
dependence of n.
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The use of electrochemical deposition of Ag is a good choice, as in wet
chemical synthesis stabilizers must be used. The nanoparticles have to be
cleaned from the synthesis residues as they may affect the reaction pathway by
increasing the contribution of two-electron pathway [100]. In more detail, Lu
and co-workers synthesised Ag nanorods in the presence of PVP and tested
their electrocatalytic activity before and after the removal of the PVP. It was
observed that removing of the PVP from the surface of silver increased the
ORR current densities as well as the number of electrons transferred per O,
molecule.

From the comparison plots (Figure 9), the Aggo and Agsg electrodes are more
active than bulk Ag electrode. As simple comparison of the ORR polarisation
curves is not suitable, then the SA values were calculated. The SA for O,
reduction was calculated using the kinetic current at -0.25 V vs. SCE in
equation (Eq. 5), where 4, was obtained from Pb,,q measurements [98]. The
calculated SA values are given in Table 1. Pb,,s method has been utilised for the
determination of surface area of Ag-based catalysts in previous works [45, 95,
96], however it was found not to be suitable for Ag particles with certain
characteristics [99]. Namely, it has been demonstrated that the underpotential
deposition of lead does not take place on Ag particles smaller than ca. 50 nm.
As we have also smaller than 50 nm Ag particles present on the GC electrode
surface, then the calculated SA values give only an estimation. According to
this estimation, the SA value does not depend on the deposition time. However,
when the A4, is calculated by charge integration under the CV peaks (Figure 7)
then the SA value decreases with increasing the deposition time. However, the
value of 420 pC cm” used in this work and in previous studies [66, 103]
corresponds to a monolayer of Ag oxides on the surface, but in the case of bulk
silver electrode, layers of oxides and hydroxides can be formed, which makes
the estimation of 4, less reliable [102]. Even though the surface areas calculated
from the oxide peak might be overestimating, they at least take into account the
small particles and thus we conclude that the SA value decreases with in-
creasing the Ag deposition time. Similarly, the specific activity for O, reduction
has been shown to decrease with increasing Ag nanocubes size from 12 to
38 nm [34].

After the oxygen reduction studies, the initially deposited Ag coating was
electrochemically stripped from the GC electrode and from the stripping peak
the mass of Ag was determined using equation Eq. 7. As expected, the mass of
Ag on the electrode increased with increasing the deposition time. The MA
values (Eq. 6) for O, reduction were calculated at -0.25 V vs. SCE using the
dissolved Ag mass and kinetic current values at the given potential. The mass
activities were 60-75 A g' and no tendency on the deposition time was
observed.
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Figure 9. (a) Comparison of the ORR polarisation curves in O,-saturated 0.1 M KOH at
1900 rpm. v = 10 mV s '. (b) Mass-transfer corrected Tafel plots for O, reduction
derived from (a).

The particle size effect of Ag catalysts has been discussed in several studies
[29, 35, 36, 39]. Wang and co-workers reported that Ag particles of 3-5 nm in
size have the best performance in zinc-air batteries [36]. Lee and co-workers
compared 98.7 and 136.1 nm triangular nanoplatelets with preferential (111)
crystal facet and concluded that the smaller particles exhibit higher electrocata-
lytic activity towards the ORR [29]. Lu and Chen compared the ORR activities
of 0.7 and 3.3 nm AgNPs and found that 0.7 nm nanoclusters showed better
electrocatalytic activity than 3.3 nm particles [35]. Ohyama and co-workers
investigated the ORR on Ag particles with different morphologies and crys-
tallite sizes [39]. The highest n value was obtained for particles with smallest
crystallite size, while the specific activity was higher for 62 and 113 nm crystal-
lites. The difference in activity was explained by differences in the surface
defects, as the material with higher proportion of defects (subsurface oxygen
species and Ag,CO;) had lower electron transfer number. Despite having lower
n value the specific activity was higher on particles with defective surface as
they suggested that the higher affinity with oxygen enables to conduct the
charge transfer with lower activation energy [39].

For further ORR kinetics analysis, the Tafel plots (Figure 9b) were con-
structed and the Tafel slope values were determined. The slope values were
around -80 to -90 mV, and similar Tafel slope values have been reported earlier
[42, 45]. Tafel slope values from -112 to -138 mV have been reported for small
quantities of Ag catalyst [31]. Even the Tafel slope value as high as -157 mV
has been reported for carbon-supported AgNPs [65]. Furthermore, constantly
changing Tafel slope values have been reported and change in the slope values
has been attributed to the potential dependent surface coverage of OH,4 and
Frumkin parameter [22]. Chao and co-workers reported two Tafel slope values
for Ag nanocubes, -60 mV at low current densities and about -120 mV at higher
current densities, which was suggested to originate from the changes in the
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adsorption conditions of oxygen intermediates [34]. In addition, a change in the
Tafel slope value has been attributed to the difference in Ag loading on the
electrode, as small quantities of Ag yield constantly changing slope value and
when critical Ag loading has been obtained the slope becomes linear [97]. In
those studies, the rate-determining step has been reported to be the transfer of
the first electron to O, molecule.

Table 1. Kinetic parameters for oxygen reduction on electrodeposited Ag in 0.1 M
KOH. w = 1900 rpm. MA and SA values are calculated at -0.25 V vs. SCE.

Catalyst | Tafel slope E,, vs. SCE SA? SA® MA
(mV) V) mAcm?) | mAem?) | (Ag))
Ago. -82 -0.43 0.93 0.16 62
Agio -80 -0.41 0.82 0.14 75
Ageo -79 -0.39 0.94 0.10 71
Agigo -84 -0.34 0.83 0.09 67
Agso -88 -0.32 0.79 0.09 66

“A, determined from Pb,q.
®4, determined from Ag oxide reduction.

6.3 ORR on Ag catalysts electrodeposited
on nanocarbon supports

In the third part of the work, Ag nanoparticles were electrodeposited onto four
different (NGO, Gr, MWCNT and Vulcan carbon) high surface area carbon
supports [III]. Compared to previous parts, the deposition potential (-0.6 vs.
SCE) and the deposition time were kept constant, whereby upper potential
limits (0.3 and 0.4 V) were varied. The purpose of this work was to study the
effects of the different electrodeposition parameters on the ORR
electrocatalytical activity on various nanocarbon supports. It included studying
the effects that support materials and upper potential limit had on AgNPs size
and distribution on different carbon supports. The measured catalysts were
denoted as Ag/NGOI1, Ag/Grl, Ag/ MWCNTI, and Ag/Cl when the upper
potential limit was 0.3 V and Ag/NGO2, Ag/Gr2, Ag/MWCNT2, and Ag/C2
when the upper potential limit was 0.4 V.

6.3.1 SEM studies of electrodeposited AgNPs on carbon supports

Figures 10 and 11 show SEM micrographs of Ag/NGO, Ag/MWCNT, Ag/Gr,
and Ag/C catalyst materials where Ag was electrodeposited using two different
upper potential limits of 0.3 and 0.4 V, respectively. The largest Ag particles are
mostly agglomerates that are in the sub-micrometre size range. On all these
SEM images, Ag particles are quasi-spherical. The average particle size of the
Ag-based catalyst materials varies depending on the deposition procedure used
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and the size distribution is wide. The Ag particles are randomly distributed on
the carbon support. In previous works (see sub-sections 6.1.1 and 6.2.1), where
AgNPs were electrodeposited onto bare GC disks using different deposition
times yielded smaller nanoparticles than in this part [I, II]. During the
electrodeposition the upper potential limit was varied. Using a more positive
potential smaller AgNPs were deposited and their number density on the
substrate surface was also lower. In addition to controlling the deposition
potential and the time (or the number of potential cycles and the scan rate), the
carbon support plays a great role in determining the AgNPs size and their
distribution [104—106]. From Figure 10 on the MWCNT surface, the AgNPs are
the smallest and the distribution of Ag particles is the widest if the more
negative upper potential limit (0.3 V vs. SCE) was applied.

Figure 10. SEM images of (a) Ag/NGOI, (b) Ag/Grl, (¢) Ag/MWCNTI and (d) Ag/C1
samples. The upper potential limit of 0.3 V vs. SCE was applied. Scale bar: 400 nm.

41



Figure 11. SEM images of (a) Ag/NGO2, (b) Ag/Gr2, (c) Ag/MWCNT2 and (d) Ag/C2
samples. The upper potential limit of 0.4 V vs. SCE was applied. Scale bar: 400 nm.

6.3.2 ORR studies on electrodeposited AgNPs on carbon supports

According to Figures 12a and 13a, all prepared Ag-based catalysts provide only
single-wave polarisation curves with more positive onset and half-wave
potentials than bulk polycrystalline silver electrode. From all the Ag-based
catalyst materials studied, Ag/NGO1 possessed the highest electrocatalytic
activity (see Table 2). It is evident that a more positive upper potential limit
leads to lower Ey/, values. In a control experiment, it was found that by selecting
the upper potential limit of 0.5 V, the Ag nanoparticles started to dissolve and
therefore less amount of silver is present on the carbon supports. The dissolu-
tion of Ag occurs when the upper potential limit is close to the silver redox
potential (Ag"+e «>Ag") of 0.7996 V vs. SHE [107].
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Figure 12. (a) Comparison of RDE polarization curves for oxygen reduction on Ag-
based catalysts in O,-saturated 0.1 M KOH solution, v =10 mV s, w=1900 rpm. The
catalysts are prepared using different nanocarbon supports and the upper potential of
0.3 V. (b) Mass-transfer corrected Tafel plots for O, reduction on Ag-based catalysts.
Data derived from (a).

For further analysis of the RDE results, the Tafel plots for ORR were con-
structed (Figures 12b and 13b). Tafel plots of polycrystalline silver, Ag/NGO1,
and Ag/MWCNT]1 electrodes are almost parallel. The Tafel slope values at low
overpotentials are -92, -60, -95, and -93 mV for Ag/Grl, Ag/NGOI,
Ag/MWCNTI1 and Ag/Cl catalysts, respectively. For Ag/Gr2, Ag/NGO?2,
Ag/MWCNT?2, and Ag/C2 materials the slope values are -96, -59, -93,
and -92 mV, respectively. The Tafel slope values determined in the present
work are similar to those obtained for Ag-based catalysts in earlier publications
(see sub-sections 6.1.2 and 6.2.3) [I, II] [42, 45]. Blizanac and co-workers
reported Tafel plots for the ORR on Ag(hkl), where a change in slope values
between -60 and -120 mV was observed. At lower current densities the Tafel
slope was close to -80 mV and at higher current densities around -120 mV [22].
In addition, in a work where the ORR was investigated on Ag nanocubes, the
Tafel slope values were -60 and -120 mV at low and high overpotentials,
respectively. This change in slope values was explained to come from the
changes in the adsorption properties of the oxygen intermediates [34]. Changes
in the Tafel slope values can also originate from the differences in the Ag
loadings on the electrodes, where small Ag loading gives changing slope values,
and when critical Ag loading is reached the slope becomes linear [108]. In
addition, Tafel slopes might be affected by incorrect solution resistance
correction [96]. As the Tafel slopes determined in this work are close to the
values reported in the literature, it can be concluded that the rate-determining
step for the ORR is the slow transfer of the first electron to the adsorbed O,
molecule [42, 45, 109-111].
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Figure 13. (a) Comparison of RDE polarization curves for oxygen reduction on Ag-
based catalysts in O,-saturated 0.1 M KOH solution, v =10 mV s, w=1900 rpm. The
catalysts are prepared using different nanocarbon supports and the upper potential of
0.4 V. (b) Mass-transfer corrected Tafel plots for O, reduction on Ag-based catalysts.
Data derived from (a).

The RDE data was analysed using the K-L equation (Eq. 4). The value of n was
approximately four for all Ag-based catalysts in this study. From this result, it
can be concluded that the ORR proceeds via a 4-electron transfer pathway, thus
hydrogen peroxide formation is either almost completely avoided, or the formed
hydrogen peroxide is immediately further reduced. However, the K-L analysis
does not allow differentiating between the direct 4-electron and 2e¢” + 2e”
pathways, because it yields an overall n value. Guo and co-workers and Fazil
and co-workers have reported the n values close to four for 40 wt% Ag/CNT
catalyst [63, 81]. For Ag nanowires [37], through plasma jet treatment prepared
AgNPs [42], and Ag nanocubes [112] the n values close to 4 have been reported.
Silver catalysts deposited onto carbon paper have shown similar n values [113].
In previous parts of the thesis, where AgNPs were electrodeposited onto bare GC
substrate, and the deposition time was varied, the values of n grew with
deposition time because of the higher mass of silver on the electrode surface (see
sub-sections 6.1.2 and 6.2.3) [I, II]. Ag catalysts prepared through hetero-
polytungstate-assisted fabrication and deposition of AgNPs on reduced graphene
oxide (rGO) substrates gave n values close to four as well [111].

To compare the intrinsic electrocatalytic activity of Ag-based catalysts, MA
values for the ORR were calculated using Eq. 6. The mass-activities for O,
reduction were calculated at -0.2 V vs. SCE using the dissolved Ag mass (Eq. 7)
and kinetic current values at the given potential. From Table 2 the highest MA
values were obtained for Ag/NGO catalysts. Ag/C1 possessed the lowest MA
value (9 A g'), which was closely followed by Ag/C2 and Ag/MWCNTI
catalyst materials (for both MA = 10 A g'). This is likely related to large Ag
particle sizes of these electrocatalysts, and in Figures 10 and 11, the Ag/NGO
catalysts had overall the smallest particles with the most uniform distribution.
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The higher MA of Ag/NGO catalysts may also be related to the synergistic
effect between NGO and Ag-particles as some nitrogen groups make it easier
for oxygen to adsorb, thus making the ORR more efficient [52]. Similar MA
values have been reported, where the mass of Ag on the electrode surface was
calculated from the Ag dissolution experiments [39].

Table 2. Kinetic parameters for oxygen reduction on electrodeposited Ag in 0.1 M
KOH. w = 1900 rpm. Mass of silver was obtained from Ag stripping data.

Catalyst m(ug) Eip(Vvs.SCE) MAat-0.2Vvs.SCE(Ag")
Ag/Grl 10.92 -0.299 49
Ag/Gr2 7.06 -0.309 68
Ag/NGO1 7.46 -0.261 48
Ag/NGO2 3.35 -0.264 94
Ag/MWCNT1 12.96 -0.309 10
Ag/MWCNT2 3.43 -0.317 38
Ag/C1 16.42 -0.312 9
Ag/C2 8.53 -0.329 10

Durability of Ag-based catalysts is of utmost importance for their application as
cathodes in AEMFCs. Figure 14 shows a comparison of the ORR polarization
curves recorded during the stability test. From Figure 12 Ag/NGOI1 has the most
positive half-wave and onset potentials for the ORR, thus the stability test was
conducted with the Ag/NGO1 catalyst and, for comparison, and Ag/C1 catalyst
was used. For stability experiments, 1000 potential cycles between -1.3 and 0 V
vs. SCE at a scan rate of 10 mV s were carried out in O,-saturated 0.1 M KOH
solution. The E1, value for Ag/NGO1 shifted negative only by 20 mV and for
Ag/C1 only 22 mV and the diffusion-limited current density for both catalysts
stayed almost unchanged, which shows high stability of the prepared catalysts.
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Figure 14. RDE polarization curves for oxygen reduction on (a) Ag/NGOI and (b)
Ag/Cl catalysts in O,-saturated 0.1 M KOH during stability tests. @ = 1900 rpm,
v=10mVs.
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6.3.3 H,0, reduction on electrodeposited Ag on carbon supports

As Ag-based electrocatalysts can also be used as hydrogen peroxide detectors
[114], then the hydrogen peroxide reduction measurements were carried out.
The RDE polarisation data for peroxide reduction were further analysed using
the K-L equation (Eq. 4), where the diffusion coefficient for HO, anions is
1.36x10° ecm” s [62]. The n value is two for all measured Ag/NGO, Ag/C,
Ag/Gr, and Ag/MWCNT catalysts. This shows that the electroreduction of
hydrogen peroxide is efficient on all the Ag-based catalysts studied. It can be
then reasoned that the Ag-catalyst materials prepared in this work catalyse the
ORR through a 4-electron pathway, however it does not allow one to conclude
that the ORR proceeds only via a direct 4¢” pathway. The assumption that the
electroreduction of oxygen on the studied Ag-based catalysts proceeds simulta-
neously via 4-electron and 2+2 electron pathways is more realistic. A similar
conclusion has been made in the previous part of the thesis (see sub-section
6.1.3) [1].

