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Chapter 1: Fundamentals

Chapter 1: Fundamentals

1.1  Metal-air batteries
A metal-air battery is a type of electrochemical battery that consists of a metal anode, an
air cathode and an aqueous/nonaqueous electrolyte and uses the electron transfer during

the oxidation of a metal with oxygen from atmosphere to produce the electricity.

Since the first description of a Zn-air battery by Vergnes in 1860 [1], metal-air battery
has attracted people’s attention. In recent years, many other metal-air batteries, such as
lithium, sodium, magnesium, and aluminium air batteries have been studied because
they have many advantages such as abundant raw materials, safety, environmental
friendliness and high theoretical specific energy values ranging from 1000 to 11000
Wh/kg, etc. They are expected to yield electrically rechargeable metal-air batteries for
practical application in transportations, communications and other applications
requiring high energy capacity and long life of battery discharge, but there are still
many challenges to achieve this goal. In order to solve the problems in rechargeable
metal air batteries and put them into practical application, the research on the
mechanism of oxidation and reduction reactions in these batteries is an essential step. In
metal-air batteries, during the discharge, oxygen separated from atmosphere enters the
cell from the porous cathode and dissolves in the electrolyte, and then reacts with the
metal ions in the electrolyte after electrons transfer from the electrode to form a metal-
oxide or metal hydroxide discharge product. In aqueous electrolytes, the discharge
products can be dissolved in the electrolyte. But in nonaqueous electrolytes, most of
discharge products can not be dissolved in the electrolyte so that they precipitate on the
electrode or somewhere else to form a solid phase and grow in size during the discharge
process. During the charge process, the discharge products decompose into oxygen and
metal ions while losing of electrons. In practice, the performance of these batteries is
not as good as people expected because there are still some limitations and shortages,
for example, some uncontrollable and irreversible reactions [2], high overpotential in
charge and discharge [3], severe ohmic loss [4] and instability of the electrolyte and
cathode in charge and discharge cycles [5-7]. So, in order to get a better charge-
discharge performance of these batteries, a lot more research on these issues has to be

launched.
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1.2 Air cathode reactions

Cathode reactions play a very important role in metal air batteries and they largely
determines the type of battery such as fuel cell or secondary/rechargeable battery. When
the reactions at cathode are reversible, the battery could be rechargeable; otherwise, it is
just like fuel cell and can not be recharged again. In metal-air batteries, if the cathode
reaction active substance from air is only oxygen (100% O3), they are also so-called
metal-oxygen batteries. Oxygen reduction and evolution reactions are expected to be
reversible reactions, which can support charge and discharge in the ideal

secondary/rechargeable metal-air batteries.

1.2.1 Oxygen reduction reaction (ORR)

Oxygen reduction reactions are series of complex electrochemical reactions, which are
considered to involve one-step or multi-step electron-transfer processes and complicated
conversion processes of oxygen species to 027, O,% and O%. Most studies of ORR in
aqueous electrolytes are focused on the selection of the cathode material [8-12] (such as
Pt, Au, Ag, C, etc) and the catalysts [13-19] (such as metal, metal oxide, bimetallic and

multimetallic compound, etc.), which dictate the mechanisms/pathways of ORR.

In aqueous electrolytes, ORR occurs through two pathways: the direct pathway, via 4-
electron reduction from O to H20, and an indirect pathway, via 2-electron reduction
from O to hydrogen peroxide (H20) and then to H20 [20, 21].

In alkaline electrolytes, the ORR can be briefly given as:

Alkaline media: O, +2H,0+4e” - 40H ----oevvenee (4e” process) direct pathway

O0,+H,0+2" ->HO, +OH ----- (2e” process)

indirect pathway
H,0+HO, +2¢" ->30H ----evveeee (2e” process)

In acid electrolytes, the ORR can be briefly given as:

Acid media: O,+4H" +4e” 5 2H,0----vevvvnvene (4e” process) direct pathway

0, +2H" +28" —>H,0, -errereereene (2e~ process)

indirect pathway
H,0, +2H" +2e” ->2H,0--------oee (2e” process)

Studies reveal that the direct 4-electron transfer pathway is more efficient than 2-
electron transfer pathway. The general schematic of ORR pathways were represented by

Wroblowa et al. [22] as shown in Fig. 1.1.
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ki(+4e)
diff. | ko(+2€) ka(+2€)
O2(sol)—> O2ads )5 zay H202(ads)—>H:20
A |
ks ke || ks
H202 sol)

Fig. 1.1 General schematic of ORR pathways in acidic electrolytes

Where, ki is the rate constant of i-th reaction (i=1, 2, 3, 4, 5 and 6). However, HO>
instead of H>O, and OH" instead of H>O are produced in alkaline electrolytes during
ORR. As described by Singh [23], the ORR is dominated by the direct 4-electron
transfer pathway at the high overpotential, where the ratio of ki/k> is constant and ki>ko;
the 2-electron transfer pathway to produce peroxide most commonly appears at the
intermediate overpotential, where the ratio of ki/k> decreases; the ratio of ki/k> becomes
lower than 1 and ks increases at low overpotential, leading to a further reduction of
H202/HO>" to H.O/OH", respectively.

Theoretical studies show that the oxygen adsorption configurations and the interactions
of adsorbed oxygen molecule at the electrode surface also dictates the ORR pathways
[24-26] and final products. In the field of electrocatalysis of oxygen reduction at the
electrode surface, according to the molecular orbital theory, the oxygen-oxygen bond is
weakened by overlapping of w-electron orbital of oxygen and the unoccupied orbital of
catalytic active sites, which could stretch the O-O bond to achieve activation effect and
make further dissociation of O-O easy during the oxygen reduction reaction. Meantime,
the occupied orbital of catalytic active sites gives feedback to the n* orbital of oxygen
leading to oxygen being adsorbed at the catalytic active sites. Three manners of
adsorption models for oxygen reduction on the catalytic active site were proposed by
Yeager and others [27, 28], including the Pauling model (end-on), the Griffiths model
(side-on), and Yeager model (bridge) as shown in Fig. 1.2.
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QP ?-Q
M M M

(b) (c)
Fig. 1.2 Oxygen adsorption models: (a) the Pauling model, (b) the Griffiths model, (c)

the Yeager model.

For the end-on adsorption model, only one oxygen atom in each of oxygen molecules is
adsorbed on the surface so that the O-O bond can not be stretched effectively, resulting
in that ORR via two-electron pathway to form peroxide is favored and terminated. In
contrast, for both side-on and bridge adsorption model, the parallel adsorption of two O
atoms will lead to weaken and further break the O-O bond. Therefore, ORR via a direct
four-electron pathway without peroxide formation is favored. However, the 2x2
electron pathway could be attributed to the further reaction of peroxide via either two-

electron reduction or chemical disproportionation process.

As well known, since ORR via 2-electron transfer pathway will produce the peroxide
species, which are considered to be corrosive and lead to the denaturation of catalyst,
resulting in a premature degradation phenomenon of cell system, 2-electron transfer
pathway is unfavorable [29-32]. Nevertheless, ORR via the direct 4-electron transfer
pathway is desirable because it generates high energy efficiency without premature
degradation phenomenon. Now, it has been generally recognized through extensive
research that the direct 4-electron ORR reduction prefers to occur on noble metals
whereas the 2-electron ORR reduction appears primarily on carbonaceous materials [13,
33-35]. For transition metal-oxides and metal macrocycles the ORR pathways are
various and dependent on their structure, composition and experiment conditions [33,
36, 37]. Moreover, Pt and its alloys are still considered to be the best catalysts for ORR
until now [38-40].

However, in nonaqueous electrolytes most studies of ORR are focused on the selection
a suitable solvent [2, 41-45], electrode [46-48], catalyst [49-54], cation [55-58] and

anion [59, 60] for achieving high stability of electrolyte/electrode and reversibility of
4



Chapter 1: Fundamentals

ORR and OER, and their effects on the mechanisms/pathways of ORR.

In non-aqueous electrolytes, it is a widely accepted notion that oxygen was reduced to
peroxide through two pathways: the direct pathway, via 2-electron reduction from O to
peroxide (O2%) electrochemically, and an indirect pathway, via 1-electron reduction
from O to superoxide (O2") electrochemically and then undergoing an induced chemical
disproportionation process or a second electron transfer reaction to form O,% afterwards
[2, 46, 61].

In non-aqueous electrolytes, the ORR can be briefly given as:

Nonaqueous media: O, +2e~ —> 0} «---evee (2e” process) direct pathway
O, +e" >0, «oveveenees (le” process)
— 2— -
20, >0, +0, ---evene (chemically) indirect pathway
or
O, +€ =07 oo (le~ process)

The general schematic of ORR pathways in non-aqueous electrolytes were represented
by combining the ORR paths suggested by Bruce [62], Kwabi [63] and Reinsberg [64]
as shown in Fig. 1.3.

+2¢e

diff. | +€ _ - _
02(so|.)'—’02(ads.)<T" :02"(ads) ——> 02 (ads)

disp.

] disp. ]
-027(s0l) ——>02% (s01)

Fig. 1.3 General schematic of ORR pathways in non-aqueous electrolytes

At low overpotential, the ORR pathway via superoxide (O2") formation is predominant
because the large amounts of superoxide existing in electrolyte were detected, indicating
that the indirect pathway is favored in this case. Moreover, the disproportionation
pathway is also dominated because the driving force for electron transfer is small at low
overpotential. However, at the high overpotential, probably because the Oz species are
reduced rapidly or ORR occurs via the direct 2-electron pathway to form 02> species,
only trace amounts of superoxide were detected [62, 63]. The direct 2-electron pathway
to form O2% species in Li* containing electrolyte has been suggested in the literature

[46, 63, 65]. Probably, it also provides direct evidence for the different ORR pathways

5
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(direct and indirect) that in Li* containing electrolyte the different morphology of Li2O»,

particle like and toroidal-like were observed at high and low overpotential, respectively.

Actually, the ORR process is very complicated in non-aqueous electrolytes, as
mentioned before, the complex dependencies of ORR mechanisms/pathways on some
factors such as solvent, electrode material, cation, anion, etc. are widely exist in the
ORR process. A number of studies have found that the solvents with high donor
number, strongly coordinating anions, or protic additives (such as water, methanol and
perchloric acid) can solvate and stabilize the superoxide species, facilitating Li2O>
formation via disproportionation pathway rather than 2-electron direct pathway in Li*
containing electrolyte. Moreover, it was also found that the cation with larger charge
density may support a more effective coordination to the adsorbed superoxide so that it
promotes the second electron transfer pathway at low overpotential [46]. Although
people have done a lot of effort, there are still many arguments and the ORR
mechanisms remain poorly understood [66]. In addition, many problems such as
irreversible or quasi-reversible ORR/OER, the produced poor conductivity and
solubility of Li2O. and poor tolerance of solvent against the attack of superoxide species
and also probably peroxide species, arised during ORR [5]. Therefore, the situation
becomes more complicated and extensive efforts have to be reinforced in this area.

1.2.2 Oxygen evolution reaction (OER)

The oxygen evolution reaction (OER) is a reverse reaction of ORR that is essential
energy conversion reaction during the charging process of the rechargeable metal-air
batteries. Because it is also a thermodynamically unfavorable and sluggish Kinetic
reaction during the charging process, which needs high energy to drive [67], how to
achieve a high efficiency OER becomes a very thorny problem in the development of
rechargeable metal-air batteries.

In aqueous electrolytes, OER is the reaction of generating molecular oxygen through
oxidation of either H>O or OH" by the pathway of 4-electron transfer in acid or alkaline
electrolyte, respectively. However, the OER mechanism is largely dependent on the
property of the catalyst. The total equations [68] and one of the mechanisms are
depicted in Fig. 1.4.
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Acid media : 2H,0 >0, +4H" +4e”

H H
2 \O e 2H"+2e 2H™+2e 0,

OH OH

0O 0
— = =

Alkaline media: 40H™ -0, +2H,0 +4e"
20H- +2e 2H,0 +2e 0,
‘HO—HO OH<«OH- o O 0o o
- e
Fig. 1.4 The schematic representations of the mechanisms of OER on metal surface in

acid media (up) and alkaline media (down).

The Sabatier principle describes the understanding of the fundamental limitations for
heterogeneous OER activity of catalysts and it is generally accepted [68]. For OER,
most active sites on the electrode surface are considered to be surface metal cations (M),
which the polarized oxygen prefers to adsorb on, and the reaction proceeds via a series
of intermediates (such as M-OH, M-O, M-O"), all these species bound only by the M-O
bond. The electrocatalytic activities of catalysts for OER were evaluated by the
“volcano” plot of the M-O bond strength against OER activity [69], suggesting that the
catalysts with optimal M-O bond strength occupying the top of the “volcano” possess
higher catalytic activity for OER, whereas the catalysts with too strong or too weak M-
O bond are less active for OER. It provides a basic idea as to how to select out the
optimized and robust catalysts, which is one of the important challenges to improve the

activity and efficiency of OER.

Over the past decades, a considerable amount of catalysts based on metal (such as Co,
Ni, Fe, Mn, etc. and their alloys), metal/transition metal oxide (including Rutile-,
Spinel-, Perovskite- and other- types) and metal free catalysts (such as carbon material
with nanostructures, doped carbon materials, etc.) have been widely investigated. It has
been found that metal oxides can increase the number of the decomposition sites of
peroxide [70], but their electrical conductivities are poor. It is generally known that
Iridium and Ruthenium oxide-based (IrO2 and RuO:) possess the highest catalytic
activity for OER in acid media [71] and the bimetal catalysts such as Ni-Fe and Co-Fe
exhibit the highest activity for (oxy)hydroxide OER in alkaline media [68]. However,

7
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the Kkinetics and thermodynamics of OER are dependent not only on the material and
composition but also on the electrode surface structure, morphology and effect etc.
Namely, the performance of OER is very complicated and it is seriously limited by
these several extrinsic factors. Consequently, to achieve the targeted efficiency and
comprehend complexity of OER is still key challenge in the development of
rechargeable metal-air batteries. In this field, our interest is to develop better cathode
materials, which could address the sluggish kinetics of oxygen reactions and improve
the efficiency of OER.

In nonaqueous electrolytes, oxygen evolution is one of the most difficult issues in the
study field of rechargeable metal-air batteries because it requires overcoming a higher
energetic barrier than that of ORR, resulting in more sluggish kinetics (larger
overpotential) and subsequently poor reversibility of ORR and OER (discharge and
charge cycles). In addition, the OER process is very complicate process in nonaqueous
electrolytes. The ambiguities in the reaction mechanisms, the discharge products and
their structure and the effect factors on this process still exist, and its controllability is
still poor. Therefore, understanding the mechanisms of OER and improving the OER

efficiency are most tough tasks in the current study.

So far, OER has been widely investigated and achieved only in Li-air battery system.
Based on recent research progress, it is generally believed that the oxygen evolution on
the electrode surface is via a direct 2-electrons oxidation of Li>O».

Li,O, »>2Li* +0, +2e~ (07 -0, +2¢")

Recent surface-enhanced Raman spectroscopy (SERS) study suggested that Li>O»
decomposed directly to evolve O, during OER [72]. However, Lu [73] found that
oxygen is evolved chemically from Li2.xO2, which was formed by the delithiation of the
Li»O; at lower potential (< 400 mV), whereas the bulk Li>O, oxidation takes place at
higher potentials(400-1200 mV) by the galvanostatic intermittent titration technique
(GITT) and potentiostatic intermittent titration technique (PITT) and Black [74] also
suggested that OER is probably through a two-step oxidation.

Li,O, — LiO, +Li* +e~ (or O -0, +e7)

2Li0, — Li,0, + 0, (or 20, -0 +0,)

or LIO, »>Li"+0,+e” (or O, >0, +e")
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The overall OER process is via 2e/0», the same as the direct oxidation of Li>O»>.
Although some disagreements on the OER mechanism arose, they could give us the
inspiration to understand the fundamental knowledge and address the sluggish kinetics
and poor efficiency of OER.

An effective method in improving the kinetics and efficiency of OER is catalysis by an
efficient catalyst. Currently, various catalysts including metal oxide (MnO2, C03Og,
RuO, etc.), noble metals (Pt, Au, Ru, Pd), and their alloys (PtNi, PtCo, PtAu, etc.) have
been employed for catalysis OER [75]. However, the OER in nonaqueous electrolytes is
not obviously promoted and even not fully clarified until now. Furthermore, researches
have shown that other side reactions may occur simultaneously during OER and make

the OER process more complicate in practice.

1.3 Fundamentals of electrochemical reactions at model surface

In the electrochemical cell an overall electrochemical reaction is separated into two half
reactions occurring at the separated two electrodes. Each of the half reactions that
convert oxidant (Ox) to reductant (Red) and vice versa can be described as follow:
Ox+ne” <> Red

These reactions are typical electrolysis reactions, which occur at the electrode surface
via the transfer of electrons between an electrode and a reactant species at the interface,
so the whole process typically involves a series of steps consisting of the reactant
reaching at the electrode surface, the heterogeneous electron transfer from the electrode
to the reactant species and the product leaving the electrode surface. The schematic

representation of this process is shown in Fig. 1.5.

Oxidant (Ox) Reductant (Red)

transport of
oxidant and reductant
Ox + ne — Red
e e e I—electrode

Fig. 1.5 The schematic representation of the electrode surface reaction process

The reaction rate is dominated by the slowest step, mass transport of reactant and
product or electron transfer. Specifically, if the electron transfer is too slow to make all

of the reactants adsorbed on the electrode surface being converted into products, the rate
9
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of this reaction will be controlled by the rate of the electron transfer. Conversely, if the
electron transfer is very fast so that all of the reactants in the vicinity of or adsorbed on
the electrode surface can be converted into products immediately, this reaction rate will
be controlled by the mass transportation rate. In this case, the limiting current can be

estimated by the movement rate of reactants in bulk solution.

1.3.1 Mass transport in electrochemical cell
Three forms of mass transport, including diffusion, convection and migration are

existing in an electrochemical process.

Diffusion occurs in all solutions and describes a phenomenon of a random movement of
the species (such as molecules, ions, reagents, etc.) from a region of high concentration
to one of lower concentration (or from high to lower chemical potential) driven by the
entropic force. In an electrochemical measurement, diffusion is a significant transport
phenomenon because the reaction only takes place at the electrode surface resulting in a
lower concentration of reactant existing close to electrode than in bulk solution and the
other way around for product. The diffusion rate of chemical species is not only
dependent on the difference of their concentration between two positions in solution, so
called the concentration gradient, but also on the diffusion coefficient (D), a
characteristic value for a specific chemical species in a specific solution under a certain
pressure and temperature. This movement of chemical species in solution by diffusion
was studied in detail and the rate of movement was predicted mathematically by Fick
[76], who proposed two laws to quantify this process. The first law was described by the

following equation:

oC
=05

Where, Jo is the diffusion flux, 0Co/Ox is the concentration gradient and Dq is the
diffusion coefficient. The negative sign implies that chemical species move down the
concentration gradient (i.e. from regions of high to low concentration).

The second law describes that the rate of change of the concentration (Co) as a function
of time (t) could be related to the change in the concentration gradient as following:

o _p, 0°C,
ot ox?

So the steeper concentration gradient signifies the faster rate of diffusion. For most of

10



Chapter 1: Fundamentals

electrochemical reactions, diffusion is considered as the most significant transport
process in practice and Fick’s second law became an important since it can predict the

change of the concentration of the species as a function of time in the solution.

Convection is the movement of the species in solution caused by the force action. It
contains two forms, natural convection and forced convection. The natural convection is
caused by density differences or small thermal differences or vibrations etc. of the
surroundings and exists in any solution. It can be not predicted because the solution
species move randomly under this condition. The forced convection is generated by
mechanical stirring or other ways. In electrochemical measurements, the forced
convection is intentionally introduced in a well-defined and quantitative manner (such
as rotating disk and wall jet electrodes, flow cell and flow through cell) to eliminate the
effects from the random aspect generated by the natural convection because it is
typically several orders of magnitude greater than any natural convection [77]. In
practice, by introducing the forced convection, the property and form of mass transport
and reaction kinetics can be approximately defined and the current flowing under forced

convection condition can be predicted.

Migration is the movement of charged species in an electric field. The migration flux is
related to the property of the species (such as the charge, concentration and diffusion
coefficient) and the magnitude of the electric filed gradient. In an electrochemical
measurement, the electrostatic effect is generated by an applied voltage between two
electrodes. The migration rate can be calculated accurately in principle, but in practice
the calculation becomes difficult because it depends on the properties of the ion and
solvent and interactions between diffusion layers in practical solutions. In order to
remove the migration effects, supporting electrolyte (strong electrolyte) which does not
take part in the reaction but can help the reactants suffering from migratory effects is

widely used in the electrochemical measurement in solutions.

In practice, the mass transport in the electrochemical cells is very complicated and of all
these forms of mass transport coexist. The Nernst-Plank equation [78] described the
contributions from these three coexisting forms of mass transport including diffusion
(concentration gradient), migration (electric field) and convection (hydrodynamic

velocity), so it has been widely used to describe the total mass transport of species
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accurately in one dimension as follows:

oC zF o9
_ (x.t) (x.t)
oy = { D “ox } - Hﬁj DC(x,t):|(—aX ] + C(x,t)vx(x,t)

Where J represents the flux (mol cm s?), D is the diffusion coefficient of the species
(cm? s1), C is the concentration of the species (mol cm?), ¢ is the electric potential, vx
is the hydrodynamic velocity, and F, R and T have the usual meaning. It shows that the
flux of the species flowing towards the electrode is proportional to either of the
concentration gradient, electric potential, or hydrodynamic velocity, all these related to
the distance and time.

For an electrochemical reaction, if the reaction rate is determined by the rate of mass
transport, the reaction can be classified as a mass-transfer controlled reaction. If the
diffusion is considered as the only form of mass transport after eliminating the
contributions of other factors (such as electrostatic potential, hydrodynamic velocity,
temperature, etc.) to the total flux of mass transport, the reaction can be classified as a
diffusion controlled reaction. The measured current during the reaction could be
estimated by the flux of the electroactive species. As is shown in the

equationi, = nFAD(aCi /ax) | x=0 (where, A is the electrode surface area (cm?) and

the meanings of other symbols have been shown before), the current is related to the

flux of the electroactive species.

1.3.2 Electrode/electrolyte interface

In electrochemistry, the electrode/electrolyte interface is the interface or transition
region between electronic conductor and ionic conductor. Specifically, it is the interface
between electrode and electrolyte when they are in contact with each other. This
interface region is the place where the electrode reaction takes place, because when the
electron flowing through this interface will lead to the occurrence of some components
oxidation or reduction reaction (losing or gaining electron) in this area. The nature of
the interface has a great influence on the mechanistic and dynamics aspects of the

electrode reactions.

It is clear that two different phases contacted with each other will generate the
difference of the electrical potential (Galvani potential) between two phases, which can

lead to the appearance of excess charge on two phases. For the electrode which is under
12
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potentiostatic control will have an additional excess charge appearing at the surface.
These excess charges will result in strong adsorption of opposite-charged ions on
electrode surface. This will give rise to the region called the electrical double layer.
Many models [79] have been put forward to explain the electrode/electrolyte interface
phenomenon. Here, we just demonstrate one of the models which offer a detailed
description of the interface between electrode and electrolyte and it is most commonly
used now as depicted in Fig. 1.6.

It is generally considered that some solvent molecules and ions (anions, in this model)
could penetrate the Stern layer and directly contact with the electrode surface to
constitute the inner Helmholtz plane (IHP). These ions are defined as specifically
adsorbed ions. These solvent molecules display a certain orientation to the electric field.
The solvated ions (cations, in this model), which are out of the IHP and in the region of
their closest approach to the electrode surface, are indirectly adsorbed on the electrode
surface via electrostatic interaction to constitute the out Helmholtz plane (OHP).
Consequently, the so-called double layer is formed and it possesses high electrostatic
field strength up to 10° VV/m [80]. Beyond OHP, there is the diffuse layer.

The potential drop appears across the interface as demonstrated in Fig. 1.6. The
potential drop from electrode to bulk electrolyte is called total Galvani potential
difference (A@), which consists of two potential drops in Helmholtz layer and diffuse
layer (Aon and Agqiff). In Helmholtz layer the potential drop occurs in a linear manner
because it is absolutely analogous to an electrical capacitor in this region. Whereas the
potential drop from the Helmholtz plane to bulk electrolyte occurs in exponential
manner and its strength in potential drop is largely depending on the electrolyte
concentration. This is general distribution form of potential at the interface of the
electrode and electrolyte.

13



Chapter 1: Fundamentals

IHP OHP

| Electrolyte Solvent molecule
’ Specifically adsorbed anion . Cation

@

. @ Anion
® ©

@
® ® e

]
E
=
4
L]
o
=

; Diffuse
fe= @ layer Solvated ions

¥ Wy

®
@
v =& S,
@®
® o
P S ——— e
Agy
i LT O U AU AU :: ..........
=
= e
2 AQygier
o
@s LS
=0 —

Fig. 1.6 Schematic representation of the electrochemical interface at contact with a
negatively-charged electrode

1.3.3 Surface structure of metals

In most materials, metals are used in polycrystalline form, including a massive form
such as electrodes and a finely divided form such as supported metal catalysts. At the
atomic level, all metal surfaces are irregular and atomically rough and possess defects
(such as steps, kinks and terrace vacancies) as shown in Fig. 1.7. The atoms on the
surface at these different locations are named as adatom, step adatom, kink atom, etc.
These differences on the surface atoms are mainly represented in their different
coordination number. For these different type atoms, their chemical behaviour,
adsorption heat and catalytic activity are different and these differences are large.

Moreover, unlike the electronic states in the material, the distribution of the surface state
14
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energy level is not uniform. The related studies demonstrate that the
adsorptions/reactions prefer to occur on the low-coordinated atoms presented at steps
and kinks [81-84]. In short, the surface structure and composition determines the

physical and chemical properties, usability, adsorption behaviour and catalytic ability,

so the studies of the metal surface property are significant for surface reactions.

S{ f ; Vacancy Cluster

<]> Vacancy. Kink Atom

<

2D Cluster

Adatom

Ng

Kink Atom
Terrace

Fig. 1.7 Typical surface sites and defects on a simple cubic (100) surface

At a micro level, most materials can be regarded as an aggregate of single-crystalline
crystallites. The surface chemical properties of the material are crucially dependent on
the nature and type of these single crystal surfaces or the sum of the individual
properties of the contained single crystal surfaces on the polycrystalline surface. In
principle, the surface properties of any material could be understood when the surface
has been well defined and its properties are well known. In addition, a well-defined
surface is vitally important to study and understand the mechanism of the surface
reaction. Most metallic crystals exist in the form of body centred cubic (bcc, such as Fe,
Cr, etc.), face centred cubic (fcc, such as Cu, Al, Ni, Pb, Ag, Au, Pt, Pd, Rh, etc.) and
hexagonal close packed (hcp, such as Cd, Mg, Ti, Zn, etc.). The catalytic activity of
metal is closely related to its structure. Most of the transition metals with fcc (or Al)
structure are usually used as catalysts in the field of electrochemistry. Nowadays,

crystals are made artificially to meet the needs of science, technology, and so on.

1.3.4 Single crystal surfaces

A single crystal surface can be prepared by precise cutting the three-dimensional (3-D)
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bulk structure of a solid along a particular crystallographic plane and is usually defined
by using Miller indices (hkl), which are identified by the reciprocal of the intercepts of
the plane at three x-, y-, z-axes [85]. Because the closely packed face is
thermodynamically favorable, the atoms exposed on the surface usually tend to form
low indices of crystal plane. The three common low-index (111), (110) and (100) planes
formed by cutting a simple fcc lattice are sketched below, and these planes are
atomically flat with hexagonal, rectangular and square arrangement of the surface
atoms, respectively (see. Fig. 1.8). Of the three planes, the most closely packed fcc
(111) plane would be expected to possess the lowest surface energy and highest stability

based on the considering of the high surface atom density and high coordination number

of the surface atoms.

111

Fig. 1.8 The schematic of the unit cells of a face centred cubic structure (up) and atomic
structures of the corresponding (111) (110) (100) surfaces with position of (111) (110)
(100) plane (down).

1.4 Adsorption

For a solid electrode, due to the existence of the surface tension and surface energy
caused by the unbalanced force-field of metal atoms on the surface, atoms, ions and
molecules (adsorbate) can adhere to the surface (adsorbate surface). This process is so
called adsorption. From the thermodynamic point of view, this process will lead to the
reduction of the surface tension, which can also lower the surface energy. Therefore, it

is nearly always an exothermic process. The inverse process of adsorption is desorption,
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the removal of the adsorbate from the absorbent surface. Because the
adsorption/desorption is an interface phenomenon, it is considered as a significant step
toward the reactions taking place at the interface of electrode and electrolyte.
Furthermore, for the surface catalysis, the moderate interaction between the catalyst and
the substrate is considered as an optimum condition that the catalyst possesses high
catalytic activity as described in the Sabatier principle [86]. Based on the Sabatier
principle, the famous volcano plot was found and used widely to evaluate the catalytic
activity of catalysts for certain reactions (e.g. decomposition of formic acid and
hydrogen evolution on transition metals). For a surface reaction, in addition to the
reaction rates at different reaction steps, the adsorption rate and desorption rate are also
the important kinetic parameters of the reaction; that means, the reaction rate could be

determined by the adsorption rate, desorption rate, or both.

The adsorption is generally classified into physical adsorption (physisorption) and
chemical adsorption (chemisorption) according to the type of forces existing between
the adsorbate molecule and adsorbent surface. The differences between physical

adsorption and chemisorption are shown as following:

Physisorption

Chemisorption

Weak interaction
(Van der Waals’ force)

Strong interaction

(chemical bond force)

Low enthalpy of adsorption
(20-40 kJ mol?)

High enthalpy of adsorption
(40-400 kJ mol™?)