6.4 ORR on AgNPs supported on carbide-derived carbons

In the fourth part of the work AgNPs with a loading of 40 wt% were deposited
onto two different carbide-derived carbon supports CDC1 and CDC2 [IV].
These CDC materials were purchased from Skeleton Technologies OU
(Estonia). Both CDC samples were synthesised from titanium carbide powder
(H.C. Starck, @¥<4um) via high-temperature chlorination. For the CDC1 the
additional physical activation with H,O vapour at 900 °C was carried out [79].
Conventional Vulcan carbon was used for comparison. The purpose of this
work was to evaluate the effect that microporous-mesoporous CDC supports
have on AgNP size and Ag catalyst overall activity compared to conventional
Vulcan carbon support. The reducing agent was NaBH; and based on the
substrate used, the catalysts were named as Ag/CDC1, Ag/CDC2 and Ag/C.

6.4.1 Physical characterisation of the Ag/CDC materials

The N, adsorption analysis shows that both CDC materials, CDC1 and CDC2,
are microporous, however, the CDC1 has significantly higher specific surface
area (Sger is 1997 m* g ' and 1473 m* g ', respectively) and wider PSD due the
physical post-activation. In Figure 15, both TiC-derived CDC materials have a
dominating peak at ~0.85 nm in a microporous region of the PSD. In the case of
CDC1, a second peak is also observed as a weak shoulder at ~1.5 nm. The total
pore volume of CDC1 and CDC2 is 1.06 cm® g and 0.75 cm® g, respectively,
from which approximately 80% derives from the micropores. The volume of
pores smaller than 2 nm is 0.81 cm® g ' and 0.60 cm® g' for CDC1 and CDC2,
respectively.
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Figure 15. Pore size distribution of initial CDC materials.

Figure 16 shows SEM images of Ag/CDC catalysts. Both CDC materials are
similar and have granular structure. Those grains are in general smaller than
1 um. On these CDC materials the quasi-spherical AgNPs can be observed.
NaBH, as the reducing agent yielded the average AgNP size of about 15 nm for
both Ag/CDC catalysts and silver is uniformly distributed over the whole
carbon support. It was rationalised by faster nucleation caused by a stronger
reducing agent [115]. It has been also suggested that the presence of carbon
support during the AgNPs synthesis influences the Ag particle size and their
distribution [116, 117].
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Figure 16. SEM micrographs of (a) Ag/CDCI and (b) Ag/CDC2 samples.
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Figure 17. XPS survey spectra of (a) Ag/CDC1 and (b) Ag/CDC2.
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Figure 18. XRD patterns of Ag/CDC1 and Ag/CDC2 materials.

The EDS measurements of Ag/CDC catalysts showed no presence of Ti in the
samples. In addition, the XPS analysis was carried out and the survey spectra
are presented in Figure 17. Prominent Cls XPS peak is at 284.5 eV, Ag3d
doublet is at 368 and 374 eV and Ols peak is at 532 eV. However, no Ti2p XPS
signal at about 454 eV was detected, which confirms that all TiC has reacted
during the preparation of the CDC materials. The XRD analysis showed only
traces of the TiC for Ag/CDC samples (Figure 18). The peaks match with the
standard (PDF 00.004.0783 Ag Silver-3C, syn). The lattice parameters were
calculated for silver to be 4.0853 + 0.0004 A and 4.0856 + 0.0009 A for
Ag/CDC1 and Ag/CDC2, respectively. The average crystallite size was 31.1 £
0.1 nm for Ag/CDC1 and 33.6 = 0.2 nm for Ag/CDC2. Figure 19 presents the
results of the thermogravimetric analysis. Ag/CDC catalysts demonstrated
different behaviour during the TGA experiments. The thermogravimetric
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analysis showed that Ag/CDC1 retained 50% of initial mass and Ag/CDC2 had
a metal loading of 30 wt%.
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Figure 19. Thermogravimetric analysis of Ag/CDC samples.

6.4.2 ORR studies on the Ag/CDC materials

In Figure 20a, a comparison of RDE polarisation curves is presented. It can be
observed that Ag-based catalysts prepared on the CDC supports show higher
ORR activity than on Vulcan carbon in terms of more positive onset and half-
wave potentials (see Table 3). Similarly, Ag/CDC materials £}, values surpass
that of bare CDC ones. The current minimum at diffusion-limited current
plateaus originates partially from CDC materials themselves, as they are present
on the ORR polarisation curves of both bare CDC and Ag/CDC materials.
Although, the decrease in reduction current at about -0.7 to -1.0 V could
partially come from Ag as it has been observed in previous parts of the thesis
(see sub-sections 6.1.2 and 6.2.3) [I, 1I]. AgNPs supported on Vulcan carbon
show a single minimum at about -0.8 V. This minimum on the polarisation
curve of nanostructured Ag catalyst can be related to the specific
crystallographic orientation of AgNPs that has different ORR performance [22].
The unmodified CDCs electrocatalytic activity surpasses that of bare GC
electrode and Vulcan XC-72R carbon due to their higher specific surface area.
Comparing carbon-supported Ag catalysts with bulk Ag electrode, it was
observed that all three nanostructured Ag catalysts showed more positive onset
and half-wave potentials.
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Figure 20. (a) Comparison of the ORR polarisation curves in O,-saturated 0.1 M KOH
at1900 rpm. v = 10 mV s '. (b) Mass-transfer corrected Tafel plots for ORR derived

from (a).

To compare the catalysts, the mass activities for O, reduction (Table 3) were

calculated using Eq. 6. The mass-activities were calculated at -0.2 V vs. SCE

using the Ag loading from TGA results and kinetic current values at the given

potential. The MA of Ag/C was the smallest 19 A g'. The mass activities of
Ag/CDC1 and Ag/CDC2 were 47 and 57 A g ', respectively. The MAs were

more than two times higher for Ag catalysts prepared on the CDC supports than

on the Vulcan carbon. This agrees well with the previous findings in which Pt
supported on the CDC had the same ORR activity with lower Pt loading than
that on Vulcan carbon [118]. The same conclusion is then valid for different
metal nanoparticles supported on the CDCs. As the difference in the ORR
electrocatalytic activity between the two tested CDC materials was small, one
would consider that the porosity of these two CDCs is sufficient for efficient O,
diffusion. In addition, small variations in the particle size between the samples
seem to influence the calculated mass activities. The ORR kinetics on the Ag-
based catalysts was further analysed by constructing the Tafel plots (see Figure
20b) from which the slope values were determined (see Table 3). While Tafel
slope value for bulk silver electrode was -80 mV, for nanostructured Ag/C,
Ag/CDC1 and Ag/CDC2 catalysts the Tafel slope values were -101, -100 and
-121 mV, respectively. A similar Tafel slope value as for bulk Ag has been
previously reported for nanostructured Ag/MWCNT catalyst [45]. The change
in the Tafel slope value has been attributed to the change in oxygen coverage,
parallel reaction paths with different potential dependencies, change in the
electrode surface that changes the reaction mechanism and also to the reaction
steps that have different potential dependence [38]. The Tafel slope values in
this study are in the same range as reported in the literature, thus we may
conclude that the rate-determining step for the electroreduction of oxygen on
Ag/CDC catalysts is the slow transfer of the first electron to the O, molecule.
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Table 3. Kinetic parameters of the ORR on Ag-based catalysts in 0.1 M KOH.
o = 1900 rpm.

Catalyst Ey,vs. SCE (V) | Tafel slope (mV) MA at-02V (Ag")
Ag/CDCI -0.29 £ 0.01 -100 + 4 47+3

Ag/CDC2 -0.30 £ 0.02 -121+7 57+2

Ag/C -0.35+£0.02 -101 £ 12 19+2

Bulk Ag -0.37 -80 -

The RDE data on O, reduction were analysed using the K-L equation (Eq. 4)
[119]. The n value was close to four, which suggests that the ORR followed a
4-electron pathway and almost no hydrogen peroxide formed. Bare CDC mate-
rials at low overpotentials follow a 2-electron pathway and at high over-
potentials a 4-electron pathway, while the ORR on Ag/CDC materials proceeds
predominantly via direct 4-electron pathway. Similar » values have been
reported for various Ag catalysts like nanowires [37], nanocubes [112] and
nanoparticles prepared by plasma jet treatment [42]. The # value close to 4 has
also been reported for 40 wt% Ag/CNT catalyst [63, 81]. Ag catalyst where
silver was electrodeposited onto carbon paper has also shown n values close to
4 [113]. When silver was electrodeposited onto the GC substrate, the n value
depended on the deposition time. Longer deposition time yielded higher Ag
mass on electrode, which in turn resulted in a higher n value (see sub-sections
6.1.2 and 6.2.3) [1, II]. The reports in which 10 wt% Ag/C was used where the n
values were lower than four [29, 33, 35, 37, 39, 56, 63, 64, 120] suggest that the
ORR proceeds partially on carbon support and the reaction proceeds via series
2¢” + 2e¢ pathway. The series O, reduction pathway has been rationalized by
Compton and co-workers [62]. They commented that with increasing the
interparticle distance the generated peroxide amount increases. Thus, it is
expected that the ORR on 40 wt% Ag/CDC catalysts proceeds at least partially
via peroxide intermediate.

Stability tests were carried out with Ag/CDC2, and Ag/C catalysts and both
tested materials proved to be stable by applying 1000 potential cycles during the
ORR measurements (Figure 21). The diffusion-limited current density remained
essentially the same, but the £, potential shifted only 20 mV for Ag/CDC2,
while it shifted 30 mV for Ag/C catalyst. This demonstrates that Ag/CDC
catalysts have superior mass-activity and better stability compared to Vulcan
carbon supported AgNPs.
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Figure 21. The ORR polarization curves on (a) Ag/CDC2 and (b) Ag/C catalysts during
stability tests. @ = 960 rpm, v=10mV s .

6.4.3 H,0, reduction reaction on the Ag/CDC materials

It was of great interest to study these Ag/CDC catalysts for the hydrogen
peroxide reduction. As with the O, reduction studies, the polarisation curves of
the hydrogen peroxide reduction reaction also show a small current minimum at
-0.8 V. This minimum originates from silver and CDC supports. The RDE
polarisation data was analysed using the K-L equation (Eq. 4) in which
1.36x10° cm® s was employed as the diffusion coefficient for HO, anions
[62]. The results of the K-L analysis give the value of n = 2 for both Ag/CDCs,
showing that Ag/CDCs are efficient catalysts for peroxide electroreduction.
This confirms that Ag/CDC1 catalyses the ORR through a 4-electron pathway.
Both Ag/CDC2 and Ag/C catalysts yield similar results to that obtained for
Ag/CDCI1. However, this observation does not allow one to conclude whether
the ORR proceeds via direct 4¢” pathway and thus it is more realistic to assume
that the ORR may occur through parallel 4-electron and 2+2 electron pathways.
A similar conclusion was made for AgNPs electrodeposited onto the GC
substrate in the first part of this thesis (see sub-section 6.1.3) [I].

6.4.4 CV studies on the Ag/CDC materials

After oxygen reduction studies the Ag catalysts were further electrochemically
tested using cycling voltammetry in the potential range from -1.2 to 0.4 V vs.
SCE. In Figure 22 a comparison of the CV results is shown. In the potential
region between -1.2 and 0 V no characteristic peaks can be observed. At about
0.1 V the oxidation of silver begins and for both Ag/CDC and Ag/C catalysts a
characteristic anodic peak is observed. At 0.32 V a large oxidation peak
consisting of two peaks can be seen. These CV peaks can be related to the
formation of AgOH and Ag,O phases [63, 102, 103]. The reduction of Ag
surface oxides for Ag/CDC catalysts proceeds at cathodic scan at around
0.05 V, yet for Ag/C catalyst the reduction of Ag oxides starts a bit earlier at
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about 0.02 V. According to the literature, the oxide reduction peak could be
used to calculate the 4, of silver [66, 103]. As both Ag,0 and AgOH are formed
during the oxidation of silver, for the 4, determination the reliability of this
method might not be sufficient. In addition, Wiberg and co-workers advised that
the oxide can be formed irreversibly. Instead of that, the Pb,,q method was
suggested to be used for the determination of the 4, of Ag-based catalysts [95].
However, the use of Pbyy as well as Cd,,q methods has been found not suitable
for Ag particles under 50 nm [99]. In addition, the carbon support itself may
affect the access of metal (Pb or Cd) ions to the silver particles thus
complicating the determination of the true surface area. However, as the
Ag/CDC and Ag/C catalysts are prepared by the same method, and based on the
silver oxide reduction peaks, the Ag/CDC materials have a similar surface area,
and thus the ORR results can be compared directly.
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Figure 22. CVs of Ag-based catalysts in Ar-saturated 0.1 M KOH. v=50mV s~
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6.5 ORR on nitrogen-doped graphene oxide supported
AgNPs

In the fifth part of the work AgNPs with a loading of 40 wt% were deposited
onto nitrogen-doped graphene support [V]. The purpose of this work was to
evaluate the effect nitrogen-doped graphene oxide (NGO) and synthesis
methods have on the AgNPs size and distribution on the surface of the NGO,
and improvement of Ag catalyst’s overall electrocatalytic activity compared to
the Ag free NGO. Three reducing agents NaBH,, glycerol and ascorbic acid
were used. The resulting catalysts were named as Ag/NGO3, Ag/NGO4 and
Ag/NGOS, respectively.

6.5.1 SEM, TEM and XPS studies of the Ag/NGO materials

The electrocatalysts surface was initially characterised using scanning electron
microscopy and representative SEM micrographs are presented in Figure 23.
The surface morphology of the catalyst strongly depends on the preparation
method. The Ag/NGO3 sample exhibited the best distribution of AgNPs,
whereas Ag/NGO4 and Ag/NGOS5 catalysts showed higher degree of agglome-
ration and in addition, ascorbic acid yielded the biggest Ag particles. The mean
particle sizes were 7, 38 and 211 nm for Ag/NGO3, Ag/NGO4 and Ag/NGO5
catalysts, respectively. It should be noted that the particle size distribution is
relatively wide for all Ag/NGO catalysts. The differences between the catalysts
can be primarily attributed to the reduction strength of the reducing agent.
NaBH, as the strongest reducing agent causes rapid nucleation of AgNPs and
therefore yields the smallest nanoparticles, whereas the citrate aids the stabili-
sation of the nanoparticles [115]. Ascorbic acid is a weaker reducing agent
[121] and produces larger nanoparticles that are more agglomerated. The
reduction by glycerol also yields rather large, agglomerated AgNPs, but smaller
than in Ag/NGOS5, as glycerol also stabilises AgNPs and prevents their further
ripening [115]. Guo and co-workers prepared AgNPs using NaBH, as a re-
ducing agent and supported these particles on Vulcan XC-72R showing similar
particle size and good AgNP distribution [63]. They proposed two steps that
influence the particle size distribution: the first is the synthesis of the particles
and the second is their anchoring to the carbon support. It was found that the
size of AgNPs does not change significantly during the anchoring. Similarly, to
the fourth part of this thesis, AgNO; was first added to the suspended NGO
solution and then AgNPs were synthesised (see sub-section 5.1.4) [IV]. Thus,
the presence of NGO may play a significant role in determining the size of Ag
particles and influence AgNPs distribution on its surface.
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Figure 23. SEM images of (a) Ag/NGO3, (b) Ag/NGO4 and (c) Ag/NGOS5 samples.