Reversible process
(desorption occurs easily by heating or by

decreasing the pressure)

Irreversible process
(Efforts to free the adsorbed gas give
some definite compound)

Related to the ease of liquefaction of the gas

No such correlation

It is not specific

(no compound formation)

It is highly specific
(There is some possibility of surface

compounds formation)

It does not require any activation energy

It requires activation energy

(activated adsorption)

It usually occurs at low temperature and

decreases with increase of temperature

It occurs at high temperature and
initially increases with increase of

temperature
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Multilayer adsorption Monolayer adsorption
(BET Isotherm) (Langmuir Isotherm)

It can be used for determining the
It can be used for determining the surface | surface concentrations, the kinetics and
area and pore size rates of adsorption and desorption, and
active centres
e.g. CeHe/Pd; CO/Pt; Ho/transition

metals

e.g. N2, NHz, HCl/solid

1.4.1 Adsorption sites on single crystal surfaces

Fig. 1.9 depicts the four possibilities of the adsorption sites on the fcc-(111) surface in
higher symmetry positions: top site, bridge site and two hollow/interstitial sites
(octahedral site and tetrahedral site). Certainly, there are also some different types of the
bridge sites and hollow sites in the different metal lattice structures, such as long/short
bridge site existing on (110) surface, fourfold hollow existing on (100) surface, etc. In
addition, Marcus [87] calculated that there are one octahedral site and two tetrahedral
sites per metal atom in fcc and hcp metals, whereas three octahedral and six tetrahedral
sites per metal atom in bcc metals. On these different adsorption sites, the binding
energies, equilibrium bond distances, vibrational frequencies and co-ordination number
for adsorbates are different [88]. Consequently, these could probably lead to the
appearance of different reaction pathways. Most of molecules are prefer to adsorb at the
highest available co-ordination sites where possess highest binding energies and

stabilities for molecules adsorption.

Top site Octahedral site

Bridge site Tetrahedral site

Fig. 1.9 Top view of the different adsorption sites on a fcc-(111) surface
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For hydrogen chemisorption, hydrogen atoms are considered as the adsorbed species
because the dissociation of hydrogen molecules takes place on metals during the
adsorption process. It is generally known that the hydrogen atoms are tending to occupy
the octahedral sites for the fcc metals, whereas they are tending to occupy the
tetrahedral sites for the bcc and hcp metals [87]. Furthermore, under control of
temperature and pressure, the adsorbed hydrogen atoms can even migrate easily from
the interface into sub-surface layers of the substrates because of their small size.
Halogen chemisorption is also occurring via a dissociative process to give adsorbed
halogen atoms. Halogen atoms also prefer to occupy the high co-ordination sites on the
surface (e.g. the fourfold hollow sites on fcc(100) surfaces and the threefold hollow
sites on fcc(111) surfaces). However, the exception is that a molecule such as carbon
monoxide may prefer to bind at a terminal or twofold bridge site rather than the highest
available co-ordination site. In addition, undergoing either a dissociative adsorption or
molecular adsorption is largely dependent upon the metal surface. The detailed
discussion about the nature of adsorbates on surfaces are available in the book of
Viswanathan [89].

1.4.2 Chemisorption of oxygen

Clarifying the oxygen chemisorption is crucial for understanding the mechanism of
oxygen reduction reaction. Based on the related studies, it has been found that usually
oxygen molecules not only undergo a dissociative adsorption on metals, but also
undergo a molecular adsorption on some metals, such as Ag and Pt, at low temperature
[90].

The models of molecular oxygen adsorption on metal surfaces have been demonstrated
before. For those three manners of adsorption, the oxygen molecules adsorbed on the
surfaces either via an o-donor interaction or a m-acceptor interaction, these interactions
are relatively weak. These adsorbed oxygen molecules could be reversibly desorbed or
irreversibly dissociated once the O=0 bond is broken by supplying heat/energy or
decreasing the activation energy (e.g. by employing the catalysts). The formed oxygen
atoms also prefer to occupy the highest available co-ordination site and they are bonded
strongly with the surface metal atoms. This strong interaction between adsorbate and
adsorbent may induce the distortion of the metal atoms arrangement on the surface by a

series of displacement processes or surface reconstruction. As mentioned before, the

19



Chapter 1: Fundamentals

dissociative oxygen adsorption is generally irreversible, so heating the adsorbed oxygen
usually results in either the gradual diffusion of oxygen species from the surface into the
bulk substrate or the formation of the surface oxide compounds, rather than desorption
of oxygen. Even at room temperatures for the active metals, it is obvious that the
formation of surface oxide starts immediately once the surface is exposed to oxygen.
The oxidation process in the bulk substrate will be hindered by the surface oxide layers
(passivation layer) and eventually it may be terminated once the thickness of surface

oxide layer reaches the specified value. However, it is not the case for the noble metals.

Most investigations of oxygen adsorption focus on adsorption structure, coverage, types
and enthalpy of the adsorbed oxygen on the solid surface and these involve several
experimental techniques. It is generally considered that low-energy electron diffraction
(LEED) and scanning tunneling microscopy (STM) are the most appropriate techniques
to determine the surface structure and coverage of adsorbates. X-ray photoelectron
spectroscopy (XPS) could also give a quantitative estimate of the surface coverage of
the adsorbate. Infrared spectroscopy (IR) provides some information about the type of
adsorption and the adsorbed species. And some other techniques, such as inverse
photoemission spectroscopy (IPES), in situ Fourier transform spectroscopy (FTIR), etc.
are also valuable for the study of oxygen adsorption.

1.4.3 Definition of the surface coverage

The amount of adsorbate on a substrate surface can be introduced as the surface
coverage (@) and it is can be stated:

a), the fraction of the number of occupied sites (I') / the number of available sites
(T

max )

0 Number of adsorption sites occupied by adsorbate T
Total number of available adsorption sites onthe surface of the substrate T°

max

When @ =1, it indicates that the adsorbates achieve the saturation.

b), the fraction of the number of occupied sites/the number of surface atoms ( N

surf.atoms)

9= 1
N

surf.atoms

When ¢ =1, it indicates all the substrate atom sites are occupied by the adsorbate
atoms with the ratio of 1:1. When the well-defined arrangement of atoms/molecules is

1x1, both coverage values are same.
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1.5 Electrochemical deposition of metals

Electrochemical deposition, also called electrocrystallization, is a phenomenon of
nucleation and crystal growth under the control of externally applied potential in an
electrochemical cell. Electrochemical deposition of metals is an ancient surface
decoration technique. Early on, the development and application of this technique is just
based upon the experiences. Later, in 1878, Gibbs [91] established the concepts and
basic principles of the nucleation and crystal growth after his studies on phase
equilibrium in different systems. At the beginning of the 20th century, Volmer [92],
Kossel [93], Stranski [94], etc. they used the simulation of statistics and molecular
motion to improve the concepts and principles. Hereafter, Avrami [95] made a
contribution to the kinetic of crystallization, Cabrera and Frank [96] improved the
mechanism of spiral nucleating of metals, Kaischew [97] made a significant
improvement on the theory of crystallization. In the 70’s of the 20th century, Lorenz
[98] firstly conducted the UPD of metals on single crystal surface and explained the
two-dimensional super crystal structures. Subsequently, Lorenz [99] found the different
growth mode of metals, such as layer by layer growth, multilayer growth, spiral growth,
etc. In recent decades, with the development of the surface characterization techniques
and theoretical chemistry, the cognition of metal electrochemical deposition can reach
the atomic level and the knowledge can be further improved.

1.5.1 The mechanism of electrochemical deposition of metals

Electrochemical deposition of metals occurs at the interface of an ionic conducting
electrolyte and electronic conducting electrode. It is a complex process, involving the
charge transfer process, adsorption process and phase transitions process such as
nucleation, growth, etc. at the interface and the ions transportation process under
electric field. In general, it involves three stages:

1) Transportation of metal ions to the interface and adsorption on the substrates (native
metal substrates or foreign substrates),

2) Phase transitions (nucleation) and cluster growth to form two-dimensional (2D) and
three-dimensional (3D) phase formation, and

3) Bulk phase formation and 3D crystal growth.

Specially, the metal ions move from bulk electrolyte to the reaction zone

(substrate/electrolyte interface), adsorbing on the electrode surface, exactly in the inner
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Helmholtz plane of double layer. Afterwards, the electrons are transferred from the
substrate to the adsorbed metal ions leading to the reduction of these metal ions (or the
formation of S-M bond) on the electrode surface to form 2D metal phase. 3D phase
formation is via bulk deposition based on 2D phase. The detailed descriptions on the
mechanism, thermodynamic and kinetic of this process can be found in the literatures
[99-101].

1.5.2 Surface modification and catalysis

To study the structure and the chemical composition of the surface is important to
understand the mechanism of catalysis, because the change in surface properties (such
as surface geometric feature, the electronic structure of surface atoms, etc.) will lead to
the change in the catalytic activity of electrode surface. Surface modification is to
change the surface chemical compositions and surface structures of materials by
physical and chemical methods to improve the physical and chemical properties of
materials. In the field of electrocatalysis, the studies found that in most cases the
catalyst consisting of two or more metals exhibit better catalytic performance than that
of single metal catalysts, which gives a basic idea that the surface modification could be
one of the ways to enhance the catalytic activity of the electrode material. At present,
chemical modification methods of metal electrode surface decorated by one or more
different metals, such as electrochemical deposition (underpotential deposition and
overpotential deposition), chemisorptions, etc. are widely adopted to prepare the high

efficient and stable catalysts.

1.5.3 Insertion reaction

An insertion reaction is a chemical reaction process in which one chemical substance (a
molecule or ion) is interposed into an existing bond of another chemical substance. It is
widely involved in organic synthesis (for example, CO insertion into the metal-carbon
(M-C) bond to form an acyl group, many electrophilic oxides (e.g. SO2, CO, and NO)
insertion into the metal-carbon bond, alkenes insertion into the metal-hydrogen (M-H)
bond and carbine insertion into the carbon-hydrogen (C-H) bond to form the
corresponding complexes, Mg insertion into the organic group-halide (R-X) bond to
form Grignard reagents, etc.).

Some reactions in electrochemistry also involve insertion of alkali metal ions (e.g. Li",
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Na*, Mg?*, etc.) into a solid phase, which usually consists of metal, metal oxide or
chalcogenides. This kind of reaction is a topochemical reaction accompanying electron-
transfer and some changes in the phase and structure of host material.

In the case of metals (such as Sb, Bi, Sn, etc.) as host materials, the reaction can be

represented as follows:
XA +yM +(x-2)e” > A M,

It is essentially an alloy formation process. The formation of the AxMy alloyed phase
may occur through two pathways, a displacement process of the host atoms by the guest
atoms in the lattice and directly inserting into the empty sites in the lattice. It involves a
series of complex movements of two different atoms in the host material to form a
stable structure. And also it could cause the lattice transformation and expansion of the
host material. Interestingly, the diffusion limitation current can be also detected during
the insertion process in this case. In principle, the diffusion coefficient of guest species
in the host material could be calculated by the Cottrell equation or probably some other
equations. However, in the case of using the Cottrell equation, the precondition is that
the saturated concentration (Co) of the guest species in the first layer/several layers of
host material close to the interface of two phases should be found out. As for the more
detailed understanding of the insertion mechanism and the structures of the alloyed
phases, it needs to make further study.

Similar insertion reactions were also found in the case of metal oxides (such as MnzOg,
MoOs, Ti20, etc.) and chalcogenides (such as TiS2, MoS,, etc.) as host materials. The
reaction can be described as follows:

XA™ + MY, +(x-2)e” > A MY,

However, due to the presence of anion array such as O% and S, the insertion process
becomes more complicate. It is considered that the anion array undergoes a diffusionless

transformation process to stabilize the new metastable phases in many cases [102]. The
detailed descriptions are available in the literatures [102-104].

Here, it is worth to mention that the occurrence of reversible reaction is required for
building a rechargeable battery. The reverse reaction of insertion is de-insertion or
extraction. It is found that alkali metals insertion and de-insertion in some metal

materials are reversible, so it may provide new routes to select anode material for
23



Chapter 1: Fundamentals

rechargeable metal-ion batteries and synthesize some novel materials exhibiting unusual

structure and properties for other purposes.

1.5.4 Underpotential deposition (UPD) and overpotential deposition (OPD)
For an electrochemical deposition of metal on a native metal electrode, the equation can

be usually represented by:

MeZ! + ze” < Me

sol.

MeZ+

Where ol are the metal ions in the electrolyte. The Nernst equilibrium potential is

defined as:

a. . .
E =E° +Eln Me

Z+ z+
Me/Me Me/Me 7F

e

E + - _g= - - EO Z+ - -
Me/Me" s the Nernst equilibrium potential, —M¢Me" s the standard potential, and the

fMe

(04 . .
sol. jons in the electrolyte.

Me** is the activity o
Underpotential and overpotential are defined by convention as:

AE (underpotential )>0 for E > E

B Me/Me?*
me/Me ~ | (overpotential) <O for E <E

E-E
Me/Me*

Where E is the applied potential. Therefore, underpotential deposition (UPD) is the
metal deposition phenomenon in the potential range more positive than the Nernst
equilibrium potential, whereas overpotential deposition (OPD) occurs in the potential
range more negative than the Nernst equilibrium potential. It is generally believed that
the UPD occurs in the case of the interaction between the substrate S and the depositing
metal M, S-M is stronger than that between depositing metals, M-M (that is, the
formation of S-M is more energetically favoured than the formation of M-M). From the
work function point of view, UPD probably occurs when the metal with small work
function deposits on the metal with large work function. For example, it is found that
the work function of copper is smaller than that of gold, so UPD of copper on gold
could be taking place, not vice versa. Typically, the UPD takes place only up to
monolayer formation, whereas the OPD occurrence is unlimited. Consequently, UPD
and OPD of metal on substrate are related to the formation of monolayer and

bulk/multi-layer formation (2D and 3D phases), respectively.

1.5.5 Film growth modes on single crystal surface
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Based on extensive experimental and theoretical studies, three classical growth modes
of film formation were found and described: Frank-van der Merwe; Stranski-Krastanov
and Volmer-Weber [105], which are illustrated schematically in Fig. 1.10. Generally, it
is considered that the growth mode is determined mainly by the binding energy of S-Me
and the crystallographic misfit [100].

). Frank-van der Merwe (FV) or layer-by-layer growth is based on that the
deposited film atoms are more strongly bound to the substrate than to each other,
in other word, the binding energy of Me-S, Wwme-s, is larger than that of Me-Me,
WYme-me, (PMe-s>> Wwme-me), and no crystallographic misfit appears.

I1). Stranski-Krastanov (SK) growth is a mixed growth mode. In this case, the
binding energy of Me-S, Wwme-s, is still larger than that of Me-Me, Wme-me, (Wme-s
>> Wme-me), but crystallographic misfit appears, which causes a monolayer or a
few monolayers formation first then 3D island formation on the top.

I11). Volmer-Weber (VW) or 3D island growth mode means that 3D islands were
formed initially, no completely monolayer formation. It is generally considered
that the 3D island growth occurs when the binding energy of Me-S, WYwme-s, is
lower than that of Me-Me, WYme-Me, (Wme-s << Wme-me), and it is independent of

crystallographic misfit.

In practice, the mechanism of film growth is a very complex process. It is determined
not only by the binding energy and crystallographic misfit but also by the property and
the structure of substrate surface, temperature, solvation properties of the solvent, etc.
Research shows there are five distinct growth modes, including columnar growth mode,
step flow mode, step bunching mode, screw-island or spiral-island growth mode and
growth on kinked/rough surfaces, in addition to the three classical growth modes
depicted above [106].
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Fig. 1.10 Schematic representation of three different growth modes of metal (Me)
deposition on foreign substrate (S) depending on the binding energy of Me on S, Wwme-s,
compared to that of Me on native substrate Me, Wme-me, and on the crystallographic
misfit characterized by the interatomic distances dJ. and dJ of 3D Me and S bulk
phases, respectively. Cross-section views of (a) “Frank-van der Merwe” growth mode,
(b) “Stranski-Krastanov” growth mode, (c) “Volmer-Weber” growth mode. The graphics
reproduced based on ref. [100].
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Chapter 2: Experimental setup and methodology

This chapter describes the experimental setups and methods used in the present work,
which involves cyclic voltammetry (CV) technique, scanning probe microscopy (SPM)
including scanning tunneling microscopy (STM) and atomic force microscopy (AFM),
and rotating ring-disk electrode (RRDE) technique. In addition, the preparation works
before an experiment such as cleaning experimental materials, the preparation of STM

tip and single crystal surface, etc. are described in detail.

2.1 Cyclic voltammetry

Cyclic voltammetry (CV) is one of the most important and popular methods in the field
of electrochemical analysis. It is used primarily for investigating the mechanism of
electrochemical reactions and quantitative analysis. The reversibility of the reaction, the
possibility of the intermediate formation, the properties of the interface adsorption and
coupled chemical reactions, the Kkinetics parameters of electrode reaction, the
mechanism of the reaction and its rate-determining step, etc. can be estimated according
to the cyclic voltammogram. In 1938, Matheson and Nichols first successfully
developed the cyclic voltammetry. Subsequently, Kemula and kubli improved it and
employed it to study the electrode reaction process of organic compounds in 1958.
Currently, it is widely used in electrochemistry, such as for research on electrochemical

sensors, batteries, capacitors, corrosion, etc. It has been become the most basic method.

Cyclic voltammetry is carried out by a potentiostat. The working principle of cyclic
voltammetry is applying a potential which circularly changes between a working
electrode and a reference electrode, recording the correlation of the current through the
working electrode and the counter electrode and the applied potential. The applied
potential is rising (positive scan) and decreasing (negative scan) linearly versus time in
cyclic phases between the known upper and lower potential limit to constitute a

triangular potential wave, as shown in Fig. 2.1a.

The oxidation process (R — ne” — Ox) occurs during the positive scan, whereas the
reduction process (Ox + ne” — R) occurs during the negative scan. It is well known that
the electrode potential governs the reaction current and its rate. The data are plotted as

the current versus the applied potential (so called cyclic voltammogram), which can
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give the values of the redox potential, the electrochemical reaction rate and other

parameters, as seen in Fig. 2.1b.
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Fig. 2.1 Cyclic voltammetry triangular potential waveform (a) and typical cyclic

voltammagram for a reversible reaction (b)

Cyclic voltammograms are usually characterized by the peak location (Epc, Epa and AE),
the peak current ratio (lpc/lpa) and the dependence of peak currents on the scan rate (Ip
vs. v’2). For a reversible reaction (reversible couples) process, it is characterized by: a)
the potential difference between two peaks (AE) is determined to be 59 mV/n (n, the
evolved electron number) which is independent of scan rate for fast electron transfer
process; b) the peak current ratio should be 1; c) the peak current increases linearly with
the square root of the scan rate, in addition, the diffusion coefficient can be determined
by the slope of the linear relationship of I, vs. v’ obtained by using the Randles-Sevcik
equation [1]. However, there are some deviations in the experimental data in practice,
because the waveform of the peak in cyclic voltammagram of even reversible couples is
complex due to the combined effects of polarization (the electron transfer rate/activation
barrier for electron transfer) and mass transport. Specifically, at low overpotential, the
shape of the polarization curve is mainly dominated by the activation polarization
process, in which the electron transfer starts to occur across interfaces and the
magnitude of the activation energy can be determined when the electrochemical reaction
propagates at the rate under control of the electric current as described by Arrhenius
equation [2]. A theoretical description on the dependence of the electric current on the

overpotential is described by the famous Butler-Volmer equation [3, 4], as follow:
j — J _j — jo(eaazFr]/RT _e—aCZFU/RT)

a Cc
Where j, Ja, Jc and jo are the electrode current density, anodic current density, cathodic
current density and exchange current density (A/m?), respectively. aa and oc are the
anodic and cathodic charge transfer coefficient (0a=1-0a), respectively. z is the number
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of electrons transferred in the reaction, F is the Faraday constant, R is the universal gas

constant and T is absolute temperature (K), n is the overpotential (E-Eeq, V).

As the potential is swept to high overpotential, the peak appears since the flux of the
reactant to the electrode surface is not fast enough to meet that required by the flux of
electron transfer. In this case, the current is dominated by the diffusion rate and it begins

to decrease as predicted by the Cottrell equation [5], as follow:

_ ZFADY’C _,

JIot
Where i is the current, Cx— is the initial concentration of the electroactive species, D is
the diffusion coefficient for the species, and other symbols have the same meaning as

described before.

Certainly, the electrochemical reaction is complicate and some other effect factors such
as some other surface reactions, solvent, containminations, etc. can not be eliminated in
experimental investigation. Therefore, it shows that many redox processes are also

quasi-reversible and non-reversible in the cyclic voltammogram.

2.2 Rotating ring disk electrode (RRDE)
The rotating ring disk electrode (RRDE) is the technique, which can be used not only to
investigate the mechanism and kinetics of the reaction similar to the rotating disk

electrode (RDE), but also to detect the intermediates formation during the reaction.

2.2.1 RRDE tip

RRDE tip consists of a disk electrode and a ring electrode surrounding the disk
electrode. These two electrodes are separated by an inert Teflon U-cup for keeping them
electrically isolated and encased in a cylindrical insulating shroud (non-conducting,
solvent-resistant, etc.) which is typically made by Teflon, PEEK or KEL-F, and can be
rotated at different frequencies o (see. Fig. 2.2). The surfaces of the disk, U-cup, ring

and shroud are all ideally polished and coplanar.
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| Teflon U-cup

Disk electrode----
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Fig. 2.2 Rotating ring-disk electrode

2.2.2 Surface coating and modification of disk electrode

In the research field of ORR/OER catalysts, coating is the most common way to
immobilize the catalysts on the electrode surface, which uses Nafion as binder to stick
the catalyst particles to the disk electrode. In order to ensure the accurate quantization
and good dispersion of catalysts on the electrode surface, a suspension of catalysts is
prepared quantitatively in a suitable solvent, and then a portion of this suspension is
transferred exactly by a micropipette and drop coated on the disk electrode surface. The
solvent can be easily evaporated. Afterwards, the Nafion solution (5%, by mass, in the
mixture of water and ethanol) is employed to bind the catalyst layer on the electrode
surface. The quantitative preparation of the suspension of catalysts is through a known
amount of catalyst dispersed in a known volume of solvent in a common small
disposable vial. Because of the insolubility of the catalysts in most solvents,
ultrasonication is required to ensure that the catalysts are uniformly dispersed in the
solvent before transfer to the electrode surface. To accelerate the drying process, the

electrode can also be placed in an oven.

In addition, electrochemical modification of the electrode could be also a way to
develop the catalysts with higher activity. In our work, we used the electrochemical
deposition of foreign metal on a metal electrode to prepare the bimetallic catalyst for

ORR and OER. The electrochemical deposition could be easily done by applying a
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potential where the foreign metal deposition occurs in a suitable solution similar to the
chronoamperometry. The amount of the deposits can be controlled by the deposition
time and it can be calculated by the charge, which could be calculated by integrating the
current-time (i-t) curve. However, in this case if the electron transfer is faster, the
change in the current with respect to time should follow the Cottrell equation.
Furthermore, the advantages of this method are that there is no catalysts loss and no
Nafion effect during the measurements.

2.2.3 Forced convection

As mentioned in chapter 1, the forced convection could eliminate the effects from the
random aspect generated by the natural convection, making better understanding of the
property of electrolyte and mechanism of the surface reaction, so it is widely used in the
research field of ORR. The diffusion/mass transport property of electroactive species
towards to electrode surface also determines the cyclic voltammetry. Theoretically, the
relationship between diffusion flux and concentration and distance is described in Fick’s

first law of diffusion.

However, once the convection is applied by a rotating disk system, the diffusion
limiting current can be evaluated by Levich equation.

iy, =0.62-zZFAD?*v ¥ p"’C _,

Where v is the sweep rate, o is the angular rotation rate, and other symbols have the

same meaning as described before.

As illustrated in Fig. 2.3, the reaction rate is controlled by the rate of electron transfer
and mass transfer in the lower and higher overpotential, respectively. In the case of the
existing of convection, a limiting current plateau instead of a peak (without convection)

appears in the diffusion-controlled region.
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Fig. 2.3 Typical ORR cyclic voltammagrams under condition of forced convection (dash

curve) or convection free (solid curve)

2.2.4 Collection efficiency

In an RRDE measurement, not all the intermediates/products generated at the disk
electrode can be collected/detected at the ring electrode. The percentage of
intermediates which are collected at the ring electrode is called the collection efficiency
(N). For a specific RRDE, the collection efficiency can be directly calculated in terms of

the disk radius (r1) and the inner (r2) and outer (rs) radii of the ring [6], as follow:
N :l—G(%j + 21— G(a)]- ¥ + 7”@(%)

where

3 3 3
a:(r—zJ -1 and ,B:(EJ —(r—zj and y=1+a+p
r1 r‘l rl

and the function G is defined as

G(x)= 73 In{M} +itan‘l£&3_lj +%

4r X+1 27 J3

where, x is a function of a, f and y.

However, the best way to determine the collection efficiency by an empirically
measurement in a well-behaved electrochemical system such as the ferricyanide-

ferrocyanide redox couple, before employing it for any quantitative work. It is typically
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in the range of 20% to 30% and can be determined by the following equation,

N=-——o
m-ip

Where ip and ir is the disk electrode current and ring electrode current, respectively, and

n and m is the electron transfer number involved at disk electrode and ring electrode,
respectively.

When both electron numbers involved at disk and ring electrodes are one, the equation

can be simplified as [7]

In addition, the collection efficiency can be also determined by measuring the difference
of the two ring currents, ir (Er=Ep) and ir (Er, Ep open), which are obtained in the case
of Er=Ep (both disk and ring potentials are scanning) and absence of disk electrode
(only the ring potential is scanning and the disk electrode is disconnected), respectively,
by using the equation as follow:

_ ir (Er =E;) —ig (Eg, Ep0pen)

N

ID
The ratio of the ir (Er=EDb) to ir (Er, Ep open) is defined as shielding constant (S),

_ ir(Er =Ep)
iz (Er, Epopen)

And theoretically, the relationship between the collection efficiency and shielding
constant is given by the equation

S=1- N with b=(f2)* - (2)°
b r,

23
1

Where r1, 12, r3 are the disk radius, inner radius of the ring and the outer radius of the

ring, respectively.

2.2.5 Detection of peroxide and electron transfer number

In aqueous electrolyte, oxygen molecules can be reduced at the disk electrode via four-
electron transfer to produce H>O and OH™ or via two-electron transfer to produce H20-
and HO2™ in acidic solution and alkaline solution, respectively. It is well known that
H20, and HO,™ can be oxidized sufficiently at +1.2 V (vs. RHE) to H>O and OH™
respectively, so the potential of ring electrode is fixed at +1.2 V for capturing them.
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Considering not all oxygen molecules can be reduced at the disk electrode via four-
electron transfer, in other words, some part (or few part) of oxygen molecules are
reduced via two-electron transfer, so the current flowing at disk electrode (ip) is the sum

of the current of oxygen reduction via four-electron transfer to H-O/OH™ (i ) and

0, (4e7)

the current of oxygen reduction to H202/HO>™ (i (28_)).

o =10, ey + o,
The current at the ring electrode (ir) can be defined by using the collection efficiency
(N) as following:

S =N

0,(2¢")

The fraction of H202/HO2™ formation ( X ) can be determined by the molar flux

H,0,/HO;

rates of oxygen (n ) and H202/HOz™ (n (Ze,)) according to the following

0, (4e7)
equations:
No, ey = o, e )/4': and Mo, 2e) = o, e )/2':
X — nOz(Ze’) _ 2iR
H,0, / HO; 2 0 : H
S L PN P Niy + 15

and the number of electron transfer (n) can be determined by
_ 4iD
ip +ig /N

For metal-air batteries it is considered that the smaller the fraction of peroxide
formation is, the better is the performance of the battery, meaning that four-electron
transfer process is preferred: a smaller number of electrons transferred would reduce the
current efficiency and the formed intermediate H2O2/HO>™ may lead to side reactions,
damaging the components and shortening the life time of the battery.

2.2.6 Determination of kinetic parameters of ORR by RRDE
For an electrochemical reaction, the current flowing at the electrode can be obtained by

(c, —¢)

N

i=zFDA——>~

In the case of RRDE (Nernst diffusion layer thickness, &, :1.61D7%v%a)%), the

current flowing at disk electrode can be obtained by

iy = 0.622FD%V7%7ZT’1260% (Co —Cs)
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As described before, when the concentration of the reactants at the electrode surface has
not yet dropped to zero, the reaction rate is determined by both the mass transport and
kinetics. In the case of neglecting the reverse reaction, the measured current (i) can be
determined by the kinetic current (ix) and diffusion current (ipitz) as described by the
following equation:

1 1 1 1 1
_+_

mp + - =
i ZFAKC, 062.2FAC,D, %y ik o

When we plot it vs. o2 so called Koutecky-Levich plot, the constant of reaction rate
(kf) can be obtained by the intercept and the diffusion constant (Do) can be obtained by
the slope.

For Tafel plot (n vs. Igik), ik can be also obtained by the intercept of Koutecky-Levich
plot and also by the following equation.

i I _ I'Ilim
K — PR .
1— I lim — 1

Liim

Where iiim is the diffusion limiting current.

2.3 Determination of electrochemically active surface area

Adsorption is the most widely used approach to determine the electrochemically active
surface area. Hydrogen and carbon monoxide (CO) adsorption can be used for
determining the Pt surface area. However, for metals onto which there cannot adsorb,
the adsorption of anions such as iodide adsorption, sulfate adsorption, etc. or cations
(underpotential deposition) can also be used for determining the active surface area. In
these methods the amount of adsorbate is usually determined by the amount of charge
transfer during the adsorption and it is related to the corresponding active surface area.
In this work, we employed the underpotential deposition of Pb to determine the ratio of
Ag active surface area exposed to the electrolyte. It was carried out in argon saturated
0.1 M LiOH + 125 uM Pb(NO3)2 electrolyte by holding potential at 0.23 V versus RHE
for 5 min and then sweeping in the UPD potential range. The Pb stripping charge was
used for calculating the Ag active surface area exposed to the electrolyte by assuming a

one to one ratio of Pb to Ag atoms.