The structure and composition of sample Ag/NGO3 was further studied with
STEM. The high-angle annular dark-field (HAADF-STEM) image in Figure
24a shows light AgNPs on the darker background of NGO. The energy disper-
sive X-ray spectroscopy mapping of Ag K, and N K, characteristic X-rays in
Figure 24b and 24c, respectively, affirm the distribution of the AgNPs and show
that the whole surface of graphene is uniformly doped with nitrogen. On the
AgNPs the background X-ray intensity is somewhat higher than on GO.
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Figure 24. HAADF-TEM image and EDS mapping of silver and nitrogen of Ag/NG3
sample.

The surface elemental composition of all the prepared catalysts was characte-
rised by XPS (Figure 25). As expected, the XPS peaks for C, N, Ag and O were
all present. Cls is located at 284 eV, Nls at 400 eV, Ols at 531 eV and doublet
of Ag3d at 368 and 374 eV. The nitrogen-to-carbon atomic ratio was about
0.07. The Ag-to-C ratio decreased in the order of Ag/NGO3 > Ag/NGO4 >
Ag/NGOS5 possibly because of the agglomeration of Ag. The high-resolution
XPS spectra in the N1s region resemble those observed in previous works on N-
doped carbon nanomaterials [50, 52, 53]. The highest XPS peak at 398 eV
indicates that N is largely in pyridinic configuration, which has been suggested
to be one of the most active centres for the ORR [122]. Zhou and co-workers
have suggested based on the N1s XPS spectra that nitrogen is bound to silver as
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they observed a shift in the binding energy, however they did not comment
about the Ag3d peaks [54]. In a later study [52] and in this part of the thesis the
location of Ag3d peaks suggest that silver is in metallic form (a zero-valent

state).
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Figure 25. XPS survey spectra with detailed XPS spectra in the Ag3d and Nl1s regions
(a-c) of the Ag/NGO3, (d-f) of the Ag/NGO4 and (g-i) of the Ag/NGOS catalyst.
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6.5.2 ORR studies on Ag/NGO catalysts

For all three Ag/NGO catalysts, clean NGO, and for bulk polycrystalline silver
single-wave ORR polarisation curves were observed (Figure 26a). The highest
ORR activity was obtained with the AgNPs prepared using glycerol as a
reducing agent, whereas AgNPs prepared by sodium borohydride and ascorbic
acid possess very similar activity. Bulk Ag electrode and metal-free nitrogen-
doped graphene oxide showed similar ORR onset potential. Based on the RDE
data (Figure 26a) the Tafel analysis was carried out (Figure 26b). It can be
observed that the Tafel plots of Ag/NGO and bulk Ag electrode are almost
parallel to each other, and the corresponding slope value is about -80 mV at low
current densities, gradually increasing to about -170 mV at high current
densities, while on N-doped graphene the Tafel slope is about -55 mV. Similar
slope values for Ag catalysts have been obtained in several studies [15, 65,
123]. Wiberg and co-workers reported the slope value of -90 mV for poly-
crystalline bulk silver and -120 mV for AgNPs with the particle size of 100 nm
[95, 96]. The changing Tafel slope value has been explained by the change in
the surface coverage of adsorbed species and strong lateral repulsion between
adsorbed OH and reaction intermediates [22]. However, the slope value of
-43 mV has been found for AgNPs supported on N-doped rGO, which is close
to that of nitrogen doped reduced graphene, suggesting that the ORR in this
particular case proceeds also on the substrate surface or it is due to the inter-
actions between nitrogen and Ag particles [54]. Thus, it may be assumed that
the ORR on Ag/NGO catalysts in this study proceeds mainly on silver nano-
particles.
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Figure 26. (a) Comparison of the RDE polarisation curves for ORR on Ag/NGOI,
Ag/NGO2, Ag/NGOS5, NGO and bulk Ag electrodes. (b) Tafel plots for ORR derived
from (a). Test solution: O,-saturated 0.1 M KOH. » = 1900 rpm, v=10 mV s~
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For further analysis, the RDE measurements at various electrode rotation rates
were conducted and the RDE data on O, reduction was analysed by the K-L
equation (Eq. 4). The value of n was calculated, which was close to four for all
Ag/NGO catalysts and for bulk Ag in the whole range of potentials studied,
showing that the ORR yields water as the final product. For the NGO material,
the n value was about 3, which indicates that only a part of the hydrogen
peroxide produced during the ORR process was further reduced. It is evident
that AgNPs enhance the ORR kinetics at low overpotentials. The chemicals
used in the synthesis of AgNPs may affect the ORR activity if these remain on
the catalyst surface. For instance, Ag nanorods protected by PVP show lower
current density and 2-electron ORR pathway, whereas Ag nanorods that do not
have PVP on the surface catalyse a complete 4-electron reduction of O, [100].
The n values obtained in this work surpass that reported in the literature for Ag
catalyst on N-doped graphene [110], which suggests that the ORR on Ag/NGO
is not inhibited by the residues of the chemicals used in the synthesis of AgNPs.
Low yield of peroxide has been reported several times, for instance on silver
nanowires [37], Ag nanocubes [112] and very recently for AgNPs prepared by
plasma jet treatment [42].

The mass-activities for O, reduction were calculated at -0.2 V vs. SCE using
the mass of the catalyst on the electrode (Eq. 7) and kinetic current density
values at the given potential (see Eq. 6). The MA values decreased in the
following order: Ag/NGO4 (7.6 A g') > Ag/NGO3 (4.1 A g') > Ag/NGO5
(3.7 A g")>NGO (2.2 A g"). This series demonstrates that silver enhances the
mass activity of the catalyst. This may be related to the synergistic effect be-
tween nitrogen-doped graphene oxide and AgNPs, as it has been suggested that
some nitrogen groups enhance the adsorption of oxygen so that it can be easily
reduced [52]. It is rather interesting to note that Ag/NGO3, which has the best
AgNP distribution, does not show the highest mass activity. There is a
possibility that some citrate that was used in the nanoparticle synthesis is still
capping AgNPs, however in this case the n value should be also affected.

The catalyst showing the best O, reduction activity (Ag/NGO4) was further
tested using the RRDE system (Figure 27), to determine the peroxide yield (D),
which was calculated using Eq. 8. The peroxide yield remained under 10% over
the whole range of potentials studied. In addition, the number of electrons
transferred per O, molecule was also calculated using Eq. 9. The n value
coincided with the one calculated from the RDE data using the K-L equation
(Eq. 4). These results suggest that Ag/NGO catalysts prepared in the fifth part
of the thesis catalyse the ORR mainly via a 4-electron pathway.
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Figure 27. RRDE results for ORR on Ag/NGO4 in O,-saturated 0.1 M KOH: (a) disk
current, (b) ring current, (c) peroxide yield and (d) dependence of n vs. E. @ = 960 rpm,
v=10mV s

Ag/NGO4 was further used to study the electroreduction of hydrogen peroxide.
As expected, Ag/NGO4 catalysed the reduction of HO, and according to the K-
L analysis the n value was close to 2. This suggests that HO,  generated at NGO
substrate during O, reduction is further reduced on AgNPs.

6.6 AgNPs on mesoporous ECS as cathode catalyst
for AEMFC

In the sixth part of the work, AgNPs with a nominal loading of 40 wt% were
deposited onto two nitrogen-containing mesoporous carbon supports using a
citrate method [VI]. As provided by the producer the specific surface areas of
the engineered catalyst supports (ECS) were 820 m*> g ' for ECS-004601 and
730 m* g ' for ECS-004201. The ECS-004601 material possesses higher quan-
tities of larger well-defined and uniform bimodal mesopores (15-50 nm) than
ECS-004201 material (7-25 nm). Conventional Vulcan carbon (VC) support
was used for comparison. The purpose of this work was to evaluate whether
adding silver enhances the activity of two already active mesoporous and N-
containing support materials for fuel cells and how do these supports affect
AgNP size and distribution compared to the conventional VC support. Reducing
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agents NaBH, and hydrazine hydrate were used for AgNPs synthesis. The
resulting catalysts were named as Ag/4601 BH4, Ag/4201 BH4, Ag/C_ BHA4,
Ag/4601 HH, Ag/4201 HH and Ag/C_HH, respectively, where BH4 means
NaBH, and HH means hydrazine hydrate. Two most active catalysts
Ag/4201 HH and Ag/4601 BH4 were tested in AEMFC.

6.6.1 Physical characterisation of the Ag catalysts on ECS

As shown in Figure 28, the mesoporous carbon-supported Ag catalysts possess
a similar sponge-like structure and homogenously distributed quasi-spherical
AgNPs. The average Ag nanoparticle size was 31 nm for Ag/4201 HH and 26 nm
for Ag/4201 BH4. For Ag/4601 HH and for Ag/4601 BH4 it was 29 nm and
22 nm, respectively. Lastly, for Ag/VC_HH it was 28 nm and for Ag/VC_BH4
20 nm. These AgNP sizes are as expected when compared to synthesis pro-
cedures used in fourth and fifth part of this thesis (see sub-sections 5.1.4, 5.1.5,
6.4.1 and 6.5.1) [IV, V], where the NaBH,; was used. Ag nanoparticles
(~ 20 nm), obtained using hydrazine hydrate as a reducing agent, have also been
reported, and faster nucleation was brought as the reason for it [83].

According to the EDS analysis, the Ag loading in the catalyst is around
37 wt% for Ag/4201 HH, 34 wt% for Ag/4201 BH4, 41 wt% for
Ag/4601 HH, 39 wt% for Ag/4601 BH4 and 41 wt% for both Ag/VC HH and
Ag/VC_BH4. This confirms the planned 40 wt% Ag loading in the synthesized
catalyst materials.

Figure 28. SEM micrographs of (a) Ag/4201 HH, (b) Ag/4201 BH4, (c) Ag/4601 HH,
(d) Ag/4601 _BH4, (e) Ag/VC_HH, and (f) Ag/VC _BH4 samples.
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Figures 29a-d present XPS survey spectra for the Ag-based catalysts prepared
using the ECS supports, where the insets show corresponding Ag3d and Nls
spectra. The N1s XPS peak was expected, as these support materials are all
nitrogen-doped. The Cls XPS peak is at 284 eV, doublet of Ag3d at 368 and
374 eV, Nls peak at 401 eV and Ols peak at 531 eV. The Ag-to-C atomic ratio
for Ag/4201_HH was around 0.04, for Ag/4201 BH4 was around 0.06, for
Ag/4601 HH was around 0.03 and around 0.04 for Ag/4601 BH4. The N-to-C
atomic ratio for all catalysts was around 0.02. In all the samples, nitrogen is
mainly in graphitic-N (blue line), pyridinic-N (red line), and pyrrolic-N (green
line) configurations (see insets to Figure 29), which are confirmed by N1s peaks
at ~402, ~398 and ~401 eV, respectively [124, 125]. Graphitic N species have
been considered one of the more active N-species for the ORR in alkaline media
[122, 126]. According to Zhou and Qiao, based on the high-resolution XPS
spectra in the N1s region, Ag may be bound to N centres because a shift in the
binding energy was observed [54].
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Ag/4601 HH, and (d) Ag/4601 BH4 samples, insets show detailed XPS spectra in the
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The XRD patterns for the Ag-based catalysts shown in Figure 30 match the Ag
standard (PDF 01-089-3722 Ag Silver, syn). Ag crystallite sizes, estimated from
the full width at half maximum of the XRD peaks using the Scherrer’s equation
ranged between 19 and 28 nm.
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Figure 30. XRD patterns of Ag/4201 HH, Ag/4201 BH4, Ag/4601 HH,
Ag/4601 BH4, Ag/VC _HH, and Ag/VC_BH4 samples.
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According to the TGA results shown in Figure 31, the Ag loading in the
synthesised catalyst materials was 39 wt% for Ag/4201 HH, 40 wt% for
Ag/4201_BH4, 31 wt% for Ag/4601 HH and 39 wt% for Ag/4601 BH4, which
confirms the synthesis of 40 wt% Ag-based catalysts.
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Figure 31. Thermogravimetric analysis of Ag-based catalysts.
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6.6.2 ORR studies on the Ag catalysts prepared on ECS

Figure 32a demonstrates higher ORR performance of the Ag catalysts deposited
on the ECS materials compared to that on Vulcan XC-72R support. Although,
as shown in Table 4, the ECS supported Ag catalysts show more positive half-
wave and onset potentials than the Vulcan supported catalysts, they are still less
active compared to the commercial 20 wt% Pt/C. All the carbon-supported Ag
electrocatalysts show higher £, values than a bulk Ag electrode.
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Figure 32. (a) Comparison of the ORR polarisation curves in O,-saturated 0.1 M KOH
at 1900 rpm. v = 10 mV s '. (b) Mass-transfer corrected Tafel plots for ORR (data
derived from (a)).

Table 4. Kinetic parameters for ORR on Ag-based catalysts in 0.1 M KOH.
o = 1900 rpm.

Catalyst Eipvs. SCE | Tafel slope MA at-02V n
(V) (mV) (Agh

Ag/4201 HH -0.29+0.02 -97+8 38+ 5 3.9+ 0.06
Ag/4201 _BH4 -0.32+0.01  -107+7 28+ 6 4.0+0.03
Ag/4601 HH -0.30+0.02  -104+10 2842 4.0+0.05
Ag/4601 BH4 -0.30+0.01 -97+4 32+0.1 3.9+0.07
Ag/VC HH -0.33+0.02  -99+6 7+0.3 4.0+0.03
Ag/VC BH4 -0.31+0.01  -94+21 10+ 0.4 4.0+0.06
Bulk Ag -0.37 -80 n.a. 3.9+0.09
Pt/C -0.14 -67 83* 4.0+0.03

*The calculated mass of the Pt from commercial 20 wt% was used to obtain the MA value.

The mass-activities for O, reduction (Eq. 6) were calculated at -0.2 V vs. SCE
using the dissolved Ag mass (Eq. 7) and kinetic current values at the given
potential. All the Ag catalysts supported on ECS materials possess similar mass
activities (see Table 4). Ag/4201 HH had the highest MA of 38 A g, closely
followed by Ag/4601 BH4 with 32 A g', Ag/4601 HH (28 A g') and
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Ag/4201 BH4 (28 A g'). The MA values for Ag/VC BH4 and Ag/VC_HH
catalysts were 10 and 7 A g, respectively. It is worth noting that the MA
values are nominally higher than that for the Ag-based catalysts with N-doped
graphene substrate material, however, in that case, the MA values were
normalised to the whole catalyst, not just the mass of Ag (see section 6.5.2) [V].
Since the mesoporous carbon substrate materials used in this work also contain
multiple N species, the increase in the MA values might be due to the
synergistic effect between the nitrogen atoms in the carbon structure and the Ag
particles. Similar to those reported in the literature, the main N species in the
Ag-based catalysts are the graphitic-N, pyridinic-N and pyrrolic-N, which are
the more active ones because they facilitate O, adsorption to the surface of the
Ag-containing catalyst, leading to more efficient O, reduction [52, 54, 110, 122,
126, 127]. Zhou and Qiao studied the Ag/rGO catalyst, where Ag was deposited
onto GO and Ag/N-rGO where Ag was deposited onto N-doped rGO and
found that the Ag/N-rGO catalyst showed higher ORR activity due to the
synergistic effects between the Ag and N species [54]. Ji and co-workers.
studied silver nanowires (AgNWs) wrapped in the N-doped graphene (NG) and
reported that due to the synergistic effect between the one-dimensional AgNWs
and two-dimensional NG, the catalyst showed far better ORR activity than
AgNWs and NG alone [127]. Lai and co-workers have suggested that the
graphitic N species have a more significant effect on the current densities while
the pyridinic N species increase the onset potential for the N-doped carbon
support [126]. These observations support the fact that the nitrogen doping of
the nanocarbon materials does influence the ORR performance. In addition, the
mass activities are also influenced by the Ag particle sizes [35, 37]. Similar
electrocatalytic ORR activity for all Ag catalysts supported on the ECS
materials shows that the porosity of both used mesoporous carbon supports is
sufficient for efficient oxygen diffusion.