2.4 Experimental materials and cleaning
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2.4.1 Chemicals

All the chemicals and gases used in this work are summarized and listed in the table 2.1.
All aqueous solutions were prepared with Milli-Q water (18.2 MQ cm, TOC of 5 ppm,
MILLIPORE, Schwalbach, Germany) and all nonaqueous solutions were prepared in a
MBraun glovebox filled with Ar (H20 <5 ppm and Oz < 5 ppm). The water content was
determined by a coulometric Karl-Fischer titrator (C20, Metler Toledo), and then de-
aerated with analytical grade argon (Ar) and oxygen (O>) for investigating ORR.

Table 2-1: List of chemicals and gases.

Name Formula Company Purity (degree)
Ethylene glycol (CH20H)2 KMF laborchemie 99.5%
Cobalt(I1) chloride CoCl> Merck 98%

Lead(ll) nitrate Pb(NO3). Aldrich-Chemie  98%

Boric acid B(OH)3 Sigma 99%
Potassium sulfate K2SO4 Grissing 99%

Silver oxide Ag20 Aldrich 99.99%
Lead(Il) perchlorate  Pb(ClO4) Santa Cruz 98%

Silver perchlorate AgClO4 Chempur 99%

Lithium perchlorate  LiClO4 Alfa Aesar 95%

Lithium perchlorate  LiClO4 Sigma-Aldrich Battery grade
Tetraglyme C10H2205 Acros organics 99%
Acetonitrile CHsCN Acros organics 99.9%
Tetrahydrofuran C4HsO Sigma-Aldrich >99.9%
Acetone C3HesO Sigma-Aldrich 99.5%
Dimethyl sulfoxide  C2HeOS Acros Organics 99.7%
Antimony(I1l) oxide  Sh.O3 Aldrich 99.999%
Magnesium chloride  MgCl; Sigma 98%
Aluminium chloride  AICI3 Fluka 99%
Sulphuric acid H2S04 Merck 95-97%, Suprapure
Oxygen 07) Air Liquide 99.999%
Argon Ar Air Liquide 99.999%
Lithium hydroxide LiOH-H20O Sigma-Aldrich 99%
monohydrate

Cobalt(1) sulfate  CoSO4-7H.0 Riedel-de Haén 99%
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hexahydrate

Copper(ll) Cu(ClOa4)2 Acros organics 99.8%
perchlorate

Propylene Carbonate CsHsO3 Sigma-Aldrich 99.7%
Magnesium Mg(ClOa4)2 Sigma-Aldrich >99%
perchlorate

Potassium hydroxide KOH Sigma Aldrich 85%
Spinel cobalt oxide Co0304 Sigma-Aldrich 99.5%
nanoparticles

(< 50nm)

2.4.2 Electrochemical cells

Conventional electrochemical glass cell ‘H-cell’

A conventional electrochemical glass cell, also called ‘H-cell’, was designed and used
for electrochemical cleaning, preparation and electrochemical modification of single
crystal electrode under controlled atmosphere in this work. The schematic
representation of a typical glass H-cell is shown in Fig. 2.4. It contains three
compartments, which are used for placing working electrode, reference electrode and
counter electrode, respectively. The working electrode is placed in the central
compartment and contacted with solution in a hanging meniscus configuration. The
central compartment also contains some inlets and outlets for solution and gas. The
reference electrode is placed in the compartment (left compartment), where is connected
to the central compartment with a Luggin capillary. The role of the Luggin capillary and
the stop cock is to minimize the ohmic losses and restrict the diffusion of metal ions
from the central compartment to the left compartment, respectively. The counter
electrode is placed in the compartment (right compartment), where it is separated from
the central compartment by a glass frit, preventing any byproducts produced at the
counter electrode from contaminating the working solution in the central compartment.

The counter electrode we used in this work is Pt sheet (as shown in Fig. 2.4) or Au wire.
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Fig. 2.4 Schematic representation of an H-cell for the electrochemical experiments.

STM/AFM cell

STM/AFM cell (see. Fig. 2.5), a special three-electrode cell was designed and made for
EC-STM/AFM measurements. It was made by Kel-F material which is chemically inert
to most strong acids, alkalis and organic solvent. A main chamber was made for
containing electrolyte solution. The contact of working electrode and electrolyte was
through a hole with the diameter of 0.8/0.6 mm made at the bottom of the main
chamber. An additional small chamber was made for placing the reference electrode,
which can be connected to the main chamber via a small hole. This can avoid the
diffusion of metal ion from the main chamber to reference electrode chamber during the
metal deposition. The counter electrode was placed around the inner main chamber. Two
small through-holes at both sides of the cell were made for clamping the cell and

electrode on the sample plate tightly.
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Fig. 2.5 Actual photo STM/AFM cell (left) and schematic view of STM/AFM cell
(right).

2.4.3 Three-electrode setup
Three-electrode setup, it is an electrochemical setup consisting of working electrode,

reference electrode and counter electrode.

Working electrodes
The working electrodes used in this work are summarized and listed in the table 2.2.
The electrodes with a diameter of 0.5 cm were used for RRDE measurement and with a

diameter of 1 cm were used for EC-STM/AFM measurement.

Table 2-2: List of disk working electrodes.

Crystal type Company Diameter
Glassy carbon Pine 0.5cm
Ag(pc) Pine 0.5cm
Pt(pc) Pine 0.5cm
Pt(111) MaTeck lcm
Au(111) MaTeck lcm
Au(pc) MaTeck lcm

Counter electrodes
In glass H cell, the platinum foil (~1x1 cm) and the gold wire were employed as the
counter electrode in the case of Pt working electrode and Au working electrode,

respectively. However, the corresponding metal wire was used as the counter electrode
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in each case in STM cell.

Reference electrodes

Reversible hydrogen electrode (RHE)

A home-made reversible hydrogen clectrode (RHE) based on Will’s design [8] was
employed in electrochemical glass cell in this work. The schematic representation of
RHE is shown in Fig. 2.6. The RHE contains two portions, upper portion and lower
portion separated by a seal. The upper portion consists of a glass holder and a Cu wire
and the lower portion consists of a glass bulb and Pt wire (inside of the glass bulb). The
Pt wire was connected to the Cu wire through the seal. It also briefly illustrates the
preparation process of a RHE in Fig. 2.6. Initially, the RHE was rinsed with Milli-Q
water and then fully-filled with the supporting electrolyte (0.1 M H2SO4) by a vacuum
suction system. Then a potential difference of 1.6 V between the Cu wire and Pt wire
was applied by a power supply to electrolysis water to produce hydrogen (H2) and
oxygen (Oz), which was collected in the glass bulb and released from the gas outlet to
atmosphere, respectively. Finally, the applied potential was disconnected once the
collected hydrogen covered about half of the Pt wire.

Apply vacuum _ T &
to fill the bulb }_-"_ After electrolysis

Zl ?with solution Z H: bubble is

formed in the bulb
0.1 M H504® %=1

Cu wire .

By

Seal soees >
Pt wire ...} - = Hapgas
woee 0,1 M H2504
-} Glass bulb

Fig. 2.6 Schematic representation of the reversible hydrogen electrode and its

preparation process.

Pt/PtO quasi reversible electrode
The Pt wire was first thoroughly cleaned in the concentrated sulphuric acid (H2SOa4)

solution. Afterwards, it was cleaned by immersing it in boiling dilute sulfuric acid
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solution followed by boiling Milli-Q water before each measurement. The well-cleaned

Pt wire was employed as the quasi-reference electrode in EC-STM/AFM measurement.

2.4.4 Cleaning of labware

Cleaning labwares before and after each experiment is very essential. Glass and plastic
labwares were cleaned manually. In this work, a well prepared chromic acid bath
consisting of 21.4 g CrOs, 640 ml of concentrated H,SO4 and 360 ml H20 was used for
laboratory glasswares to remove organics and metal contaminants. All laboratory
glasswares were soaked in chromic acid bath all night. The dichromate has to be
handled with extreme caution because it is a powerful corrosive, toxicant and
carcinogen. Instead of chromic acid bath, an alternative chemical free water steam
system was also used for cleaning. Similarly, to remove the residues anions and organic
contaminations from the cleaned glasswares by chromic acid bath and the plastic
labwares (such as plastic stopcock, taper joint stopper, etc.), the concentrated potassium
hydroxide (5 M KOH) bath was prepared and used. Afterward, all the cleaned labwares

were rinsed with Milli-Q water.

2.4.5 Cleaning and preparation of single crystal electrodes

The impurities may be introduced into the electrode after each experiment, so the
electrode, especially a single crystal electrode, should be cleaned as soon as possible
after use. Normally, the used electrode was cleaned electrochemically in the supporting
electrolyte (0.1/0.5 M perchloric/sulfuric acid) under potential control, because most of
the active metals can be dissolved in this case. However, for those impurities which are

hard to be removed, the chemical treatment should be considered.

Chemical treatment
The single crystal electrode was exposed to a cleaning sequence containing a
concentrated nitric acid (HNOs) prior to an ammonia hydrogen peroxide mixture
(NH3/H202, 1:1) solution for 5 min to remove the most active metal impurities. In
addition, hydrofluoric acid (HF) was used to remove the silica impurities because of its
strong ability to dissolve almost all of the oxides and silicates. The reactions of HF with
SiO> are shown as following:

SiO, ., + 4HF, SiF,,,, +2H,0

2(s) (ag) = 2Ia(q)  OF SI0y, +6HF, =H,SiF, +2H,0,

However, it is also one of the most dangerous acids known, so it needs to be much more
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careful when people work on it. After each chemical treatment, the electrode was rinsed
with Milli-Q water, following by the electrochemical cleaning as described before and
annealing. Sometime, it needs to repeat this cleaning process several times to get rid of
all the impurities from the single crystal electrode. The cleanliness of the single crystal

surface can be reflected by cyclic voltammetry.

Preparation of single crystal surface

The preparation method we employed is flame annealing method as described by
Clavilier [9]. The well-cleaned single crystal electrodes in Ar saturated 0.1 M H2SO4
were rinsed with Milli-Q water and then annealed by a butane flame carefully. The
crystal electrodes were kept in the flame while cherry red-hot for 60 s. Then the crystal
electrodes were rapidly transferred into a glass cell, which was only filled with Milli-Q
water saturated by Ar or Ar/H, mixture, for around 5 min cooling at room temperature
[10].

The Au electrode has to be prepared with extreme care because its melting point is
lower. The annealing process should be different from that of high-melting point metals.
Consequently, in order to control the temperature at the suitable low temperature
carefully (keep it light pink and do not heat it cherry red), an intermittent heating
process sustained over long periods of time (~4 min) was used for preparing Au single

crystal surface. The cooling process is the same as described before.

Afterwards, the electrode was transferred to the glass H-cell containing the supporting
electrolyte deaerated with argon to identify qualitatively the quality of preparation under
the protection of deaerated water on the top. It was kept in touch with the electrolyte in
a hanging meniscus configuration (see. Fig. 2.4) and the quality of the prepared single
crystal electrode surface was identified by comparing the observed CV to its
characteristic CV. Notice that the potential range is from 0.05 to 1.2 V (vs. RHE) for
Au(111) electrode and from 0.05 to 0.85/0.9 V (vs. RHE) for Pt(111) electrode and the
potential should not exceed the upper limiting potential because the surface will be
oxidized and roughed at more positive potential. Finally, the well-prepared single
crystal electrode was transferred quickly to the destination (in glass H-cell or STM cell
filled with working electrolyte). The electrode surface was protected by a droplet of the

water or electrolyte during all the transportation processes and all the solutions were
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deaerated.

However, if the electrode was prepared for working on non-aqueous electrolyte, the
slightly longer cooling process was carried out in a very dry and clean glass cell fully
filled with Ar. The electrode was protected under argon atmosphere during the
transportation process. In this case, the quality of the prepared crystal surface was
identified by the microscope with atomic level resolution such as STM and AFM.

The cyclic voltammograms of Pt(111) and Au(111) in 0.1 M H2SOs electrolyte being
obtained in our case are shown in Fig. 2.7. For the CV of Pt(111), some peaks appeared
in the hydrogen adsorption region are due to the unavoidable defect of the single crystal
itself, which was introduced over time. The better characteristic CVs of noble metal
single crystals are available in the booklet [11].
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Fig. 2.7 Cyclic voltammograms of Pt(111) (a) and Au(111) (b) in argon saturated 0.1 M
H2S04 solution at 50 mV st in H-cell.

2.5 Scanning tunneling microscope (STM)

Scanning tunneling microscope (STM) is a type of microscope, of which the working
principle is based on the quantum mechanical effects, so called quantum tunneling (or
tunneling) [12], in which the electrons could escape from the solid surface into free
space through the “tunnel” based on its wave and particle-like properties in quantum
mechanics. By applying a bias voltage between two materials which are very close to
each other, the tunneling current can be generated and it decreases exponentially with
the increase in the distance between them. The first STM was created by Gerd Binnig
and Heinrich Rohrer in 1981 at IBM in Zurich [13]. It is the most powerful technique to

observe the material surface at the atomic level.
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2.5.1 STM working principle

In STM, when the distance between tip and sample is small enough and a small bias
voltage (Esample - Etip) 1S applied between tip and sample, the electrons can tunnel
through the vacuum barrier from the tip into the sample (or vice versa), generating the
tunneling current. The quantum tunneling through a barrier between tip and sample is
depicted schematically in Fig. 2.8. It explains the mechanism of the tunneling process
based on quantum mechanical principles.

A Energy (g)

— &r (sample)+¢ o
Work function (¢) \

— e (5amp|e) ......................

— &r (sample)-eV

Bias voltage

Sample Vacuum Tip

>

Fig. 2.8 Schematic energy diagram of quantum tunneling through a barrier between tip

and sample.

It is found that the tunneling current forms when the overlap of electron wavefunctions
at the tip and sample is large enough as the result of that the tip is very close to the
sample (only a few angstroms, A) and a voltage difference or called bias voltage
(typically in the range of 0.05-0.20 V) is applied between the tip and sample. The
tunneling current depends on the distance between the tip and sample (d), on the bias

voltage (V), and on the work function (®):

I, =1, . g(-2kd) (k, :ﬂ)
h
Where o is the function of the bias voltage and density of states in both tip and sample,

m is the mass of the electron and h is the Planck’s constant [14]. When the bias voltage
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becomes larger, the effective barrier height ®-eV will become smaller, meaning that the
possibility of electron transfer is higher so that the tunneling current become larger. In
addition, the tunneling current is strongly/exponentially dependent on the distance d,
that it is exactly the distance between the nearest two atoms on the tip and sample,
respectively. For metals, the typical value of work function of ~4 eV leads to the k;
value of ~1 A%, indicating that the tunneling current increases by an order of magnitude
for every one angstrom decrease in d value. This means that when the tip is scanned
over a typical atomic height of ~3 A, the tunneling current changes by three orders of
magnitude (by a factor of 1000). This supports the STM so sensitive that it can enable
people to observe the material surface with high resolution, 0.1 nm lateral resolution

and 0.01 nm depth resolution.