Tafel slope values for various Ag-based catalysts calculated from Figure 32b
using the RDE data are shown in Table 4. The slope values for carbon-
supported Ag catalysts range between -94 and -107 mV and that of the bulk Ag
electrode is -80 mV. These Tafel slope values are similar to those presented in
the literature and previous parts of this PhD thesis (see sub-sections 6.1.2, 6.2.3,
and 6.4.2) [I, 11, IV] [45, 110]. As reported by Sepa and co-workers, the range
of the Tafel slope could be attributed to potential dependence of the reaction
steps and changes in the reaction mechanism caused by variation in the
electrode surface structure and oxygen coverage [38]. It is believed that the
AgNPs are the active sites based on the higher Tafel slope and more positive
E\;, values (see Figures 32a and 32b), and the ORR rate is limited by a sluggish
transfer of the first electron to the O, molecule [111].

The RDE data was further analysed using the K-L equation (Eq. 4). The n
values determined using the K-L plots are about four for all the catalysts,
suggesting that the ORR follows a four-electron pathway, with a minimum
hydrogen peroxide formation. For comparison, the bare ECS materials had n
value that was close to three, which shows that although the ECS supports could
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be used as catalysts by themselves, the addition of AgNPs improves the activity
of the catalyst [128]. The 4-electron ORR pathway has also been reported for
other Ag catalysts [104, 105, 108, 129-132], for example, Ag nanocubes [112],
AgNPs prepared by plasma jet treatment [42], and Ag nanowires [37]. Fazil,
Chetty, and Guo and co-workers have reported n values close to 4 for 40 wt%
Ag/CNT catalysts for the ORR [63, 81]. A four-electron ORR pathway has also
been reported for Ag catalysts electrodeposited onto carbon paper [113]. The
previous reports suggest that 10 wt% Ag/C catalysts are not suitable to catalyse
the ORR via a four-electron pathway as their n values are lower than 4 [61, 63,
64]. The reaction could follow a series of 2+2 electron pathway rather than the
direct four-electron pathway [1, 29, 33, 35, 37, 39, 56, 63, 64, 120]. Considering
these explanations, it might mean that the ORR on 40 wt% Ag-based catalysts
synthesised in this part of the thesis could still partially proceed through a series
2+2 electron pathway producing some intermediate hydrogen peroxide.

(@) (b)
or 1st T s —1st
- - - 100th - - - 100th
atk 1tk
g g
2 21
< <
£ £
= a3t = a3l
4L 41
5 S5
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
14 12 10 -08 06 -04 -02 00 14 412 1.0 08 -06 -04 -02 0.0
Evs.SCE/V Evs.SCE/V

Figure 33. RDE polarisation curves for oxygen reduction on Ag/4601 BH4 and
Ag/4201 HH catalysts in O,-saturated 0.1 M KOH during the stability tests.
® =960 rpm, v=10mV s

1000 potential cycles were applied to test the stability of Ag-based catalysts
used in the fuel cell studies (see Figure 33). For Ag/4601 BH4 catalyst, the £
value shifted by 30 mV and for the Ag/4201 HH 36 mV. The change in the
diffusion-limited current density was unsubstantial. Both of the catalysts tested
here have similar drop in the half-wave potential as in a previous part of the
thesis, where carbide-derived carbon-supported AgNPs were tested (see sub-
section 6.4.2) [IV], and are comparable to unsupported AgNPs [42]. Recently,
AgNPs were electrochemically deposited onto carbon powder and the resulting
catalyst showed 20 mV drop in the £, value during the stability test [133]. It
has been shown that in alkaline fuel cell the degradation rate is 20 pV h™'; 5000 h
stability test resulted in potential change of 100 mV from which 12-15% was
suggested to be related to the cathode [134]. This was said to be sufficient for
mobile applications, but not for stationary ones.
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6.6.3 CV studies on the Ag catalysts prepared on ECS

The CV measurements were carried out between -1.2 and 0.4 V, after the ORR
experiments, and the results are shown in Figure 34. No oxidation peaks can be
observed in the potential region starting from -1.2 V and moving up to 0 V.
From 0.1 V, the surface oxidation of Ag starts, and characteristic anodic peaks
appear. At a potential of 0.35 V, two peaks, AgOH and Ag,O and a third peak
representing both, are formed and can be observed for all catalysts [63, 102,
103]. On the way back, in the cathodic direction, at -0.01 V one can observe the
oxide reduction peaks for Ag/4601 BH4 and Ag/4601 HH catalysts, at -0.03 V
for Ag/4201 BH4 and Ag/4201 HH and -0.05 V for Ag/VC BH4 and
Ag/VC HH. Interestingly, the oxide reduction peak depends more on the
catalyst support than on the synthesis method. When comparing the catalysts
synthesised using NaBH, to hydrazine hydrate as the reducing agents, the
synthesis procedure for all the catalysts was very similar, and the difference
between the oxide reduction peaks was slight.
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Figure 34. CVs of Ag-based catalysts in Ar-saturated 0.1 M KOH, v=50mV s ".

6.6.4 Ag stripping studies of Ag catalysts on ECS

To measure the amount of Ag present on the GC electrode, the Ag stripping
experiment was conducted in 0.1 M NaClO, solution, and a comparison of the
cyclic voltammograms is presented in Figure 35. A single Ag stripping peak is
observed for all catalysts. The anodic stripping current starts to increase from
ca. 0.3 V, and the peak values depend on the amount of Ag present on the GC
electrode. Moving in the cathodic direction, one can observe a small shoulder
between 0.3 and 0.2 V, representing a slight Ag re-deposition onto the GC
electrode. The amount of dissolved Ag was calculated by charge integration
under the CV peaks (in Figure 35) using Eq. 7. The calculated Ag masses on the
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electrode were 8.82 (this equals to 29.4 wt% of Ag in catalyst), 8.61
(28.7 wt%), 9.39 (31.3 wt%), 7.27 (24.2 wt%), 9.95 (33.2 wt%) and 11.7 ug
(39.0 wt%) for Ag/4201 HH, Ag/4201_BH4, Ag/4601 HH, Ag/4601 BH4,
Ag/VC HH and Ag/VC BH4, respectively.
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Figure 35. A comparison of dissolution of Ag-based catalysts in Ar-saturated 0.1 M
NaClO, solution, v=10 mV s ..

6.6.5 AEMFC studies of Ag on mesoporous carbons

The catalysts, Ag/4601 BH4 and Ag/4201 HH with the highest ORR activity
(see Table 4) were evaluated as cathode materials in an AEMFC along with Pt-
Ru/C anode catalyst using Aemion+ (10 pm) anion exchange membrane. Figure
36 shows the fuel cell performance for the Ag-based catalysts, with Pt/C
cathode catalyst for comparison, using H, and O, gases at 65 °C and 65% RH
conditions. Evidently, the P..x value is about 90% for the AEMFC with
Ag/4601 BH4 (P = 310 mW cm?) compared to that of Pt/C cathode
(Pax = 347 mW cm’z) and the Ag/4201 HH showed the P, value of
243 mW cm . The slightly lower AEMFC performance for Ag-based catalysts
compared to Pt/C could be attributed to the unoptimised thickness of the
cathode catalyst layer and the issues associated with water management at high
current densities [135]. In addition, the P, value exhibited by Ag/4601 BH4
is similar to that reported in the literature for Ag/carbon black (Ag/CB,
~330 mW cm ®) by Truong and co-workers [136]. The difference in Ppax
between the Ag-based catalysts could be due to the pore size distribution of the
commercial mesoporous carbon support of the cathode catalyst, which can
affect the overall catalyst morphology, including Ag particle sizes and their
distribution. In addition, the suitability and successful integration of the
ionomer and the AEM with the specific catalyst material is an important
property that can significantly influence the AEMFC performance [137, 138].
Table 5 compares the fuel cell performance of various Ag-based catalysts from
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the literature with the present study. It is worth noting that the AEMFC
performance reported in the literature is significantly different due to variation
in the operating conditions, GDLs, ionomers, AEMs, anode catalysts and so on
[139-144].
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Figure 36. AEMFC performance with Ag/4601 BH4, Ag/4201 HH and Pt/C
(0.4 mgp, cm %) cathode and Pt-Ru/C anode catalysts with Aemion+ anion exchange
membrane at 65 °C using H, and O, gases at 200 kPa.

Table 5. Comparison of AEMFC performance using Ag-based cathode catalysts.

Cathode catalyst Anode Cathode Ag | Membrane T P | Ref.
loading loading (°C) | (mW
(mg cm *) (mg cm *) cm °)
Ag/4601_BH4 0.8 (Pt-Ru) |0.8 (40 wt%) |Aemion+ 65 310 This
(10 ym) work
Ag/4201 HH 0.8 (Pt-Ru) |0.8 (40 wt%) |Aemion+ 65 243 This
(10 pm) work
Ag/CB 0.8 0.6 (60 wt%) |AT-1 70 329.6 |[[136]
AgNWs 0.5 (Pt) 1.05 Tokuyama |60 164.4 |[145]
A901
VAgNs/SAgNs 1.25 1.2 FAA-3 60 115.6 |[146]
Ag/C 0.2 (Pt) 1.0 (40 wt%) |Tokuyama |80 190 [147]
A201
Ag/C 0.5 0.3 (60 wt%) |AHA- 30 10 [66]
Neosepta
Ag/C 0.5 (P 4 (Ag) AAEM 50 90 [148]
Ag/CNT 0.5 0.2 (40 wt%) |FAA rt. |26.1 [81]
Ag/C 0.375 0.05 (10 wt%) | APSEBS 60 109 [120]
Agnps@Fenps-N-C | 0.4 (Pt-Ru) |n.a. PAP-TP-85 |80 506 [149]
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6.7 Ag/MnO,_MWCNT composites
as electrocatalysts for ORR

In the seventh part of the work, two different MnO, MWCNT support materials
were prepared (MnO, MWCNTI1 and MnO, MWCNT?2), onto which Ag was
deposited by magnetron sputtering [VII]. The nominal thickness of Ag layer
was 5, 10 and 20 nm. The composite catalysts were named as
Ag5/MnO, MWCNT, Agl0/MnO, MWCNT and Ag20/MnO, MWCNT,
respectively. The aim of this work was to prepare active and stable
Ag/MnO, MWCNT composite catalysts for the ORR. The obtained catalysts
showed high mass activities, and Ag/MnO, MWCNT]1 catalysts showed
superior stability during the 1000 potential cycles of accelerated stability test
(AST), where catalysts with Ag nominal thickness of 10 and 5 nm showed only
4 and 2 mV decrease in their half-wave potentials.

6.7.1 Physical characterisation of Ag/MnO,_MWCNT composites

The surface morphology of MnO;-coated MWCNTs and Ag/MnO, MWCNT
catalysts with different Ag loading is shown in SEM images in Figure 37. In the
case of MnO, MWCNT2 (Figure 37b), the MWCNTSs seem to be covered with
a more evenly distributed MnO, layer, while MnO, on MnO, MWCNTI1
(Figure 37a) seems to be more in the form of particles. Thus,
Ag/MnO, MWCNT?2 catalysts might have fewer defects where AgNPs have a
direct contact with MWCNTs, whereas Ag/MnO, MWCNT]1 possibly have
more defects and, therefore better contact of AgNPs with MWCNTs. Figures
37c-h show MnO, MWCNT materials covered with Ag layers of different
nominal thicknesses. At the thinnest layer of 5 nm of Ag, the substrate is
covered with small AgNPs around 10 nm in size and cover the substrates
evenly. At thicker layers of 10 and 20 nm, Ag particles start to merge and form
an even layer that covers the whole MnO, MWCNT surface of both
MnO, MWCNT  substrates. The average Ag particle size for
Ag5/MnO, MWCNTI1 was 10 nm and 13 nm for Ag5/MnO, MWCNT?2, which
showed slight effect of the substrate. At a nominal thickness of 10 and 20 nm,
some sub-10 nm particles were still visible, but most of the Ag uniformly
covered the electrode surface. Similar structures of metal layers have been
observed previously when magnetron sputtering has been used to prepare Ag,
Pt, Pd and Au coatings on MWCNT substrates [45, 87, 88, 150-154].
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Figure 37. SEM images of (a) MnO, MWCNT]1 and (b) MnO, MWCNT?2 substrates;
(c), (e) and (g) show Ag/MnO, MWCNTI1 images of nominal Ag layer thickness of 5,
10, and 20 nm, respectively; (d), (f) and (h) show Ag/MnO, MWCNT2 images of
nominal Ag layer thickness of 5, 10 and 20 nm, respectively.
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The Ag, Mn, and C contents in Ag/MnO, MWCNT catalysts were determined
by energy-dispersive X-ray spectroscopy (Table 6). As expected, the Ag
loadings on MnO, MWCNT1 and MnO, MWCNT2 match. It is also evident
that the Mn/C ratio is higher for Ag/MnO, MWCNT?2 catalysts.

Table 6. Ag, Mn, and C content in Ag/MnO, MWCNT catalysts derived from the EDS
analysis.

Catalyst Ag Iwt% Mn /wt% C/wt%
Ag20/MnO, MWCNT!1 10£1 38+3 27 +4
Ag20/MnO, MWCNT2 10£1 42+12 16+2
Agl0/MnO, MWCNT!1 5+1 34+4 34+4
Agl10/MnO, MWCNT2 61 49+ 6 11+2
Ag5/MnO, MWCNT1 1.5+£0.1 37+5 30+4
Ag5/MnO, MWCNT2 1.5+£0.2 51+4 11+2

The Ag loading was determined using X-ray fluorescence on one additional
sample (Si-plate) for each nominal Ag layer thickness. The following silver
loadings were determined: 5.4 ug cm for 5 nm, 10.7 pg cm > for 10 nm, and
22.9 pg cm” for 20 nm Ag layer. These values are in good agreement with the
Ag loadings obtained from the EDS analysis, considering that the total catalyst
loading was 250 pg cm* in all cases.

In Figure 38, the XPS results for the Agl0/MnO, MWCNT catalysts are
shown. The XPS peaks for Ag, C, Mn, and O were observed. The Ag3d doublet
is at 368 and 374 eV, the Cls peak at 284 eV, the Mn2p doublet is at 641 and
653 eV, and the Ols peak at 531 eV. The separation energy for Mn2p doublets’
two peaks, 11.8 eV, matches the reported data [155-157]. Low Mn and carbon
signals indicate that the substrate is almost completely covered with a Ag
nanolayer.
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Figure 38. XPS survey spectra of (a) Agl0/MnO, MWCNTI and (b)
Agl0/MnO, MWCNT2 samples, insets show detailed XPS spectra in the Ag3d and
Mn2p regions. XPS survey spectra of (¢) MnO, MWCNT1 and (d) MnO, MWCNT2
substrate materials, insets show detailed XPS spectra in the Mn2p regions.

Figure 39 presents the XRD patterns of the substrates prior to the Ag deposi-
tion. MnQ; crystallite sizes ranged between 5 and 15 nm. Both materials consist
mainly of MnO, and its partially hydrated compounds, but the crystal structures
differ. MnO, MWCNT1 contains a mixture of orthorhombic (ramsdellite, PDF
00-044-0142) and hexagonal MnO, as well as nsutites (Mn(O,0H),). In
MnO, MWCNT2, MnO, has a tetragonal structure that matches well with a-
MnO, (PDF 00-044-0141) and may be hydrated to some extent. From Figure
39, it is also evident that the C peak (25°260) of MnO, MWCNTI is somewhat
higher than that of MnO, MWCNT?2, which is in accordance with the EDS
results, where a lower Mn/C ratio was observed for Ag/MnO, MWCNTI
catalysts.
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Figure 39. XRD patterns of MnO, MWCNT1 and MnO, MWCNT2 samples.

6.7.2 ORR studies on Ag/MnO,_MWCNT composite catalysts

The comparison of the RDE polarisation curves at a single electrode rotation
rate are presented in Figures 40a and 41a. The mass-activities for O, reduction
were calculated at -0.2 V vs. SCE using the mass of silver on the electrode
determined from the XRF data and kinetic current values at the given potential
(see Eq. 6). It can be observed that Ag/MnO, MWCNT catalysts with a thick-
ness of 20 nm had the most positive half-wave potential of -0.29 V, although
Ag20/MnO, MWCNT]I catalyst showed a bigger MA value of 84 A g ' com-
pared to that of Ag20/MnO, MWCNT2 around 61 A g' (see Table 7).
Ag5/MnO, MWCNTI catalyst revealed the biggest MA of 126 A g, while
Agl0/MnO, MWCNT2 catalyst with nominal Ag layer thickness of 10 nm had
MA value of 110 A g and surpassed that of the other Ag/MnO, MWCNT2
catalysts. Ag/MnO, MWCNT catalysts in terms of the MA surpassed the
results obtained with Ag-based catalysts where Ag was chemically deposited
onto nitrogen-doped graphene oxide (see sub-section 6.5.2 [V], and Ag catalysts
where Ag was deposited onto carbide-derived carbon (see sub-section 6.4.2)
[IV]. A similar MA value of 94 A g' was obtained for Ag catalysts
electrodeposited onto nitrogen-doped graphene oxide (see sub-section 6.3.2)
[III]. Both Ag5/MnO, MWCNT catalysts had the most negative E;, and
Ag5/MnO, MWCNT2 had the smallest MA. All prepared Ag-based catalysts
showed more positive half-wave potentials than the polycrystalline bulk Ag
electrode. The half-wave potential of the ORR on Agl0/MnO, MWCNT1 and
Ag5/MnO, MWCNTI1 catalysts obtained in this part of the thesis are in a
similar range to those obtained earlier on Ag sputter-deposited onto MWCNT
with nominal Ag layer thickness of 15 nm [45]. The E;, of bare AgNPs
prepared by plasma-jet treatment was even lower than that of bulk Ag [42]. This
might come from an increased number of active sites on Ag,O layers formed on
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Ag particles in the presence of Mn oxides, particle-to-particle ligand effects due
to the proximity of Ag particles [75, 158]. Similar yet slightly higher E;,, values
than for bulk Ag were obtained for electrodeposited AgNPs (see sub-sections
6.1.2, 6.2.3, 6.3.2) [L, II, III]. As compared to the commercial 20 wt% Pt/C
catalyst, all Ag/MnO, MWCNT catalysts are less active for the ORR.

Table 7. Kinetic parameters for ORR on Ag-based catalysts in 0.1 M KOH. v = 1900 rpm.

Catalyst Ey; vs. SCE (V) AE,; after MA* | Tafel slope (mV)
AST (mV) (Ag™)

Ag20/MnO, MWCNT1 -0.29 40 88 -85
Ag20/MnO, MWCNT?2 -0.29 56 61 -82
Agl0/MnO, MWCNTI1 -0.30 4 124 -81
Agl0/MnO, MWCNT?2 -0.32 24 110 -93
Ag5/MnO, MWCNT1 -0.30 2 126 -81
Ag5/MnO, MWCNT2 -0.43 28 35 -94
Ag bulk -0.37 n/a n/a -80
MnO, MWCNTI -0.31 n/a n/a -86
MnO, MWCNT2 -0.41 n/a n/a -117
Pt/C -0.16 n/a n/a n/a

*MA was calculated at -0.2 V vs. SCE.
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Figure 40. (a) Comparison of the ORR polarisation curves of the Ag/MnO, MWCNT1
catalysts and Pt/C in O,-saturated 0.1 M KOH at 1900 rpm. v = 10 mV s '. (b) Mass-
transfer corrected Tafel plots for ORR (data derived from (a)).

Electron transfer number values for the ORR on the catalyst materials were
obtained using the K-L equation (Eq. 4). The n value for MnO, MWCNT1 and
MnO, MWCNT?2 materials was around 3, suggesting that the hydrogen per-
oxide formation occurs on both MnO, MWCNTI1 and MnO, MWCNT?2
supports and partial 2+2 electron pathway during the ORR is likely. The value
of n was around four for all Ag/MnO, MWCNT catalysts, indicating that in the
presence of Ag, either less hydrogen peroxide formed or it was more easily
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reduced, or it disproportionated quicker [158]. 5 wt% of Ag-MnO, composite
on single-walled carbon nanotubes and acetylene black are reported to catalyse
the ORR via a direct 4-electron pathway, while the CNT-based composite is
found to be more active overall [159]. Ag catalysts showed lower n values when
Ag was electrodeposited on the GC electrodes and when Ag-Mn,O, was
deposited onto the reduced graphene oxide and nitrogen-doped graphene oxide
substrates (see section 6.1.2) [I] [97, 160]. Ag catalysts deposited onto electro-
spun lignin-derived carbon fibre mats showed the n values below 4 due to
AgNPs at higher loadings growing in size and the diffusion effects of reacting
species [161]. Guo and co-workers varied Ag loadings deposited onto con-
ventional Vulcan carbon substrate and observed a 4-electron ORR for Ag
catalysts where the loadings were 20 wt% and higher (up to 60 wt%) and a 2+2
electron pathway for 10 wt% [63]. Fazil and Chetty prepared Ag catalysts on
CNTs with 20 wt% and 40 wt% and, similarly to Guo and co-workers, obtained
n values close to four [81]. In the previous part of this thesis, where AgNPs
were deposited onto two different mesoporous engineered catalyst supports with
40 wt% nominal Ag loading, the n values close to four were obtained (see sub-
section 6.6.2) [VI].
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Figure 41. (a) Comparison of the ORR polarisation curves of the Ag/MnO, MWCNT2
and Pt/C catalysts in O,-saturated 0.1 M KOH at 1900 rpm. v = 10 mV s '. (b) Mass-
transfer corrected Tafel plots for ORR (data derived from (a)).

Figures 40b and 41b present mass-transfer corrected Tafel plots for the ORR in
0.1 M KOH derived from the RDE data in Figures 40a and 41a, respectively.
The Tafel slope values for Ag/MnO, MWCNT catalysts (in potential range
from -0.15 V to -0.25 V) were similar and were between -81 and -94 mV
regardless of the nominal thickness of the sputter-deposited Ag layers (Table 7).
Tafel slope values of -91 and -163 mV have been obtained for Ag-based cata-
lysts where Ag was deposited onto MnO, nanorods (Ag/MnQO,) and clean MnO,
nanorods, respectively [86]. Continuously changing Tafel slopes of -70
to -80 mV and -120 to -130 mV have been reported for Ag(hkl) single crystal
facets, and their occurrence has been explained by changes in the concentration
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of adsorbed oxygenated species and strong lateral competition between OH™
ions and other adsorbed species of reaction intermediates, as well as changes in
the reaction steps and mechanism of the ORR that depend on variations in the
electrode surface structure [22, 38, 97]. Thus the, Tafel slope values of Ag
catalysts depend on the difference in catalyst structure [34]. AgNPs have shown
Tafel slope values of -95 and -134 mV, and Ag nanosheet arrays values of -60
and -120 mV. Substrates might play a role in different Tafel slope values [45].
For instance, -59 and -60 mV have been obtained for Ag catalysts where Ag
was deposited onto the NGO substrate (see sub-sections 6.3.2 and 6.5.2) [III,
V]. It could be reasoned that since the Tafel slope values for pure substrate and
Ag-covered substrate were very similar, the ORR might partially proceed on the
substrate as discussed in sub-section 6.5.2 [V] and in Ref. [54]. As the Tafel
slope values of MnO, MWCNT?2 differ from that of Ag on this support, then
we can assume that the ORR proceeds mainly on the Ag surface. However, the
same assumption cannot be made for MnO, MWCNTI1. The ORR on Ag
catalysts might also be influenced by the Ag deposition method (see sub-
sections 6.1.2 and 6.2.3) [, II]. The Tafel slope values between -71 and -80 mV
have been obtained with Ag catalysts where AgNPs were synthesised using
pulse charge deposition and vacuum dried onto the GC electrodes [42]. As the
Tafel slope values herein remained similar to that of bulk Ag, we expect the
reaction mechanism to be the same on Ag/MnO, MWCNT catalysts and on
bulk Ag.

Accelerated stability tests (1000 potential cycles in the range from -1.3 V to
0 V vs. SCE at a scan rate of 100 mV s') of Ag/MnO, MWCNTI and
Ag/MnO, MWCNT?2 catalysts were also conducted. Figure 42a-f shows the
ORR polarisation curves for catalysts with different nominal Ag layer thickness
before and after the 1000 potential cycles at @ = 960 rpm. Regardless of Ag
nominal thickness, Ag/MnO, MWCNT]1 catalysts showed higher stability than
Ag/MnO, MWCNT?2 catalysts (see Table 7). A decrease in the half-wave
potential values could be caused by silver oxidation, dissolution, and Ag par-
ticles re-organisation via redeposition. Ag/MnO, MWCNT1 catalysts showed
the highest stability when Ag layer nominal thicknesses were 5 and 10 nm, for
which the Ej, change was only 2 and 4 mV, respectively. There could be
several additional reasons for that, for example, Liu and co-workers suggest that
the enhanced stability might come from a synergistic effect between Ag and
Mn3;0, nanoparticles [75]. The synergistic effect is implied to include an
ensemble effect between Ag and Mn;O4 nanoparticles, where on Mn;Oy,
hydroperoxide ions form and then diffuse or re-adsorb to the AgNPs, where
they can disproportionate or be further reduced to OH ions [74, 75, 86]. Part of
the synergistic effect might arise from the electron transfer from carbon
substrate to Mn3;04, which creates a positive charge on adjacent carbon surfaces
allowing for side-on O, adsorption, where O-O bonding is weakened, and it
facilitates the 4-electron pathway [75, 158]. Hu and co-workers suggested that
in case of Ag/MnO, catalysts, oxygen vacancies could play a role in the ORR
invigorating synergistic effect [86]. In case of Ag/MnO, MWCNT?2 catalysts,
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there may be fewer available carbon sites along MnQO,, and only the ensemble
effect between Ag and MnO, might affect the electroreduction of the formed
peroxide intermediates, which in turn could induce a higher decrease in half-
wave potential after AST for Ag/MnO, MWCNT?2 catalysts.
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Figure 42. The RDE polarization curves of oxygen reduction on (a)
Ag5/MnO, MWCNTI, (b) Agl0/MnO, MWCNTI, (c) Ag20/MnO, MWCNT]I, (d)
Ag5/MnO, MWCNT2, (e) Agl0/MnO, MWCNT2, (f) Ag20/MnO, MWCNT2
catalysts in O,-saturated 0.1 M KOH before and after the AST. w = 960 rpm, v= 10 mV
s"'. Background current not subtracted.

6.8 ORR on thin-film Ag electrodes in alkaline solution

In the eighth part of the work, Ag thin films were deposited with 5 different
nominal layer thicknesses 0.5, 1, 2, 5, and 10 nm [VIII]. The thin Ag films were
deposited onto the clean GC electrodes using the electron beam evaporation
method. This method avoids the need for potentially environmentally unfriendly
chemicals. The purpose of this work was to study a nominal Ag layer thick-
ness/loading effect on activity of ORR.

6.8.1 TEM studies of thin Ag films

Figure 43 presents TEM images of thin-film Ag samples. In general, the TEM
images of thin Ag films are similar to thin-film Pt, Au and Pd samples that have
been investigated previously [162-165]. It was observed that initially island-like
Ag nanoparticles are formed. The particle size for 0.5 nm film was 5.5 = 2.7 nm.
When the nominal thickness of the film increased to 1 nm (Figure 43b) then the
number of smaller particles decreased as they grew bigger. The average particle
size was determined to be 5.9 £ 2.1 nm for 1 nm Ag film. As the film thickness
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increased to 2 nm, then the particles started to merge and thus the average
particle size increased to 12.8 + 2.6 nm. However, some sub-5 nm particles can
be also observed (Figure43b). With 5 nm Ag film there are only some indi-
vidual nanoparticles visible as most of silver is merged together (Figure 43d)
and for 10 nm film the whole surface is covered with a Ag coating.

Figure 43. TEM images of 0.5 nm (a), 1 nm (b), 2 nm (c), 5 nm (d) and 10 nm (e) Ag
films.
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6.8.2 ORR studies on thin Ag films

The collected RDE polarisation data was analysed using the K-L equation (Eq.
4). From which the values of n have been calculated. The n value was 3.8 for
the thinnest Ag film, but for 1 nm and thicker films it was 4 in the whole range
of potentials studied. Compton and co-workers have shown that sparsely
distributed AgNPs catalyse the ORR via a 2-electron pathway [62, 166]. They
found that the interparticle distance, which is more than 30 times higher than
the particle size will yield hydrogen peroxide as the final product of the ORR,
as it is diffusing away from the electrode surface. When the interparticle dis-
tance is decreased then the peroxide yield also decreases as the probability for
peroxide adsorption and further reduction increases. The results in this part of
the thesis show that a 0.5 nm Ag film is not covering the electrode substrate
completely and some formed hydrogen peroxide can still escape. However, thin
Ag film with 1 nm nominal Ag layer thickness already has the number density
of AgNPs that is sufficiently high and the interparticle distance which is already
low enough to catalyse ORR via a 4e” pathway. The ORR on thicker films
follows 4 electron pathway. These results are in a good agreement with the
earlier findings, where it was suggested that Ag particle size is a crucial factor
for determining the ORR pathway [32]. When 174 and 4.1 nm Ag particles
were compared for the ORR activity, it was concluded that bigger particles
catalyse a 4¢ ORR pathway and on smaller particles both 4¢™ and 2¢™ pathways
occur at the same time [33]. This means that the ORR proceeds at least partially
via a 2-electron pathway on silver and the formed hydrogen peroxide is further
reduced to OH™ anions.
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Figure 44. Comparison of the ORR polarisation curves on thin-film Ag electrodes in
O,-saturated 0.1 M KOH solution (a) and the corresponding Tafel plots (b) derived from
(a). @ =1900 rpm, v=10mV s .

Figure 44a presents a comparison of the ORR results for thin-film Ag electrodes
with different thicknesses. The half-wave potentials for O, reduction increased

79



with increasing nominal Ag film thickness, also a minimum in the diffusion-
limited current can be observed. This minimum at about -0.9 V vs. SCE is
detected for all Ag/GC electrodes, however, it decreases with increasing the
nominal thickness of the Ag film. This minimum is attributed to the
characteristic behaviour of Ag and could be related to potential dependent
adsorption of OH, which is strongly adsorbed on the Ag surface and the
desorption of which should improve the ORR activity [16].

Tafel analysis was carried out based on the RDE data on O, reduction and
the corresponding plots are presented in Figure 44b. As can be seen, the Tafel
plots are almost parallel. From these plots, the Tafel slope values were deter-
mined, and these values were between -80 and -100 mV. Similar Tafel slope
values have been reported previously in several studies (see also sub-sections
6.1.2, 6.2.3, 6.5.2) [, 11, V] [42, 45]. Also different Ag catalyst structures like
nanoparticles and nanosheet arrays have different Tafel slope values [28]. For
example, Ag nanosheet arrays had slopes of -60 and -120 mV, while nano-
particles had corresponding slopes of -95 and -134 mV. The changes in the
Tafel slope have been attributed to various aspects, e.g. changes in adsorption
conditions of oxygen intermediates [34] and a small Ag quantity on the
electrode surface would also give constantly changing Tafel slope value [97]. In
contrast, it has also been suggested that different Tafel slope values could be
obtained by incorrect solution resistance correction [96]. Based on the Tafel
slope values in the studied potential range it can be stated that the transfer of the
first electron to the O, molecule is the rate-determining step for the ORR
process.