2.5.2 STM setup
A STM setup contains five basic components, a sharp metal tip, piezoelectric scanner,
tunneling current amplifier, bipotentiostat (bias) and a feedback loop (current), as shown

schematically in Fig. 2.9.

z+-
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Fig. 2.9 Schematic representation of STM setup

In the STM the sample is scanned by a well prepared metallic tip. The surface
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morphology can be imaged in three-dimensional by a piezoelectric scanner. The tip can
image the sample surface in either constant current or constant height mode, as shown
in Fig. 2.10. It is determined by a feedback loop, which is generally based on a constant

current.

2.5.3 STM operation modes

In the constant current mode, the STM tip maintains a constant tunneling current (at the
setpoint value) by a feedback controller to adjust the height with a piezoelectric crystal.
The height of the tip follows a contour of a constant local density of electronic states
and maps the surface topography. Specifically, if the tip is scanned over up or down a
step while the tunneling current exceeds or falls below the preset value suddenly, the
corresponding feedback increases or decreases the distance in order to keep the
tunneling current constant. Normally, this mode is used to image the relative

uneven/rough surface.

In the constant height mode, the feedback is very slow and the tip is kept at constant
height so that the tunneling current varies during the tip scanning over the sample
surface. The tunneling current at each location is recorded to constitute the image.
Because the feedback response requires time, the scan rate in the constant height mode
is typically faster than in the constant current mode in order to avoid an unnecessary
height adjustment of the tip. This mode is usually used to probe the relative smooth and

flat surfaces and able to get the images of the atom arrangement.

Constant current mode Constant height mode

@ ........................................... STy e e e T current

‘ B R S S K T|p motion

Fig. 2.10 Probing at constant current (left) and constant height (right).

It is worth to point out that the STM image is related to tunneling current, and reflects
directly the electronic density of states rather than the nuclear position of surface atoms.
Therefore, one of the significant limitations of STM is that both the tip and sample have
to be conductive or semi-conductive. To solve this limitation of STM, atomic force

microscopy (AFM) was invented, developed and widely used.
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2.5.4 STM tip preparation and isolation

All STM tips were prepared by electrochemical etching [15] of Pt/Ir (90:10) wire with a
diameter of 0.25 mm in 2 M KOH + 4 M KSCN solution, and further coated with hot-
melt glue containing different types of polymer (provided by Steinel Vertrieb GmbH in
Herzebrock-Clarholz) to minimize the Faradic current. The electrochemical etching
process was carried out by a two electrodes system, consisting of a small well cleaned
beaker as a cell, an annular Pt wire as anode and Pt/Ir (90:10) wire as cathode to prepare
the tips, as shown in Fig. 2.11. Before inserting the Pt/Ir wire into etching solution, the
lower part of it was covered with a Teflon tube in order to better control the wire is in
contact with solution in a hanging meniscus configuration (see. Fig. 2.11). Then, a DC
signal of 1.5V with a superimposed AC square wave signal of 6.5 V at 1 kHz was
applied between two electrodes for electrochemical etching of the wire. The etching
occurs around the meniscus to yield an atomically sharp tip. After etching, the lower
part of the wire with the Teflon tube would fall into the solution as a discard and the
sharp tip would be prepared and remained on the wire, cutting it down with the length

of 10-15 mm, rinsing with Milli-Q water and then drying it for following isolation.

P/Ir ——®
Pt./lr to power supply
wire Ptring —p
teflon
tube

meniscus

Fig. 2.11 Schematic representation of two electrodes system for preparing the tips [16].

In order to avoid the Faradic current flowing through the tip during the EC-STM
measurements, the part of the tip which will be inserted in the working electrolyte
except the foremost part of the tip which will be connected to the scanner has to be
coated by a chemically inert material such as hot-melt glue containing different types of
polymer. The simplest way we employed is using a hot melt glue gun to melt the glue
stick (provided by Steinel), inserting the tip into the muzzle for short time and then
retracting it quickly. The coated tips should be heat cured by using a simple hair dryer in
order to make the coating firmly and examined under an optical microscope. An

alternative method of isolating the tips is the electrophoretic paint [16].
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2.6 Atomic force microscopy

Atomic force microscopy (AFM) was developed rapidly since 1986, when Binnig and
Quate firstly demonstrated the ideas of AFM, which combined with an STM feedback
system on the top of an ultra-small AFM diamond tip at the end of the cantilever [17].
One year later, Wickramsinghe et al. developed an AFM setup, which was based on the
principle of optical lever, employing a vibrating cantilever technique to probe the
sample surface [18].

2.6.1 AFM setup and working principle

Nowadays, AFM has got much better development and become one of the most
common surface analysis techniques. In AFM, the image is related to the deflection
degree of the cantilever-type spring, also called cantilever, caused by the forces between
the tip at the end of the cantilever and the sample surface described by Hooke’s Law
[19], when the tip scans over the sample surface. The deflection degree is monitored by
a photodiode detector, which records the z-movement of the piezo as a function of the
lateral x-y position to generate the AFM image with 3-dimensional. A schematic view of

basic AFM principles is shown in Fig. 2.12.
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Fig. 2.12 Schematic view of the basic AFM principles.

In AFM, the forces between the tip and sample, including Van der Waals forces,
capillary forces, electrostatic forces, magnetic forces, etc. can be measured. However,
the dominant interaction forces between the tip and sample surface measured in a small

distance is van der Waals forces. As the tip is very close to the sample surface (a few
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angstroms), the tip will experience a strong repulsive force due to the overlap of the
electronic orbitals at atomic distances. Once the repulsive force is dominant, the tip is
considered to be in contact with sample (contact mode). As the tip is retracted away
from the sample surface, the attractive force appears due to a polarization effect and it is
dominant (non-contact mode). The schematic of the interaction versus tip-sample

distance curve is shown in Fig. 2.13.
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Fig. 2.13 Schematic of the interaction versus tip-sample distance curve

The AFM can provide many different scanning modes, which can be generally
classified into static modes and dynamic modes, depending on the application. The
static modes are also called contact modes where the tip is in a static state, while the
dynamic modes are including the non-contact mode and intermittent contact mode (or
tapping mode) where the tip is vibrating at a pre-set frequency by an actuator [17].
Well-defined these three common scanning modes, contact mode, tapping mode and
non-contact mode, according to the nature of the tip motion, will be described in detail

below.

2.6.2 AFM operation modes

Contact mode

When the spring constant (typically 0.001-5 nN/nm) of cantilever is lower than that of
surface and the distance between the tip and sample surface is very small (< 0.5 nm), the
cantilever is bended and the repulsive forces (0.1-1000 nN) are dominant, meaning that

the tip is in contact with the sample surface. The strength of these repulsive forces are
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determined by the setpoint, which is related to the deflection degree of cantilever and
controlled by the feedback signal to the piezoelectric positioning element. This contact
status at the setpoint (~1 nN) should be maintained during the tip scanning in the
contact mode as shown in Fig. 2.14. Generally, the reason for selecting low stiffness
cantilevers is to get highly efficient deflection.
Tip motion
Tip '—/
S s

Fig. 2.14 Schematic view of contact mode

In contact mode, the sample surface can be imaged in a constant height mode and
constant force mode. In the constant height mode, the height of the tip is constant during
scanning and the image is generated by the deflection signal directly. The constant
height mode is usually used to get the atomic-resolution images on the atomically flat
surfaces. In the constant force mode, the constant force is kept by using the feedback
system to control the z-height piezo actuator and the image is generated by the feedback
signal. The constant force mode is more commonly used to image the surface in a large

scale, but the resolution is relative lower.

The contact mode possess some advantages, such as, it can scan fast, achieve a higher
resolution for rough surfaces and be used in friction analysis. However, the
disadvantages are that the tip may be damaged and the soft sample may be deformed

easily.

Intermittent contact or tapping mode

The tapping mode is one of the dynamic modes, in which the cantilever is mechanically
oscillated at its resonant frequency by a small piezo. The amplitude of free oscillation is
typically greater than 20 nm when the tip is away from the sample surface. During
scanning, the tip taps the sample surface gently and frequently (generally 50 to 500
kHz) and the oscillation amplitude of the cantilever can be kept constant by a feedback
system as seen in Fig. 2.15. When the tip is in contact with the sample surface, the
oscillation amplitude of the cantilever is necessarily decreased due to the repulsive
interaction, which is smaller as compared to that of contact mode. The decrease in the
oscillation amplitude is used to reflect the surface features. In tapping mode, the tip can
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be operated either in a constant amplitude or in a constant force on the sample surface,
which can be adjusted by the feedback loop. Here, it is worth to point out that the spring
constant of the cantilever is typically in the range of 1-100 N/m and a sufficient
oscillation amplitude should be applied because the tip has to overcome the adhesion
forces during the scanning. One of the most important advantages of the tapping mode
is that the sample surface cannot be deformed or damaged by the shear forces because
the applied force is always keep vertical.

Tip motion

TAVATATAR

Fig. 2.15 Schematic view of tapping mode

Non-contact mode

In non-contact mode, the cantilever is oscillating freely above the sample surface 5~10
nm and the tip would never contact with the sample surface during the whole scanning
process as shown in Fig. 2.16. In this case, the forces between the tip and sample is
relatively small (generally 102 N), which are mostly Van der Waals forces. These
forces can be detected by monitoring the change in the oscillation amplitude, phase, or
frequency in response to the force gradients between the tip and sample surface, and the
images are generated by the tip scanning above the sample surface. In this mode, the
soft sample surfaces can be imaged and the tip can not be damaged easily, but the
resolution is lower because of the lower interactions between the tip and sample.
Generally, under this mode, the resolution is lower and the contaminant on surface can
interfere with oscillation so that ultra-high vacuum (UHV) is needed for getting better

imaging.

Tip motion

Tip motion
Tip WW\; I Damped oscillation Tip Free oscillation

Fig. 2.16 Schematic view of non-contact mode

2.6.3 AFM probes

The AFM probe consists of a cantilever holder, a cantilever and a tip attached to the end
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of a cantilever as shown in Fig. 2.17. The AFM probes are typically made from silicon
or silicon nitride. Different probes are provided for different propose. The spring
constant and resonant frequency can be determined by the cantilever size, material

property and the mass as described in following equations.

c_1(k), _Ew
0= || k=
2\ m, 4]

Where k is the spring constant, E is Young module, t is the thickness, | is the length, w is
the width and mo is the effective mass of the cantilever. The spring constant of the
cantilevers should be smaller than that of samples (typically ~10 N m™ in a crystalline
solid). In commercial probes, the length, thickness and width of cantilevers are in the
range of 50-500 pum, 0.5-0.75 pm and 20-80 pm, respectively, which give the spring
constant in the range of 0.01-100 N m™*. Furthermore, the tip has a radius of curvature
on the order of nanometers, typically from 5 nm to 50 nm depending on the type. The
probes can be coated with other function materials to extend some new SPM techniques
such as magnetic force microscopy (MFM) and chemical force microscopy (CFM).

Cantilever

Fig. 2.17 SEM images of AFM probe (a) the side view of a cantilever, (b) an enlarged
side view of the sharp tip on the end of cantilever and (c) a bottom view of a cantilever
[16].

All the AFM probe employed in this work are provide by Nanosensors and the

specifications are shown in table 2.3.
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Table 2.3: Probe specifications PPP-CONTSC-20

Type Material Coating Spring Length Width Thickness Frequency Lateral

constant (um)  (um) (um) (kHz) force
(N/m) constant
(N/m)
PPP- Silicon Non- 0.01~0.3 225 44 12~14 31~42 50

CONTSC coated

2.6.4 Vertical force and lateral friction force

The vertical force is an applied force between the tip and sample surface, which can be
calculated by the force-distance curve according to Hook’s law.

F=k-d,

Where k and d. is the spring constant and deflection of the cantilever, respectively. This
force is dependent on the value of setpoint because the setpoint determines the
deflection of cantilever. Normally, the plot of the vertical force versus setpoint

demonstrates a linear relationship.

The lateral friction force is generated when the tip is mechanically contacted with the
sample surface and it moves horizontally across the surface. Theoretically, this force is
not dependent on the contact area and the rate of tip movement, but on the applied
vertical force (F) and the surface friction coefficient of sample (p).

Fo=u-F

The friction reflects the surface property of the materials and it currently can be
measured by the lateral force microscopy (LFM) [20]. It is worth to mention that the
friction at atomic scale is demonstrated by the Tomlinson model, and further modified
by Prandtl [21, 22], and the true friction is obtained by subtracting the friction obtained
in the retrace direction from the friction obtained in the trace direction because the
deflection direction of cantilever at the same position is opposite (positive value in trace
direction and negative value in retrace direction) in the trace and retrace directions and
the friction is different at the same position when tip is scanning over a step in both

directions. The more detailed information is available in the literature [23].

2.7 EC-AFM/STM
2.7.1 EC-AFM/STM setups
In this work, we employed an Agilent Technologies 5500 Scanning Probe Microscope

(SPM) combined with the built in bipotentiostat or a Nanoscope 111 E controller (Digital
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Instruments, Santa Barbara, CA) connected with a separate potentiostat and a
commercially available STM and AFM scanner (Molecular Imaging/Agilent
Technologies) fitted with a homemade electrochemical cell so called AFM/STM cell as
described before. The electrochemical measurements were conducted with a three
electrodes system consisting of a reference electrode (Pt/PtO), a working electrode
(Au(111)/Pt(111)) and a corresponding counter electrode (Pt/Au wire) to working
electrode. The schematic view of EC-STM is shown in Fig. 2.18, and the EC-AFM is

similar to this setup except no bias voltage applied between the tip and sample.

STM tip

' Fy

.R_E A4

Ehias

. WE Y. A 4

@ ck

Fig. 2.18 Schematic view of the EC-STM setup.

In EC-STM, there are two operating modes, fixing bias voltage between the tip and
sample and fixing tip potential. When the bias voltage (typically 0.05-0.2 V) is fixed,
the tip potential (vs. Pt/PtO) is also scanned parallelly to the potential at working
electrode during electrochemical scanning, and this probably leads to some reactions
taking place at the tip, producing faradic current flowing through the tip and making it
unstable. However, for fixing tip potential, the tip potential should be fixed at a potential
where no reactions occur. It is worth to note that the bias voltage is constantly changing
during electrochemical scanning. Each of these modes has its own advantages and

disadvantages, and both modes should be operated carefully.

2.7.2 Cleaning of the STM/AFM cell

The STM/AFM cell and their ancillaries such as reference and counter electrode wires,
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plastic tweezer and small glass pipette, etc. were cleaned in boiling dilute sulfuric acid
and then in boiling in Milli-Q water before use. Afterward, washed them carefully and
dried it when the organic electrolyte was involved. In addition, these stuffs were kept in
a 5 M KOH bath after the measurements on organic electrolyte for overnight to
decompose the organics before the cleaning process described above. The AFM-nose
and the probes were scrubbed by a clean tissue paper with a few drops of ethanol
followed by rinsing with Milli-Q water.