To compare thin-film Ag electrodes more thoroughly, the MA and SA
values for O, reduction were calculated at -0.25 V vs. SCE by dividing kinetic
current to mass of Ag (Eq.-s 6 and 7), or to real electroactive surface area of Ag
catalysts obtained from Pb,,q measurements or the Ag oxide reduction peak (Eq.
5). The MA values of the thin Ag films were 82, 123, 137, 206 and 137 A g
for 10, 5, 2, 1 and 0.5 nm Ag film, respectively. This means that there is a
maximum in the mass-activity at a nominal Ag film thickness of
1 nm. In previous parts of this PhD thesis, with the electrodeposited Ag coatings
a maximum in the MAs was not observed nor any essential dependence on the
deposition time (see also sub-sections 6.1.2 and 6.2.3) [I, II]. This could be
related to the morphology of the AgNPs, similar to the case when Ag was
electrodeposited from aqueous solution, as there were clearly visible bigger
agglomerates (see sub-section 6.1.1) [I]. When Ag was deposited from non-
aqueous solution then the large Ag agglomerates were not observed, still, the
AgNP size was considerably bigger (see sub-section 6.2.1) [II] than that
determined in the present part of the thesis. However, Salome and co-workers
have reported a dependence of the MA on the size of Ag particles, as smaller
ones exhibited higher MA [113]. While in ref. [113] there were relatively large
particles, Lu and Chen reported that 0.7 nm Ag clusters possess superior
electrocatalytic activity towards the ORR as compared to the 3.3 nm Ag
particles [35]. Specific activity calculated by using silver oxide reduction peak
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was the lowest for a 5 nm film (38 pA cm %) as compared to 10, 2, 1 and 0.5 nm
Ag films, which possessed the SA values of 43, 41, 59 and 56 pA cm >,
respectively. These values are rather small, which could be due to inaccurate
method of determination of the real surface area of Ag catalysts. The specific
activities calculated using 4, from Pb,,q followed similar trend, as the SA values
were 1.0, 0.93, 1.3, 1.4 and 1.5 mA cm™ for 10, 5, 2, 1 and 0.5 nm Ag films,
respectively. These results indicate that 1 nm Ag film is the most active
electrode as it has highest mass-activity and nearly the highest specific activity.
However, even when comparing differently shaped AgNPs, the tendencies can
be different as has been shown using Ag nanowires and nanoparticles [37].
Namely, nanoparticles displayed increasing specific activity values (4, was
determined from the oxide reduction peak) with increasing particle size (from
2.4 to 40 nm), while the mass activity decreased, and with Ag nanowires both
the MA and the SA decreased when increasing the nanowire diameter. Thus,
one must pay special attention to the details when comparing the Ag-based
electrocatalysts for the ORR.

6.8.3 H,0, reduction studies on thin Ag films

As hydrogen peroxide is a side product of the ORR, then the hydrogen peroxide
reduction experiments were carried out. The potential at which the current is
zero is slightly dependent on the nominal film thickness. However, the
difference is very subtle being only 15 mV between the least and the most
active thin-film Ag electrodes. The variations in the diffusion-limited current
densities indicate about the overall coating of the electrode, the thinnest film
had separate particles and thickest film entirely covered the substrate surface.
When comparing the polarisation curves of the hydrogen peroxide reduction to
those of oxygen reduction, it is clearly visible that the hydrogen peroxide
reduction half-wave potentials are strongly shifted towards more positive
values. This shows that Ag is very efficient catalyst for hydrogen peroxide
reduction reaction.

The hydrogen peroxide reduction polarisation curves were also subjected to
the K-L analysis, which showed that the number of electrons transferred per
hydrogen peroxide anion was 2 for all Ag films. This confirms that the formed
HO, 1is further reduced to OH . However, the ORR results show some
hydrogen peroxide is still escaping from the electrode to the solution. Various
Ag-based catalysts have shown good electrocatalytic activity for hydrogen
peroxide reduction in alkaline media such as AgNPs supported on carbon
nanotubes, nitrogen-doped carbons, carbide-derived carbons and even
unsupported AgNPs (see also sub-sections 6.1.3, 6.4.3, 6.5.3) [I, IV, V] [45].
Using the cyclic voltammetry method the structure dependence of AgNPs for
hydrogen peroxide reduction has been demonstrated [167]. Namely, the Ag
nanoprisms had higher activity in terms of the onset potential and currents
remained higher in time compared to nanocubes and nanospheres. It was
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suggested that hexagonally close-packed lamellar defects contribute to the
higher activity.

6.8.4 CV and Pb,q studies on thin Ag films

After the ORR measurements the electrodes were again transferred to Ar-satu-
rated 0.1 M KOH and cyclic voltammetry measurements were carried out to
study the silver oxidation behaviour (Figure 45). As expected, the oxide
reduction peak increases with increasing the nominal thickness of the Ag films.
This peak has been used to calculate the electroactive surface area of silver,
however, the positive potential limit is crucial as silver may oxidise further and
irreversible oxides may form and there has been even suggestions that this
method should not be used for electroactive surface area determination [95, 96].

The oxidation peak at £ > 0 V consists of several processes as has been
described previously [63, 102]. The first two peaks correspond to the initial
stages of silver oxidation, the third peak corresponds to Ag,O formation, while
increasing the potential further would result in Ag,O, formation and, already in
the oxygen evolution reaction region, highest Ag oxide Ag,O; formation [102].
During the experiments, the upper vertex potential for the CVs was limited to
0.4 V vs. SCE, which means that Ag,0, should not form yet. However, there
are significant differences in the CV behaviour of Ag films that originate from
the differences in surface morphology. For example, 5 nm and 10 nm thick Ag
films cover the entire GC electrode and thus yield a different response as
compared to the thinner Ag films.
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Figure 45. CVs of thin Ag films in Ar-saturated 0.1 M KOH. v=100 mV s '

As a comparative method Pb,,q and subsequent stripping was carried out
(Figure 46) to determine the electroactive surface area of Ag catalysts. The
charge corresponding to Pb stripping was used to calculate the A4, of Ag.
However, this method has been criticised to not be entirely suitable for small
AgNPs [99]. When comparing the values of A, determined by oxide reduction
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peak and Pb,,g results, then the values from oxide reduction are significantly
higher. The surface areas from Ag oxide reduction are overestimated and the
values obtained from Pb,,q are more plausible. As the amount of Ag is small,
the Ag particles are also small, and it could be that the oxides are thusly more
easily formed. In addition, oxide formation is then not limited by the monolayer
and can lead to overestimated A, values. Even though neither method for
determination of the A4, of silver is clear from contradicting claims, both could
be used to give insight to the ORR results. Similar discrepancies between the
surface area determination by surface oxidation and Pb,,q were observed in the
second part of the thesis (see sub-section 6.2.3) [II].
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Figure 46. Comparison of Pb,,q on thin-film Ag electrodes in Ar-saturated 0.1 M KOH
solution containing 0.5 mM Pb(NO;),. v=50 mV s .

6.8.5 Ag dissolution studies on thin Ag films

After the experiments, Ag was electrochemically stripped from the GC
electrode surface in 0.1 M NaClO, solution (Figure 47). As presented in Figure
47, the Ag dissolution gives a peak with only a single maximum for which the
current starts to increase at about 0.3 V and the position of the maximum
depends on the nominal loading of the Ag film. On the reverse scan, some
amount of the dissolved Ag is re-deposited, as a small broad peak is present at
potentials from 0.3 to 0.1 V. This occurs as the diffusion of Ag is slow and Ag"
cations remain near the surface of the electrode. The mass of Ag was calculated
using Eq. 7. For comparison, the theoretical mass of Ag was also calculated
using the GC disk area and the nominal thickness of Ag films. Based on this
calculation the mass of Ag for 10, 5, 2, 1 and 0.5 nm films were 2.10, 1.05,
0.42, 0.21 and 0.10 pg, respectively, and based on the Ag stripping experiments
the masses were 2.35, 1.53, 0.88, 0.23, 0.17 pg, respectively. The electro-
chemical stripping of Ag gave slightly higher silver mass values than the
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theoretical value, but they were within reasonable error margin and variations
originate from the differences during the deposition process.
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Figure 47. A comparison of dissolution curves of thin Ag films in Ar-saturated 0.1 M
NaClOy, solution. v=10mV s .

6.9 AgNW-based catalysts for ORR in alkaline solution

In the ninth part of the work, commercial AgNWs with diameters of 35, 90, and
120 nm were bought and tested for the ORR [IX]. The purpose of this work was
to determine the effect of Ag nanowires thickness/diameter on the ORR activity
and stability of Ag catalysts.

6.9.1 SEM studies of AgNWs

To determine the surface structure of AgNWs used in this study the SEM
method was used. Figure 48 presents the typical SEM micrographs of AgNWs
with the diameters of 35, 90 and 120 nm. Figure 48 shows that AgNWs
correspond to nominal diameters. Generally, the AgNWs are straight, and their
surface is very smooth. Stacked in chaotic orientation, AgNWs are of
cylindrical shape with estimated length of ca. 0.5, 1 and 2 pum for 35, 90 and
120 nm AgNWs, respectively. Moreover, the density of AgNWs is very high
and the presence of various nanochannels can facilitate the transport of O,
molecules to the catalyst surface.
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Figure 48. SEM micrographs of Ag nanowires of (a) 35, (b) 90 and (c) 120 nm in
diameter.

6.9.2 ORR studies on AgNWs

The electrocatalytic behaviour of AgNWs and polycrystalline bulk Ag electrode
were compared at a single electrode rotation rate (see Figure 49a). The half-
wave potential values were calculated at 1900 rpm. The most active AgNWs
with a diameter of 35 nm exhibited 12 mV higher £, value than that of bulk
Ag electrode (0.649 vs. 0.637 V). Similar half-wave potentials were obtained in
other recent works (see also sections 6.3.2and 6.4.2) [IV, 1] [145, 168].
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Figure 49. (a) Comparison of polarisation curves for O, reduction on AgNWs and bulk
Ag, o = 1900 rpm. (b) Mass-transfer corrected Tafel plots (data derived from a). Test
solution: O,-saturated 0.1 M KOH, v=10mV s".

The K-L equation was used to determine the kinetic parameters. The number of
electrons transferred per O, molecule was calculated from the RDE data using
the K-L equation (Eq. 4). The calculated n value was close to four for all
AgNW catalysts studied. This indicates that the ORR occurs mainly through a
4e reaction pathway on AgNW-modified electrodes. Quantum chemical stu-
dies have shown that Ag(111) facets undergo a 4-electron O, reduction and that
a large amount of adsorbed OH™ ions on the surface facilitates the formation of
a reaction intermediate, hydrogen peroxide ion (HO,") [16, 17]. For AgNWs
with larger diameter, the n value was slightly lower than 4, and this result is
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comparable to a previous part where thin Ag films (see also section 6.8.2.1)
[VIII]] and Ag-AgCl core-shell nanowires decorated with AgCl (AgCl-
Ag@AgCl NWs) were studied [131]. It was proposed that strongly adsorbed
OH' species on defective surfaces obstruct adsorption of O, to neighbouring Ag
sites, thus increasing the fraction of 2-electron reaction pathway [13]. Based on
the SEM results, we can propose that defects present on AgNWs with diameter
of 120 nm weakens the adsorption of O, and the first charge-transfer has higher
activation energy compared with the surface of AgNWs with smaller diameters.
Blizanac and co-workers observed that the most active surface is Ag(110) and
the least active is Ag(100) plane. Although not without some contradictions,
namely, the Ag(110) surface has the smallest activation energy and shows the
biggest affinity towards already reduced OH,4 species, limiting the number of
sites for O, molecules to adsorb. To adsorb, superoxide anion (O, ) actually
needs two sites. While the Ag(100) surface has the highest activation energy
and shows more moderate affinity towards the product species. Ag(111) surface
has the least affinity towards the OH,q4s [22]. The crystal structure of AgNWs has
been studied and is presented in the literature [37, 169, 170]. According to mea-
surements conducted by Alia and co-workers it was observed that the AgNWs are
round and do not have one certain facet, rather a mixture of them [37].

The RDE polarisation data was used for the Tafel analysis (Figure 49b).
Almost parallel Tafel plots at low overpotentials were obtained for all the
electrodes studied with slope values of -100, -100, -101 and -91 mV for 35, 90,
120 nm AgNWs and bulk Ag, respectively. The Tafel slope values for the
AgNWs with different diameters did not differ amongst each other and were
very close the slope value of bulk polycrystalline Ag electrode (-91 mV). These
values indicate that the mechanism of the ORR on AgNWs is the same as that
on the polycrystalline Ag electrode. The slope values at high overpotentials
increased for all the catalyst materials studied. Similar Tafel slope values have
been obtained in earlier studies [42, 45, 109-111]. Taking into account observa-
tions by Blizanac and co-workers, the Tafel slope values for the Ag(110) were
constantly changing between -80 and -120 mV [22]. In addition, for the
Ag(111) and Ag(100) at higher overpotentials the slope values were close
to -120 and -130 mV and at lower overpotentials close to -70 and -80 mV [22].
These Tafel slope values suggest that the first electron transfer to the O,
molecule is the rate-determining step in the overall ORR process.
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6.9.3 CV studies on AgNWs

After the RDE measurements AgNW-modified electrodes were cycled in Ar-
saturated 0.1 M KOH at potentials ranging from -0.2 to 1.4 V vs. RHE. The
obtained CV curves with different materials are compared in Figure 50a. The
CVs exhibit same behaviour as those discussed in previous parts of the thesis as
well as literature [63, 102].
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Figure 50. (a) Comparison of CVs of AgNWs with a diameter of 35, 90 and 120 nm in
Ar-saturated 0.1 M KOH, v = 100 mV s'. (b) Comparison of Ag stripping profiles of
AgNW-modified electrodes in Ar-saturated 0.1 M NaClO, solution, v =10 mV st

To evaluate the electrocatalytic activity of different AgNW catalysts, it is
typical to determine the specific activity for ORR of the modified electrodes. In
the case of silver, the correct determination of the electroactive surface area of
Ag is somewhat complicated, because it depends on the method chosen and thus
it was not attempted in this part of the study. The determination of Ag mass was
performed by electrochemical stripping of silver from GC electrode, as shown
in Figure 50b. At potentials higher than 1.3 V vs. RHE, the Ag starts to dissolve
from the electrode surface, and some dissolved Ag deposits back onto the GC
electrode (small cathodic peak in the range of 1.4-1.2 V).

By the integration of charge under the anodic silver dissolution peak, the
amount of dissolved Ag was calculated using Eq. 7. The calculated Ag masses
were 11.4, 13.6 and 9.5 ng for AgNWs with diameters of 35, 90 and 120 nm,
respectively. The obtained masses were used to calculate the MA values at 0.8 V
and 0.85 V vs. RHE using the dissolved Ag mass and kinetic current values at the
given potential (Eq. 6). The calculated MA values, along with other kinetic
parameters, are summarised in Table 8. The obtained MA values are comparable
to a previous part of this thesis and the literature (see also sub-section 6.3.2) [III]
[133]. For example, Ag-based catalysts, where silver was electrodeposited onto
four different carbon substrates, the MA values at 0.8 V were very similar (see
sub-section 6.3.2) [III]. In addition, the MA values at 0.85 V compared to MA
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values obtained in a study by Cai and co-workers, where the ORR was tested on
Ag catalysts prepared by rapid precipitation-reduction synthesis, were also close
[133].

Table 8. The ORR kinetic parameters for AgNW-modified GC and bulk Ag electrodes

in 0.1 M KOH.
Catalyst MA at0.8 V| MA at0.85 V| Ey,vs. RHE Tafel slope n
(Agh (Agh V) (mV)
35 nm AgNW 19.6 7.2 0.649 -100 4.2
90 nm AgNW 6.6 3.2 0.643 -100 4.1
120 nm AgNW 9.4 2.3 0.619 -101 4.1
Bulk Ag - - 0.637 -91 4.1

6.9.4 H,0; reduction studies on AgNWSs

It was of interest to test the AgNWs for hydrogen peroxide reduction reaction, as
Ag-based catalysts can be used in hydrogen peroxide detectors [114]. Hydrogen
peroxide is also a side product of the ORR; therefore, the hydrogen peroxide
reduction reaction studies play an essential role when investigating the electro-
chemical ORR behaviour on Ag-based catalysts. Figure 51 presents a comparison
of polarisation curves for hydrogen peroxide reduction obtained with the AgNW-
modified GC electrodes in Ar-saturated 0.1 M KOH solution containing 1 mM
HO, . The K-L equation (Eq. 4) was used, and the number of electrons transferred
per hydroperoxide anion was calculated to be close to 2. This confirms that if
during the ORR process some hydrogen peroxide forms, it is immediately
reduced further to OH . These results are in agreement with fundamental studies
by Adanuvor and White, where pre-reduced silver electrode undergoes 4e¢”
reduction and produces minimal hydrogen peroxide as an intermediate [171]. In a
strongly alkaline electrolyte (6.5 M NaOH), two-wave O, reduction polarisation
curves were observed for Ag electrodes, where the first reduction wave
corresponded to 4-electron reduction and the second wave to the 2e + 2e
reduction process [171]. From Figure 51 it is evident that all three catalysts are
electrocatalytically active for the hydrogen peroxide reduction.
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Figure 51. A comparison of polarisation curves for peroxide reduction on the GC
electrodes covered with AgNWs with three different diameters, @ = 1900 rpm. Test
solution: Ar-saturated 0.1 M KOH containing 1| mM HO,, v= 10 mV st

6.9.5 Stability of AgNW catalysts

The stability of the GC electrodes modified with AgNWs was tested using
continuous potential cycling (1000 cycles in the range from -0.3 to 1.0 V vs.
RHE). The ORR polarisation curves of 35, 90 and 120 nm AgNW catalysts
obtained after prolonged cycling in 0.1 M KOH solution are displayed in Figure
52a-c, respectively. The value of the current density in the diffusion-limited
region of the polarisation curve obtained after the test is slightly higher than that
obtained at the initial polarisation curve. This can be explained by the fact that a
small amount of hydrogen peroxide formed during the repetitive potential
cycling breaks down the organic impurities, i.e. PVP that was used to synthesise
and store the AgNWs [100, 169, 172], cleans the electrode surface and increases
the electrocatalytic activity of the electrode. The half-wave potentials decreased
only by 16 mV for 120 nm and 12 mV for 35 nm AgNW, with a slight increase
of 4 mV for 90 nm AgNW catalyst. The decrease in £, values could come
from the silver oxidation and minimal dissolution. For comparison, the stability
test of 2000 potential cycles was conducted with a commercial 20 wt% Pt/C
catalyst (E-TEK) and the E,, value for the Pt/C dropped by about 32 mV [173].
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Figure 52. RDE polarisation curves for oxygen reduction on (a) 35, (b) 90, and (c)
120 nm AgNW catalysts in O,-saturated 0.1 M KOH solution during the stability tests.
®=1900 rpm, v=10mV s .
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6.10 Carbon support influence on dissolution stability of
AgNPs

In the tenth part of the work, focus is on the dissolution part of the degradation
of Ag-based catalysts (see sub-sections 5.1.6 and 6.6) in the ORR and the OER
potential regions, and on how this dissolution affects the activity of the
materials [X]. For this, both SFC (on-line) and RDE (off-line) methods were
used while also employing ICP-MS. The Ag-based catalysts are prepared on
mesoporous carbon (MC) support [174] and on conventional Vulcan carbon
(VC). The Ag/MC catalyst showed higher stability at different electrochemical
conditions than Ag/VC.

6.10.1 CV studies of Ag/MC and Ag/VC catalysts

Figure 53 shows a comparison of the first cyclic voltammograms for Ag/MC
and Ag/VC obtained with the RDE tip using the same electrochemical Protocol
2 (see sub-section 5.1.10) that was used in the SFC-ICP-MS measurements. The
observed anodic peaks are labelled from A1l to A5, while the cathodic peaks are
named from CI1 to C3. On the one hand, the origin of the peaks Al and A2,
which correspond to the initial stages of silver oxidation, is not very clear. The
peak Al was ascribed to the dissolution of silver in the form of Ag(OH), and
the formation of a first monolayer of Ag,O. Different origins of peak A2 were
proposed: (i) the formation of Ag(OH), which in turn can dissolve in the form
of Ag(OH), or AgO ; (ii) the preferential oxidation of silver atoms with low
coordination number; or (iii) the real completion of the Ag,O monolayer.

In Figure 53a, the onset of anodic peak (Al) at 1.15 V vs. RHE represents
formation of Ag(OH), complexes for Ag/MC, and (A2) at 1.19 V vs. RHE
represents AgOH formation and the beginning of Ag oxidation, during which
Ag,0 film starts to form. Figure 53b shows that for Ag/VC the onset of anodic
peak starts at 1.14 V vs. RHE, and at 1.2 V vs. RHE AgOH formation begins
[102, 175]. A peak (A3) starting at 1.28 V vs. RHE, for Ag/MC, and at 1.27 V
vs. RHE, for Ag/VC, represents the Ag,O film growth via nucleation from
supersaturated solution by a solid-state transport through the inner layers of Ag
nanoparticles [102, 176, 177]. The peak (A4) at about 1.54 V vs. RHE, for
Ag/MC, and 1.63 V vs. RHE, for Ag/VC, can be attributed to more oxidized
Ag,0, and the peak (A5) at about 1.8 V vs. RHE, for both Ag catalysts corres-
ponds to Ag,O;, which is the highest silver oxide possible [102, 178-180].
Moving in the cathodic direction Ag oxides are reduced and dissolve in the
form of Ag(OH), /AgO™. Ag is already unstable at potentials higher than 1.2 V
vs. RHE where Ag,0 starts to form. Each consecutive cycle, getting closer to
1.8 V vs. RHE, increases the amount of Ag oxidised and Ag oxidation level,
and when Ag,O; forms, catalyst surface passivates and Ag dissolution rate
decreases. Moving back in the cathodic direction, reduction peaks of formed
oxides can be observed. Peak C1 corresponds to the reduction of the highest
oxides, i.e. AgyO, and Ag,0;. Peak C2 is related to the reduction of

91



Ag,0O/ AgOH and partial further reduction of previous higher Ag oxides [102].
At peak C3 slight oxygen reduction can be observed, since the CVs were
recorded in static conditions and therefore there can be some O, remaining near
the surface from the previous OER at peak A5 [63, 102, 181]. Correlations
between the anodic and cathodic peaks described here with the dissolution
processes will be established in the next section with the help of the on-line
electrochemical ICP-MS measurements.
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Figure 53. A comparison of the first CV of (a) Ag/VC and (b) Ag/MC for Protocol 2,
in which the potential was cycled between 0.3 and 1.8 V vs. RHE; scan rate: 2 mV s .
The dashed and dotted lines indicate the onset potentials for the most relevant anodic
and cathodic peaks, respectively (A2, A3, AS, C1 and C2).

6.10.2 Online SFC-ICP-MS studies on Ag/MC and Ag/VC

Figure 54 shows a comparison of the dissolution profiles of the Ag/MC and
Ag/VC catalysts obtained by the SFC-ICP-MS technique using Protocol 1 (see
sub-section 5.1.10) to see how Ag oxidation and reduction affect Ag dissolu-
tion. The data presented in Figure 54 is normalised by the initial mass of Ag.
Figure 54a represents the employed electrochemical protocol while Figure 54b
displays the dissolution profiles for Ag/MC and Ag/VC catalysts. The first
dissolution peak for both catalysts appears for the cycle with upper potential
limit (E,,.-) of 1.2 'V, which would correspond to peak A2 in Figure 53 and
therefore to the formation of Ag(OH), and AgO™ dissolved species. For cycles
with Eyper = 1.4 'V or higher a second cathodic dissolution peak can be
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observed, related to the reduction of the different Ag oxides, first to Ag,O and
for higher E,,. also Ag,0, and Ag,0Os. This points out that there is cathodic
dissolution happening together with the (reduction) reactions involving the
formation of Ag(OH), and AgO™. At the same time, the first anodic peak also
increases as Eypper 1 increased, suggesting that also anodic dissolution occurs
during the formation of the different Ag oxides. In only two double peaks,
anodic and cathodic dissolution, can be clearly distinguished, which would
comprise together all the anodic and cathodic processes, respectively. There-
fore, to resolve the different dissolution reactions, Protocol 2, with a lower scan
rate, was employed next. Second dissolution peak can be seen between 1.2 and
1.3 V (peak A2 in Figure 53), which corresponds to the AgOH formation. Third
peak corresponds to Ag,O formation and reduction (peak A3 in Figure 53).
Fourth peak at about 1.4 V shows the beginning of Ag,O, formation. Fifth
dissolution peak at about 1.6 V corresponds to fully formed Ag,0O, (peak A4 in
Figure 53). By the sixth dissolution peak at about 1.7 V Ag,0O; starts to form
which momentarily reduces Ag dissolution rate separating the dissolution peak
into the anodic and cathodic dissolution peaks. At the last peak at about 1.8 V
Ag,0; is fully formed, and the double peak (peak A5 in Figure 53) is even more
expressed.
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Figure 54. (a) Potential vs. time signal for Protocol I and (b) dissolution profiles ob-
tained with the SFC-ICP-MS technique for Ag/VC and Ag/MC catalyst materials.

Figure 55 shows the comparison of the dissolution profiles of the Ag/MC and
Ag/VC catalysts obtained using the SFC-ICP-MS technique and Protocol 2 (see
sub-section 5.1.10) to better resolve different dissolution processes e.g. anodic
(influenced by Ag oxidation) and cathodic (influenced by Ag oxides reduction)
dissolution. The data presented in Figure 54 is normalised to the initial mass of
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Ag. In the case of Protocol 2 (see sub-section 5.1.10), the dissolution rate of Ag
is already high during the first scanning cycle between 0.3 and 1.8 V vs. RHE
for both Ag catalysts. However, Ag/MC shows slightly higher stability with an
Ag dissolution rate of ca 1.02 ug Ag ' s as compared ca. 1.35 ug Ag ' s for
Ag/VC. In addition, the dissolution rate during both cycles with either Ag
catalyst stays the same. The onset of dissolution for both materials takes place
at ca. 1.11 V and it is related to peaks Al and A2 in the CVs (Figure 53),
corresponding to the processes, in which the dissolved species Ag(OH), and
AgO are formed. After this first shoulder, another dissolution peak starts at ca.
1.4 V, coinciding with peak A3 for the formation of Ag,O, during which still
some anodic dissolution is occurring. This second peak reaches its maximum at
ca. 1.65 V, corresponding to peak A4 for Ag,O, formation. This means that
once the Ag,O, layer is formed the surface becomes passivated, and therefore
the dissolution rate decreases while going to more positive potentials up to
1.8 V, where the highest oxide Ag,O; forms, which also contributes to the
passivation of the surface, although some dissolution occurs while it’s formed
as it can be seen by the apparition of a shoulder in the profile. During the
negative going direction, cathodic dissolution starts at ca. 1.4 V, corresponding
to the total reduction of the Ag,O5; and Ag,O, layers (peak C1 in the CV curve),
during which the release of AgO™ species can take place to some extent.

Finally, a further increase in the dissolution rate is observed at ca. 1.1V,
which coincides with peak C2, corresponding to the cathodic dissolution from
the reduction of the Ag,O layer. Cathodic dissolution is maximum at ca. 0.9 V,
corresponding to the end of the reduction peak C2, and from this value the
dissolution rate goes to zero, as the remaining surface Ag oxides are totally
reduced. All the onset potentials for anodic and cathodic dissolution are marked
with grey vertical lines in Figure 55. The discussion presented here is in
agreement with the work by Schalenbach and co-workers, although in the latter
case they only observed one anodic and one cathodic peak [181].
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Figure 55. Potential vs. time signal for Protocol 2 (top) and dissolution profiles
obtained with the SFC-ICP-MS technique for Ag/VC and Ag/MC catalysts (bottom).
The grey dashed and dotted lines denote the onset for the anodic and cathodic
dissolution peaks, respectively.

Figures 56a and 56b show the integrated Ag dissolved amounts corresponding
to the different upper potential limit for Protocol I and the corresponding cycle
for Protocol 2, respectively. When comparing Ag catalysts using Protocol 1,
Ag from Ag catalyst Ag/MC dissolved 2-3 times less than from Ag/VC. Figure
55a shows that after the calculation of the integrated amounts of dissolved silver
for each upper potential limit of Ag/VC catalyst, compared to Ag/MC, showed
higher dissolved amounts of Ag already at 1.2 V vs. RHE. From Figure 55b, it
can be clearly observed that after the calculation of the integrated amounts of
dissolved silver during both cycles Ag/VC catalyst showed higher dissolution of
Ag compared to Ag/MC.
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Figure 56. (a) Integrated amounts of dissolved silver vs. upper potential limit for Proto-
col 1 and (b) integrated amounts of dissolved silver vs. cycle number for Protocol 2

(right).

Figures 54, 55 and 56 show that the stability of both catalysts at 1.2 V vs. RHE
is already compromised, and potential usage in, for example, unitized re-
generative fuel cell (URFC) is questionable due to Ag catalyst’s instability
moving from the ORR potential region towards the OER potential region.
Besides the OER potential window, where Ag dissolves, it was also important
to investigate Ag stability in the ORR region of fuel cell mode by using RDE
accelerated stress tests.

6.10.3 RDE accelerated stress tests

Accelerated stress tests with the working potentials up to 1.0 V vs. RHE were
carried out with Ag/MC and Ag/VC catalysts to investigate the stability and
activity changes during the ORR. A second set of experiments using an upper
potential limit of 1.2 V vs. RHE was measured to test the Ag-based catalysts
stability under harsher conditions, since appreciable Ag dissolution can be
observed in Figure 54 at this potential. Incursions into OER potentials were
discarded since dissolution rates are remarkably high at potentials higher than
1.5 V vs. RHE, as can be discerned from Figures 54 and 55. Additionally, solu-
tion samples were taken during the ASTs in order to evaluate the dissolved Ag
amounts with the ICP-MS. Figures 57a and 57b represent the ORR curves
within a potential range between 0.3 V and 1.0 V vs. RHE, and Figures 57c and
57d between potentials 0.3 V and 1.2 V vs. RHE, before and after a complete
AST of 10,000 potential cycles in O,-saturated 0.05 M KOH solution using a
scan rate of 500 mV s '. Figures 57e and 57f depict the half-wave potentials
before the AST, after the AST up to 1.0 V vs. RHE, and after the AST up to
1.2 V vs. RHE. As shown in Figure 57, for Ag/MC the half-wave potential
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shifted only by about 11 mV while for Ag/VC the E,, value decreased by about
51 mV. When the upper potential limit was raised to 1.2 V vs. RHE the value of
E\j shifted negative only by 30 mV for Ag/MC and 60 mV for Ag/VC catalyst.
The negative half-wave potential shift for Ag/VC is almost double compared to
that of Ag/MC. Therefore, the ORR activity results also indicate that Ag/MC is
more stable than Ag/VC, and that Ag/MC resists better the more aggressive
conditions.