2.8 STM/AFM images analysis

First, it is worth to point out that SPM raster scan the tip over the electrode surface to
form images and it is typically composed of 512x512 pixels, which forms an array of
512 lines. In this work, the WSxM 5.0 D7 program was used for images analysis, which
is the freely available, powerful and user-friendly software for data acquisition and
processing in SPM or spectroscopy techniques. It has many analysis functions. Here,
some functions we used will be briefly described below. It is necessary to optimize the
image quality before analyzing the images because the surface features are sometimes
not visible before some adequate treatments due to the distortions of images caused by
noise (especially at low frequency), tilt samples and nonlinear scanner behavior such as
bow (see. Fig. 2.19), which have to be eliminated and corrected.

) — Ideal behavior
Non-ideal behavior /”
s ’I
) Hysteresis /"
= #
g &
= v |
¥
Iz
= A
/" Non-linearity
T —*
-V 0 +V
Applied Voltage (V)

Fig. 2.19 Ideal and non-ideal behaviors of a piezoelectric scanner in one dimension
(either X, y, or z). Hysteresis where the sensitivity varies depending on the direction of
the applied voltage and non-linear extension in response to linear applied voltage [24,
25].
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The most common way is called line by line leveling (also called flattening which
generally works line-by-line in the software). It works by subtracting a polynomial
function from each line in the unprocessed image [26]. The simplest function is a
constant function, the average of each line. However, the linear function (straight line)
or quadratic function (parabola) was also often used for line leveling, depending on the
surface feature. It should be noted that an artifact may be introduced because the
polynomial function probably includes the feature, giving rise to some streak marks in
the image, and an appropriate polynomial function should be used to avoid it. Flattening
is useful prior to analysis of depth, roughness, section, etc. when the tilt, bow or low

frequency noise appearing as stripes or horizontal shifts were displayed in the image.

However, when the tip is never perpendicular to the surface of sample during its
scanning, it gives the final image slope. This generally has to be corrected by
subtracting a plane, which is well-defined plane by using a single polynomial of a
selectable order. It is the most common method that the correcting can be done by
defining a plane, which named three selected points that are not on the same line, and
then subtracting it from the unprocessed image. The plane leveling/fitting includes
options for a global plane leveling and a local plane leveling, which is specially used in
the case of the appearance of some slopes on the terraces or the terrace where the
background associated with the scanner is much lower than the terraces heights because

the global plane leveling can not flatten them when the terraces are at different heights.

In practice, to obtain an accurate image, leveling is not always sufficient. It is necessary
eliminate noise in the image by using filters in some cases because the noise is often
present in images and it can be easily aroused by surface irregularities, impurities,
humidity, vibration, and so on. Generally, two types of filtering, the matrix filtering and
Fourier transform, are used for eliminating the noise in images. The detailed description

of these filtering methods is available in the software user manual and in the book [26].
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Chapter 3: ORR and OER on Co0304 (nanoparticles)/Ag electrode

This chapter will focus on the fundamental study of ORR and OER on Co0304
(nanoparticles)/Ag electrode prepared by physical deposition of Coz0s on Ag disk
electrode. Its catalytic activity and stability for both reactions will be determined by
RRDE technique and surface characterization techniques.

3.1 Introduction:

Ag is considered as an alternative catalyst to platinum for ORR in alkaline electrolyte to
reduce the high cost of the electrode [1-3] in lithium air batteries [4-6], even metal-air
batteries [7, 8]. To improve the catalytic activity of Ag for ORR, single crystal Ag [9],
different size, shape and morphology of silver nanostructures [10, 11], and also Ag
modified and combined with another metal [12, 13] or metal oxide [14-16] were
studied. Ag is not suited as a bifunctional catalyst for reversible oxygen reaction
because it is not active for OER. Metal oxides, such as Co030Os [17], MnO> [18], the
transition metal-doped RuO:; and IrO2 [19], and their mixture [20] have a good
performance for catalyzing OER because they can increase the number of sites for
peroxide decomposition [21, 22]; it was found that Co304 is one of most active catalysts
for OER [23].

Recently, it was found that mixing the ORR and OER catalysts is an approach to
achieve a bifunctional catalyst with synergistic effect in alkaline media. Slanac [24]
achieved synergy between Ag and MnOjx nanoparticles. In our group, Amin [23] also
found that the mixture of spinel CosO4 nanoparticles and Ag particles also showed a
synergistic effect. To continue study on this synergistic effect of Cos04/Ag, the
fundamental study of ORR and OER on spinel CozOs nanoparticles modified Ag
electrode was done in this work, which has never been done before. The mechanisms of
ORR and OER have been investigated by RRDE technique. The surface morphologies
before and after potential cycling in Ar saturated electrolyte have been examined by
SEM. The number of the accessible sites of Ag surface was determined by Pb-UPD

measurements [25].

3.2 Experimental
3.2.1 Preparation of disk electrodes

A glassy carbon (GC) and silver polycrystalline rotating disk electrodes both with the
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same diameter of 0.5 cm were employed. A suspension containing Spinel Co304
nanoparticles (< 50 nm, Sigma-Aldrich) with a concentration of ~0.4 g/L in ethylene
glycol was prepared for physical deposition of Coz0s4 catalyst on Ag and GC disk
electrode. A simple way was used, first using a pipette to transfer a certain amount of
Co0304 solution onto the disk electrode surface, then the electrode was placed in a
common oven at the temperature of 160 °C for 10 min to evaporate ethylene glycol,
finally using 20 puL Nafion®117 solution [26] (~5% in a mixture of lower aliphatic

alcohols and water) to bind CosO4 nanoparticles on disk electrode surface.

3.2.2 Electrochemical characterization

All electrochemical experiments have been done by a three-electrode system, consisting
of a working electrode (glassy carbon or silver polycrystalline rotating disk electrode,
both with the area of 0.196 cm?), a platinum foil counter electrode, and reversible
hydrogen reference electrode (RHE) at room temperature. 0.1 M LiOH (lithium
hydroxide monohydrate were purchased from Sigma-Aldrich) and 0.1 M LiOH + 125
MM Pb(NO3)2 (lead nitrate were purchased from Aldrich-chemie) were prepared with
Milli-Q water (18.2 MQ c¢m, TOC of 5 ppm, MILLIPORE, Schwalbach, Germany) as
electrolyte and purged with ultra-high pure argon (99.999%, Air Liquide) and oxygen
(99.9995%, Air Liquide) for at least 40 minutes before use for ORR and OER test.
Spinel Co304 nanoparticles (< 50 nm, Aldrich) was used as catalyst and Nafion®117
solution (~5% in a mixture of lower aliphatic alcohols and water) of 20 pL was used as
adhesive [26].

Electrochemical measurements were recorded by LabVIEW software (National
Instruments GmbH, Munich, Germany) combined with a homebuilt rotating ring disk
electrode (RRDE) setup. The RRDE tip was provided by the company (Pine Research
Instrumentation, Pennsylvania, USA), consisting of a disk electrode with a diameter of
5 mm, a platinum ring electrode with the internal and outer diameter of 6.5 and 7.5 mm
respectively and a Teflon U-cup for keeping two electrodes electrically isolated. For
determining the ORR and OER activities of the catalysts, a linear sweep voltammetry
from O to 1.8 V at the disk electrode with a scan rate of 5 or 10 mV/s and a varying
rotation speed of 10-40 Hz and holding the ring electrode at 1.2 V (vs. RHE) where the
formed peroxide at the disk electrode can be oxidized in O saturated in 0.1 M LiOH

was carried out by RRDE.
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3.2.3 Surface characterization

The surface morphology of the catalysts was examined by SEM (Zeiss dual-beam
NVISION 40 with an operating voltage of 5-30 kV) by Jérg Bernhard in university of
Ulm. Pb-UPD measurements for determining the accessible sites of Ag surface were
executed in 0.1 M LiOH + 125 pM Pb(NOs)2 by holding potential at 0.23 V (vs. RHE)
for 5 min and then scanning to anodic direction to 0.58 V at 10 mV/s.

3.3 Results and discussion

3.3.1 ORR and OER on Co304/Ag electrode surface

Catalytic activity estimation

The electrocatalytic activity of different electrode surfaces such as Agc), Co304/GC and
C0304/Agpc) towards ORR has been examined by recording the corresponding cyclic
voltammograms in O-saturated 0.1 M LiOH as shown in Fig. 3.1. For examining the
catalytic activity of the electrode surfaces for ORR, the ORR curve in the anodic
direction is used because it is freed of oxides (such as Ag.0) at the negative potential
limit. On the contrary, oxidation of the metals takes place in the OER region in the
anodic sweep, giving rise to an additional current, and therefore the OER curve in
cathodic direction should be used for examining the catalytic activity of the electrode
surfaces. In the case of 800 pug cm CosO4/Ag, the diffusion limiting current decreased
obviously compared to pure Ag electrode. This is probably due to the Co304
nanoparticles hindering oxygen to diffuse to the Ag surface [27], where the ORR prefers
to occur. However, the onset of ORR is approximately 50 mV earlier than that of pure
Ag electrode and the onset of OER is around 40 mV negative shifted and the current at
1.8 V increased by 22% compared to that of Co304/GC electrode. All these results
indicate that the Co304/Ag catalyst possesses an excellent catalytic activity to both ORR
and OER. However, the theoretical diffusion limiting current was calculated to be 5.08
mA cm, which is lower than that obtained at silver electrode, but is almost consistent
with that obtained at 800 pg cm Cos04/Ag electrode.
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Fig. 3.1 Cyclic voltammograms of ORR and OER on different electrode surfaces in O-
saturated 0.1 M LiOH solution at a scan rate of 5 mV s™ and a rotation speed of 40 Hz.

Different coverage of Co304 on Ag electrode

In order to investigate the dependence of the catalytic activity on the coverage of C0304,
a series of comparative RRDE voltammograms were obtained on pure Ag, 200/400/800
1g cm2 Coz04/Ag and 800 pg cm CosO4/C electrodes in O, saturated 0.1 M LiOH at
the rotation rate of 40 Hz as shown in Fig. 3.2. It is interesting that the Ag oxidation
peaks and reduction peak become larger with the increase of the coverage of Coz04 on
Ag, indicating that CozO4 may promote Ag oxidation and reduction. In order to see the
CVs more clearly, ORR and OER curves are selected and shown in Fig. 3.3 and Fig.
3.4, respectively. For ORR curves (see. Fig. 3.3), it is obvious that the diffusion limiting
currents decrease with increase in the amount of Co3O4 on Ag, but the onset potentials
are positive shifted gradually. The pure Ag electrode demonstrates the highest diffusion
limiting current. As discussed before, the decrease in the diffusion limiting current is
probably due to the Coz0O4 layer hindering the diffusion of oxygen to the ORR active
sites, which are mostly located on Ag surface and at the interface of Co304 and Ag. It is
well known that Coz04 possesses less catalytic activity for ORR. However, the onset
(Eonset) and half wave (E1r) potentials for ORR are shifted from 0.83 V and 0.63 V at
pure Ag to 0.88 and 0.7 V at 800 pg cm? CoszO4/Ag, respectively, meaning that the
catalytic activity of Ag for ORR can be improved by modifying it with C0304. This
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phenomenon was also observed on bimetallic alloys: the catalytic activity of a metal for
ORR can be enhanced by the presence of the heterogenous transition metal or metal
oxide because the d-band center can be shifted by changing the electronic structure of
the metal in this case [28-32]. The For OER curves (see. Fig. 3.4), the Eonset is shifted
from 1.56 V at 800 pg cm Coz04/GC to 1.52 V at 800 pg cm? CozO«/Ag and the
current of OER is increased significantly. According to synthetically evaluation, the 800
1g cm? Cos04/Ag has a higher catalytic activity for both ORR and OER in this work.

20 1— —
{ —co,0,

— T T T T T T
cat.(800pg cm?) on GC

154 — pure Ag e
-2
1 — Co,0, cat.(200ug cm»z) on Ag
10 -+ Co,0, cat.(400pg cm”) on Ag B

{ —— Co,0, cat.(800pg cm™) on Ag

jy/mA cm’

8

-02 00 02 04 06 08 10 12 14 16 18 20
E/V vs RHE

Fig. 3.2 Cyclic voltammograms of ORR and OER on the pure Ag, 200/400/800 pg cm
Co0304/Ag, 800 pg cm2 Co304/C electrode in Oz-saturated 0.1 M LiOH solution at a
scan rate of 10 mV s and a rotation rate of 40 Hz.
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Fig. 3.3 RRDE voltammograms of ORR on the pure Ag, 200/400/800 pg cm™
Co0304/Ag, 800 pg cm Co304/C electrode in 0.1 M LiOH at a scan rate of 10 mV s
and a rotation rate of 40 Hz. Disk current density (down) and ring current/H.0; yield

(Up).
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Fig. 3.4 RRDE voltammograms of OER on Ag, 200/400/800 pg cm2 CozO4/Ag and 800
1g cm2 Cos04/C electrode in 0.1 M LiOH at a scan rate of 10 mV s and a rotation rate

of 40 Hz.

Determination of the H>Oz yield and electron transfer number
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Fig. 3.3 shows the disk current and ring current recorded at the constant potential of 1.2
V (vs. RHE) where the peroxide species can be oxidized, while the potential of disk
electrode was scanned in the range of 0 to 1.8 V with a scan rate of 10 mV s and with a
rotation speed of 40 Hz. The percentage of peroxide species and the electron transfer

number (n) were determined according to the following equations:

H,0,0% = — 2=
Niy +1g
4,
i +iy/N

Where ip is disk electrode current, ir is ring electrode current, and N=0.256 is the
collection efficiency. The yield of peroxide species (H.02%) was calculated and is
shown in Fig. 3.3. The highest yield of H>O, (9%) was obtained at 800 pg cm™
Co0304/GC. 1t is essentially in agreement with the values reported in the literature that
the yield of are below ~12% and ~6% for Co0304rmGO and Co0304/N-rmGO,
respectively [33]. Less than 2% yield of H202 was obtained at the Co304/Ag electrode
surface and the yield decreased with the increasing in the amount of Co3Oa4. Finally,
only 0.7% was obtained at the 800 pg cm CosO4/Ag. These are consistent with our
previous results, which were obtained from the bimetallic catalyst of Ag311
(microparticles)/Coz04 (nanoparticles) [23]. The electron transfer number (n) was
calculated to be 4 by the equation (see. above), suggesting that at CozO4/Ag electrode
surface of a 4e- ORR process is favoured, which is similar to ORR catalyzed by a

commercial Pt/C catalyst.

Mechanism investigation of the reactions

For further analyzing the Kkinetic parameters and mechanism of ORR at Co304/Ag
electrode surface in 0.1 M LiOH, it is essential to get the Koutecky-Levich plot, which
was described by the Koutecky-Levich equation [34] (below), and Tafel slope [35].