@o[Agve "] (@) o[AGVE ] (B)orafagive .
1Lk i 1k - ]
qg 2+ - Ng 2 - h
| fef : -'
=4l ]l =4 i -
5} - 5} - _|'.
a1 o 1 5 1 . 1 P TR B T . |
04 06 0.8 1.0 0.40.60.81.01.2 Initial 1.0 V1.2V
Evs.RHE/V Evs.RHE/V
T T T 1 LA B LN L B
(b)ofAgmc "7~ (dofagnic - F Ag/MC ]
Ak 4 Atk - ]
« 2 ] <2l ] ]
2| 1 52 . ]
L3t - g 3| - ]
=4l i =4l ] .
5l i 51 - [ ]
a1 o 1 . 1 . 1 P TR P B |
04 06 0.8 1.0 0.40.60.81.01.2 Initial 1.0 V1.2V
Evs.RHE/V Evs.RHE /V

Figure 57. ORR polarization curves for (a, ¢) Ag/VC and (b, d) Ag/MC in O,-saturated
0.05 M KOH before and after 10,000 potential cycles (500 mV s™') with upper potential
limit of 1.0 and 1.2 V vs. RHE, @ = 960 rpm, v =10 mV s '. Ey, values for (¢) Ag/VC
and (f) Ag/MC corresponding to the polarization curves before and after the AST up to
1.0 and 1.2 V vs. RHE.

6.10.4 RDE identical-location TEM (IL-TEM) measurements

The on-line and ex situ RDE dissolution measurements with ICP-MS showed
that the Ag/MC material is more stable than the Ag/VC. This phenomenon was
further investigated using RDE-IL-TEM measurements. These measurements
can provide more information about the surface morphology changes of the
electrocatalysts during the AST protocols for the ORR.
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A catalyst ink was drop casted onto the TEM grid and the grid was imaged
to find areas of interest (top row in Figure 58a-f). After that, the grid was placed
back into the RDE holder, and was subjected to the first 500 cycles of AST.
Then, the grid was removed from the holder and was remeasured with IL-TEM
to observe changes in the catalyst morphology (centre row in Figure 58). The
same procedure was repeated after subsequent 500 AST cycles (bottom row in
Figure 58).

50_nm

500 cycles

1000 cycles

*5

Figure 58. RDE-IL-TEM measurements for Ag/VC (a, b) and Ag/MC (c-f) for the
pristine sample (top), the sample after 500 cycles of AST (centre), and after 1000 cycles
of AST (bottom). Green circles: appearance of particles; yellow circles: diminution of
size of particles; blue circles: splitting of particles into smaller ones; red circles: dis-
appearance of particles.

For the Ag/VC material, some initial AgNPs continuously decreased in size
(yellow circles). The green circles show the appearance of new smaller nano-
particles, which represent some redeposited AgNPs which may originate from
the previously dissolved particles.

Regarding the Ag/MC material, the red circles highlight AgNPs disappea-
rance during the AST protocol. The regions where the initial AgNPs reduce
their size are shown in yellow circles and the new AgNPs appearance/growth in
green circles, which is analogous to the case of the Ag/VC catalyst. Either
Ostwald ripening or redeposition could be the reason to the initial AgNPs
growth from the adjacent particles dissolved (green arrows). In the blue circle, a
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region in which the splitting of the big nanoparticles into smaller ones occur in
parallel is shown. This phenomenon seems to be more pronounced at grain
boundaries (blue arrows). During the investigation of the Ag/MC material,
attention has been given to the borders of the initial and the new AgNPs since it
is difficult to extract clear conclusions from the regions inside the carbon
support because the focus planes might be different.

The RDE-IL-TEM results clearly show that some of the dissolved AgNPs
redeposit onto both carbon supports. The loss of activity for Ag/VC catalyst
could come from the notable Ostwald ripening, which causes, after losing a
high number of smaller particles, the remaining AgNPs to grow considerably
bigger in size, and consequent reduction of the electroactive surface area of the
catalyst after the AST. For the Ag/MC catalyst, the loss of AgNPs is lower due
to the lower degree of Ostwald ripening and the initially higher number of very
small AgNPs. Because of high redeposition, the dissolution of these small
particles would affect the Ag/MC electrocatalytic activity less. It can be
observed that despite the smaller size of the AgNPs for Ag/MC, a high number
of very small AgNPs remain almost the same, probably due to the stabilization
effect of the nitrogen sites to the small Ag atomic clusters. In a recent work by
Shi and co-workers 1.7 nm Ag nanoclusters with adatoms were synthesised as
highly active catalysts for the ORR and they found that after 22 hours of
accelerated durability test some of the Ag nanoclusters had slightly grown and
that the XPS results showed no Ag oxidation after the test [182].
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7. SUMMARY

This PhD thesis evaluated Ag-based catalyst electrocatalytic activity towards
the oxygen reduction reaction in an alkaline environment. For this purpose,
nanostructured materials were synthesised and studied primarily as cathode
catalyst materials for a low-temperature fuel cell. The main goal was to study
the effect of the Ag nanoparticle synthesis method and a catalyst substrate on
the ORR kinetic parameters, for example, mass and specific activities. In
addition to electrochemical methods, different physical methods: TEM, SEM,
XRD, XPS, and others, were applied to study the catalyst materials. Ag-based
catalysts were prepared onto different carbon substrates using various electro-
chemical, chemical, and physical deposition methods.

In the first three parts of the thesis, Ag particles were prepared using the
electrochemical deposition method, whereby in parts one and two Ag particles
were prepared using the same electrochemical procedure. More specifically, Ag
particles were deposited onto clean, glassy carbon electrodes, and Ag deposition
times were varied. Ag was deposited in the former from an aqueous solution [I],
and in the latter, from a non-aqueous acetonitrile solution [II]. Moreover, in part
one, smaller up to 50 nm particles with some large agglomerates were obtained.
In part two, Ag particles were somewhat bigger than 90 nm, and no agglo-
merates were observed. These results indicate that mass and specific activities
did not depend on deposition times. In part three, Ag particles were electro-
deposited onto four nanocarbon supports using two different deposition proce-
dures. Independent of the deposition procedure, Ag nanoparticles prepared onto
nitrogen-doped graphene oxide showed the highest mass activities. The higher
activity might come from the interaction between Ag nanoparticles and nitrogen
species on the carbon substrate [I11].

In parts four, five, and six, Ag nanoparticles were deposited onto different
high-surface area nanocarbon substrates using various chemical deposition
methods. In part four, Ag catalysts were prepared onto two carbide-derived
carbon substrates with a higher specific surface area than conventional Vulcan
XC-72R carbon. Catalysts prepared onto carbide-derived carbons showed many
times higher mass activities compared to the catalyst prepared onto the con-
ventional carbon support [IV]. In part five, Ag nanoparticles were deposited
onto nitrogen-doped graphene oxide using three different deposition protocols.
During the synthesis of the catalysts, the employed reducing agent strongly
affected the Ag nanoparticle size and distribution, changing the ORR activities
of the Ag catalysts. The electrocatalytic activity of the catalysts also depended
on the interaction between the nitrogen species on the carbon support and Ag
nanoparticles [V]. In part six, Ag catalysts were prepared onto two commer-
cially available nitrogen-containing mesoporous carbon supports (Pajarito
Powder, LLC) using two different deposition procedures. The reducing agents
in both cases yielded Ag nanoparticles with similar Ag crystallite sizes between
19 and 28 nm. The obtained mass activities depended mainly on the employed
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carbon support and were considerably higher on the mesoporous carbon than
conventional Vulcan carbon. Best catalyst materials were tested in an anion
exchange membrane fuel cell, where a maximum power density of 310 mW cm™
was obtained which was only somewhat lower than that of commercial Pt/C
(347 mW cm™) [VI].

In parts seven and eight, Ag catalysts were prepared using physical deposi-
tion methods. In the former, Ag was deposited onto two differently synthesised
MnO, MWCNT substrates using the magnetron sputtering method, whereby
the main variables of this kind of nanocomposite are the type of synthesised
manganese oxides and their binding to the surface of the carbon support and Ag
[VII]. In the latter, thin Ag films were prepared using the electron beam eva-
poration method, where the nominal thickness of the Ag film was varied. The
effect of the Ag film's thickness on the electrocatalytic properties of the ORR
was studied. The results indicate that, approximately 1 nm Ag layers already
showed high electrocatalytic activity [VIII].

In part nine, commercially available silver nanowires were tested. Nanowires
possess one measure that is in nanoscale, which makes the studies of their
electrocatalytic properties important. The diameters of the studied Ag nano-
wires were 35, 90, and 120 nm. Ag nanowires with the smallest diameter
showed the highest electrocatalytic activity [IX]. In part ten, Ag dissolution
effects on the Ag-based catalysts' stability were studied. According to the
results, nitrogen-containing mesoporous carbons are more suitable as catalyst
supports than conventional Vulcan carbon because the amount of dissolved Ag
was smaller when Ag was deposited onto the mesoporous carbon [X].

In conclusion, the ORR on silver-based catalysts follow an overall four-
electron pathway, producing only water and essentially no intermediate
hydrogen peroxide. Based on the obtained Tafel slope values, it is reasonable to
argue that the ORR rate-determining step is the sluggish transfer of the first
electron to the oxygen molecule. Consequently, Ag-based nanostructured
catalyst materials can be considered suitable as cathode catalysts for low-
temperature anion exchange membrane fuel cells.
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9. SUMMARY IN ESTONIAN

Hapniku elektrokeemiline redutseerumine hébedal
pohinevatel kataliisaatoritel

Doktorit66s hinnati hobedal pohinevate kataliisaatorite elektrokataliiiitilist ak-
tiivsust hapniku redutseerumisel aluselises keskkonnas. Sel eesmérgil valmistati
ja uuriti nanostruktuurseid materjale, mis voiksid leida rakendust madalatempe-
ratuurse kiituseelemendi katoodmaterjalina. Pohifookuses oli Ag nanoosakeste
stinteesimeetodite ja kataliisaatorikandja mdju uurimine O, redutseerumise
kineetilistele parameetritele, nagu niiteks massaktiivsus ja eriaktiivsus. Hobedal
pohinevad kataliisaatorid valmistati erinevatele siisinikkandjatele, kasutades
elektrokeemilisi, keemilisi ja fiilisikalisi sadestusmeetodeid. Valmistatud mater-
jale uuriti peale elektrokeemiliste meetodite ka fiiiisikaliste meetoditega, nagu
nditeks SEM, TEM, XRD ja XPS.

Doktoritod kolmes esimeses osas rakendati Ag-osakeste valmistamiseks
elektrosadestamise meetodit. Nendest kahes kasutati samu elektrokeemilisi
protseduure, kus Ag-osakesed sadestati puhtale klaassiisinikalusele, kusjuures
esimeses osas sadestati osakesed vesikeskkonnast [I] ja teises osas mittevesi-
keskkonnast (atsetonitriilist) [I1]. Molemas nimetatud osas varieeriti sadestamis-
aegu. Esimeses osas saadi suur kogus véiksemaid, kuni 50 nm hdbedaosakesi ja
moningaid suuri aglomeraate. Teises osas olid osakesed iildiselt monevdrra
suuremad, kuni 90 nm, kuid suuri aglomeraate ei tdheldatud. Mdlemal puhul
selgus, et kataliisaatorite eriaktiivsus ja massaktiivsus ei soltu sadestamise ajast.
Kolmandas osas elektrosadestati Ag-osakesed neljale suurepinnalisele siisinik-
kandjale ja selleks kasutati kahte erinevat sadestamise protseduuri. Sadestus-
protseduurist séltumata selgus, et suurim massaktiivsus oli Ag nanoosakestel,
mis olid sadestatud ldmmastikuga dopeeritud grafeenoksiidile. Suurem elektro-
kataliiiitiline aktiivsus vOis tuleneda Ag-osakeste ja siisinikkandjal olevate
lammastikurithmade koostoimest [III].

Neljandas, viiendas ja kuuendas osas valmistati Ag nanoosakesed erinevatele
suurepinnalistele siisinikkandjatele, kasutades keemilisi sadestusmeetodeid.
Neljandas osas valmistati Ag-kataliisaatorid kahele suure eripinnaga karbiidset
péritolu siisinikule ja vordluseks ka suurepinnalisele Vulcan XC-72R siisinik-
kandjale. Karbiidset péritolu siisinikule valmistatud kataliisaatorid néitasid kor-
dades korgemat massaktiivsust kui Vulcan XC-72R siisinikkandjale valmistatud
kataliisaatorid [IV]. Viiendas osas sadestati Ag nanoosakesed limmastikuga
dopeeritud grafeenoksiidile, kasutades kolme erinevat siinteesieeskirja. Siin-
teesil kasutatud redutseerija mojutas tugevalt Ag nanoosakeste suurust ja jao-
tust, mis omakorda muutis O, redutseerumise aktiivsust. Kataliisaatorite elektro-
kataliiiitilise aktiivsuse puhul méngis suurt rolli ka Ag nanoosakeste ja grafeen-
oksiidil olevate lammastikurithmade vaheline interaktsioon [V]. Kuuendas osas
valmistati Ag nanoosakesed kahele kommertsiaalsele mesopoorsele ldmmas-
tikku sisaldavale siisinikkandjale (Pajarito Powder, LLC), kasutades kahte eri-
nevat sadestamisprotseduuri. Molemal sadestamisprotseduuril kasutatud redut-
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seerija puhul jii Ag nanoosakeste kristalliidi suurus sarnasesse vahemikku, olles
19 kuni 28 nm. Kataliisaatorite massaktiivsus sdltus suurel mééral siisinikkand-
jast ning mesopoorsetel materjalidel olid need kordades suuremad kui vord-
luseks kasutatud tavapirasel siisinikkandjal. Parimaid kataliisaatormaterjale tes-
titi ka anioonvahetusmembraaniga kiituseelemendis, kus saavutati maksimaalne
voimsustihedus 310 mW cm ™, mis jdi ainult mdnevdrra alla vordluseks kasu-
tatud kommertsiaalsele Pt/C kataliisaatorile (347 mW cmfz) [VI].

Seitsmendas ja kaheksandas osas valmistati Ag-kataliisaatorid fiiiisikalis-
tel meetoditel. Seitsmendas osas kanti hobe kahele eri viisil siinteesitud
MnO, MWCNT kandjale, milleks kasutati magnetrontolmustamise meetodit.
Selliste nanokomposiitide puhul on olulisteks muutujateks siinteesitud mangaan-
oksiidi vorm ning selle seondumine siisinikkandja ja hobedaga [VII]. Kahek-
sandas osas valmistati dhukesed Ag kiled elektronkiirtega aurustamise meetodil,
kus varieeriti Ag kilede nominaalseid paksusi. Tehti kindlaks, kuidas mojutab
saadud kilede paksus hapniku redutseerumise elektrokataliiiitilisi omadusi.
Selgus, et juba 1 nm paksune kiht nditab suurt elektrokataliiiitilist aktiivsust
[VII].

Uheksandas osas uuriti kommertsiaalset piritolu hdbenanotraate diameetriga
35, 90 ja 120 nm. Vdhima paksusega Ag nanotraadid néitasid hapniku redut-
seerumisel parimat elektrokataliiiitilist aktiivsust [1X].

Kiimnendas osas uuriti pdhjalikult Ag elektrokeemilise lahustumise moju
Ag-pohiste kataliisaatorite stabiilsusele. Selgus, et mesopoorsed lammastikuga
dopeeritud siisinikmaterjalid olid Ag-katallisaatorite valmistamiseks tavapéira-
sest siisinikkandjast parem valik, kuna mesopoorselt siisinikkandjalt lahustunud
hobeda kogus oli viiksem [X].

Kokkuvotteks voib delda, et hapniku redutseerumine hdbedal pShinevatel
kataliisaatoritel toimus peamiselt 4-elektronilist reaktsiooniteed pidi ehk saa-
duseks oli ainult vesi, viltides seega vahesaaduse vesinikperoksiidi teket. Tafeli
tousu véartused nditasid, et hapniku redutseerumisreaktsiooni kiirust limiteerib
esimese elektroni aeglane iilekanne hapniku molekulile. Seetdttu sobivad Ag-
pohised nanostruktuursed kataliisaatormaterjalid madalatemperatuurse kiituse-
elemendi katoodmaterjaliks.
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