}/j :}/jL +}/j|< :}/B(OO'S +}/jK
B =0.62nFC D}y
jx =nFkC,
Where, j (mA-cm™) is the measured current density, jx (mA-cm™) is kinetic current

density, j_ (mA-cm™) is the limiting current density, o (s) is the rotation rate (o= 2xf, f

is frequency in Hz), n is the electrons transfer number, F (A-s) is the Faraday constant,
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Co (mol-cm?) is the concentration of oxygen in bulk solution, Do (cm?-s?) is diffusion
coefficient of oxygen, v (cm?s?) is the kinematic viscosity of the electrolyte and k (mol-

L.em®s?) is the rate constant of electron transfer.

Koutecky-Levich plots were constructed by using the RRDE voltammograms of 800 ug
cm? Coz04/Ag in 0.1 M LiOH in Fig. 3.5a. The linear Koutecky-Levich plots and
parallel fitting lines at various potentials, and a zero intercept at 0.2 V, are obtained and
shown in Fig. 3.5b. This suggests a first order reaction with respect to the concentration
of dissolved oxygen and that the ORR process is not limited by a chemical reaction step,
but by the diffusion of oxygen. The electron transfer number calculated by using the
Koutecky-Levich slope of 3.2x10% cm? A'ls¥? (average value at 0.2-0.8 V) is in good
agreement with the value calculated by using the ring current. It is around 4e” in both
cases. RRDE voltammograms and the corresponding Koutecky-Levich plots of different
amount of Co304/Ag are shown in Fig. 3.6. In addition, Koutecky-Levich plots at 0.2 V
(diffusion control range) for different coverages of Cosz04 (0, 200, 400, 800 g cm™) on
Ag electrode are shown in Fig. 3.5f. The slope of these plots is different but the
intercept of these plots is almost zero, suggesting that ORR reactions on these electrode
surfaces are diffusion controlled reactions. The decrease of diffusion limiting current
decreases with the increase of the Co3O4 coverage are probably due to the
agglomeration of Cos04 particles on Ag electrode surface, blocking active Ag surface
(see SEM images in Fig. 3.9).
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Fig. 3.5 a) RRDE voltammograms of 800 pug cm Co304/Ag in O2-saturated 0.1 M
LiOH at a sweep rate of 10 mV s* and at different rotation speed (10, 20, 30, 40 and 50
Hz). b) The corresponding Koutecky—Levich plots (" vs. ®™*?) at different potentials
(E/V vs. RHE). ¢), iR-corrected Tafel plots of ORR for 200 pg cm Co304/Ag, 400 pg
cm Co304/Ag, 800 pg cm? Co304/Ag, 800 pg cm Cos04/GC and pure Ag derived by
the mass-transport correction of corresponding RRDE data in Fig. 3.3. d) non-iR-
corrected Tafel plots in which the kinetic currents were obtained from the intercepts of
corresponding K-L plots showed in Fig. 3.5b and Fig. 3.6. e) iR-corrected Tafel plots of
OER for 800 pg cm™ Co304/Ag and 800 pg cm Cosz04/GC electrodes obtained from
the corresponding CV in Fig. 3.4. f), the K-L plots at 0.2 V for different coverage of
Co0304 on Ag electrode.

Usually, the reverse reaction rate of ORR at overpotentials higher than 60 mV is
negligible [36]. So, the kinetic current density (jx) can be determined by the measured
current density (j) and experimental limiting current density (j.) from the equation as
following:

j= Jk

1+J_—K
I
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After rearrangement

jK= J_=J'JL

]___i jL_j
I

The Tafel slopes for ORR were obtained by plotting the potential (E) against the
logarithm of kinetic current density (log jk) and shown in Fig. 3.5c. Only one Tafel
slope (~180 mV dec?) was observed on 800 pg cm? Coz04/GC electrode. However,
two Tafel slopes appeared separately at low and high overpotentials on CosO4/Ag and
pure Ag electrodes. Specifically, on pure Ag electrode surface, the obtained Tafel slopes
for ORR are 80 mV dec! and 140 mV dec’ at low overpotentials and high
overpotentials (< 0.8 V), respectively, close to the values in the literature [37], in which
the Tafel slopes were found to be 70 mV dec™ at a low overpotentials and 140 mV dec™?
at a high overpotentials, suggesting that ORR probably proceeds by different
mechanisms. On Co304/Ag electrode, with the increase of the coverage of CozO4 on Ag,
the Tafel slope at low overpotential declined slightly from 78 to 70 mV dec™, while the
Tafel slope at high overpotential increased from 149 to 160 mV dec™. The Tafel slopes
appeared at low overpotential are related to the pre-adsorption process. These Tafel
slopes at high overpotential are close to 120 mV dec™, which is typical for one-electron
transfer. The increase/transition in Tafel slope at high overpotential may be correlated to
the change of adsorption model of intermediates from Temkin to Langmuirian condition
[38, 39] or the effect of the competitive adsorption of OH™ and other special anions,
which determine the effective adsorption of oxygen molecules at the electrode surface at
high overpotential [40]. The similar transition in Tafel slope at low and high
overpotentials is observed when the Tafel slopes are obtained from the intercepts of
corresponding K-L plots, as shown in Fig. 3.5d, however, these values are slightly larger

than that obtained from the measured current and limiting current.

Only one Tafel slope was obtained for OER to be in the range of 60~72 mV dec™ in all
these cases (Fig. 3.5e). It indicates that there is no change in the mechanism of OER
catalyzed by CosO4/Ag comparing to Co30s. These Tafel slope values are close to the
values in the literatures. lwakura [41] observed the Tafel slopes of 45 and 55 mV dec™
in the case of using Co30s/Fe and Co304/Pt as catalyst, respectively. Singh [42]
obtained the Tafel slope in the range of 58~64 mV dec™ for the catalysts of Coz04/Ti,
C0304/Co, C0304/ Ni, Coz04/Nb, Co304/Ta and Rasiyah [43] found that the Tafel slope
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of OER is around 60 mV dec™ on Co304 and 64 mV dec? on Li-doped CosOa. For the
mechanism of OER it was suggested that the first step is the fast electrosorption of OH"
as OH radical on the electrode surface, followed by the slow conversion process of OH
into H20> as rate limiting step, and chemical decomposition of H20; into O via two fast
chemical steps finally [44], as following:

§s* + OH =s*-OH + ¢ (fast)

s*-OH + OH — s*—H20, + e~ (slow)

s*~H202 + OH™ — s*~HO2 + H»0 (fast)

2s*—HO; — 2s* + OH +0; (fast)
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Fig. 3.6 RRDE voltammograms of ORR on 0/200/400 pg cm Cos04/Ag electrodes in
O-saturated 0.1 M LiOH with a sweep rate of 10 mV s? at the different rotation rates
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indicated, and corresponding Koutecky—Levich plots (3" vs. w'/?) at different potentials
(E/V vs. RHE).

Determination of the steady state activity of Co304/Ag for OER

The steady state activity of 800 pug cm? CosO4/Ag for OER was tested by the
chronoamperometry. The electrode potential was held at the constant value of 1.51,
1.61,1.71, 1.8 V in 0.1 M LIiOH solution saturated with Oz, as shown in Fig. 3.7. The
steady state current values are shown together with the corresponding CVs and in Fig.
3.4. This demonstrates that the negative-going scan really reflects the oxygen evolution
because the steady state currents at rotation rate of 40 Hz are as the same values as those
in the negative-going sweep. It is worth noting that in the potential range below 1.61 V
the curves of current vs. time for both rotation speeds (10 Hz and 40 Hz) overlap and
the current drops rapidly; but they differ above 1.71 V. In the potential range below 1.61
V, the continuous oxidations of Ag and Co species are the dominant reactions, which
cause the rapid decrease of the current since they are surface limited reactions. With the
increase in the potential to 1.71 V, oxygen evolution reaction starts to dominate and the
current transient curves start to deviate from each other. The degree of the deviation
becomes larger with further increase in the potential to 1.8 V. This is mainly because the
current decreases more rapidly at 1.8 V, when the rotation rate was set at 10 Hz rather
than 40 Hz. This decrease in the current is due to the formation of blocking layer
consisting of oxygen bubbles, which are attached at the electrode surface as shown in
Fig. 3.8. When the rotation rate was set at 40 Hz, small undulations appeared on the
current response curve because the produced oxygen molecules are detached easily once
they gathered a certain amount, and finally there is almost no change in the current. Fig.
3.7a and b also show the CVs before/during/after the measurement of the catalyst
stability for OER. It is found that the ORR limiting current increases slightly after
holding the potentials during OER in subsequent one potential cycle, and then becomes
constant as before. All these results suggest that ORR and OER on Co304/Ag electrode
possesses higher catalytic activity and stability and the hybrid bimetallic catalyst

Co304/Ag could be an eligible candidate catalyst for rechargeable metal-air batteries.

74



Chapter 3: ORR and OER on Co030, (nanoparticles)/Ag electrode

4 T T T T T T T T T T 4 T T T T T T T T T T
— before Rotation rate: 10 Hz a — before Rotation rate: 40 Hz b
34 —— hold potenial i 3{ — hold potential 4
— after — after ,
B steady-state current for Co,0, cat.(800ug cm”) on Ag 24 B steady-state current for Co,0, cat.(800ug cm”) on Ag ]
2 o
14 .
1 o
< <
g 04 i g 0 -
14 .
-1 .
24 .
24 .
34 _
-3 T T T T T T T T T T T T T T T T T T T T
02 00 02 04 06 08 10 12 14 16 18 20 02 00 02 04 06 08 10 12 14 16 18 20
E/NV vs RHE E/V vs RHE
4,0 2,0
3,5 1,8
1,6
3,0
14
2,54 12
't
< 2,04 10
£ s 2
1,5 1 ’ >
[
0,6
1,01 : :
. 1404
+—— 40 Hz
05 +—10Hz i |{o2
0,0 0,0

T T T T T T T T
0 100 200 300 400 500 600 700 800
Tls

Fig. 3.7 Cyclic voltammograms of ORR and OER on 800 pg cm? Cos04/Ag electrode
in Oz-saturated 0.1 M LiOH solution at a scan rate of 10 mV s and a rotation speed of
10 Hz (a) and 40 Hz (b). (c) Chronoamperometric response of the 800 pg cm
Co304/Ag electrode at 1.51, 1.61, 1.71, 1.8 V for 3 min in Oz-saturated 0.1 M LiOH.
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Fig. 3.8 Image of the formation of oxygen bubbles on 800 pg cm Cos04/Ag electrode
in the case of holding the potential at 1.8 V for 3 min in Oz-saturated 0.1 M LiOH

solution with a rotation rate of 10 Hz.
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3.3.2 Surface characterization

In order to get insight into the properties and surface distributions of the CozO4 particles,
it iIs necessary to characterize the electrode surface by the surface characterization
techniques such as scanning probe microscopy (SPM), X-ray diffraction (XRD) spectra,
X-ray Photoelectron Spectroscopy (XPS), etc. In this work, the scanning electron
microscope (SEM) and the determination technique of surface active site (Pb-UPD)
were employed.

Observation of surface morphology by SEM

The surface morphologies of the electrodes before and after potential cycling in Ar
saturated electrolyte were imaged by scanning electron microscope (SEM) as shown in
Fig. 3.9 and Fig. 3.10, respectively. Before ORR and OER, it is clear that a part of the
Ag disk electrode surface (~40%) was covered by Coz04 nanoparticles (< 50 nm), but
part of its surface is still exposed, and the boundary of Coz04 nanoparticles and Ag disk
electrode is very clear. In addition, some large particles with a certain shape are
observed, which are probably larger CosO4-spinel particles. After 6 potential cycles in
the potential range of ORR and OER (see. inset of Fig. 3.10a), the substrate surface
becomes rough and the boundary of Co3O4 nanoparticles and Ag disappeared (compared
Fig. 3.9b with Fig. 3.10b). Nevertheless, the large particles with a certain shape are still
observed obviously and they are intact. The changes in surface morphology could be
contributed to a series of the oxidation and reduction reactions of Co and Ag species,
leading to the surface rough and the slight migrations of surface atoms and molecules. It
is found that Ag can be oxidized into Ag20 or AglAgllIO; during OER [23]. This may
cause the change in surface morphology. The charge of the peak at 1.38 V in the first
potential cycle (see. inset of Fig. 3.10a) is calculated to be ~6x10* uC cm2, which
means that ~279 Ag layers are oxidized by assuming that a monolayer of Ag requires
215 uC cm for one electron transfer process determined by Ph-UPD stripping peak
charge in this work. Furthermore, Co304 may promote Ag oxidation and reduction as
mentioned before because when the Ag electrode are loaded with Co030s4, the Ag
oxidation and reduction peaks do not become smaller but become larger than that of

bare Ag electrode as shown in Fig. 3.11.
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Fig. 3.9 SEM images of 800 ug cm? Co304/Ag disk electrode without Nafion binder
before ORR and OER.
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Fig. 3.10 SEM images of 800 pg cm? Co304/Ag disk electrode without Nafion binder
after potential cycling in Ar saturated electrolyte, respectively. Inset of Fig. 3.9a is
cyclic voltammogram of 800 pg cm Cos04/Ag electrode in 0.1 M LiOH with a sweep

rate of 20 mV s,
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Fig. 3.11 Cyclic voltammograms of pure Ag, 200/400/800 pg cm Co304/Ag, 800 pg
cm2 Co304/C electrode in Ar-saturated 0.1 M LiOH solution. (a) with Nafion binder, (b)
without Nafion binder.

Determination of active and accessible Ag sites on the surface by Pb-UPD

Whereas for a Pt electrode the adsorption of a monolayer of CO or hydrogen can be
used to determine the accessible sites of Pt, on Ag only UPD of another metal can be
used for this propose. Pbupg-stripping is a suitable method to determine the amount of

surface active sites of Ag [25].

In order to determine the area of non-blocked silver on the electrode surface, Pb-UPD
was carried out in the Pb containing solution to determine the amount of the active sites
of silver. Considering that Nafion may influence on the Pb-UPD on active Ag surface,
Nafion binder was not employed to bind CosO4 nanoparticles on Ag electrode surface.
As shown in Fig. 3.12c, Nafion has a large effect on Pb-UPD on the Ag electrode
surface with the lower loadings of Co30a (< 400 pg cm™). However, it has an ignorable
effect on the Ag electrode surface with the larger loadings of CosO4 (> 400 pg cm).
Fig. 3.12a and b show the cyclic voltammograms of Pb-UPD obtained at the electrode
surfaces without Nafion binder before and after potential cycling in Ar saturated
electrolyte, respectively, in the solution of 0.1 M LiOH + 125 uM Pb(NO3). by holding
the electrode potential at 0.23 V versus RHE for 5 min, and then cycling potential in
UPD region at 10 mV s, and the corresponding plots of Phypg stripping charges vs. the
coverages of Coz04 on Ag before and after potential cycling in Ar saturated electrolyte
are shown in Fig. 3.12c and d, respectively. In the CVs, the reversible peak in the
potential range from 0.25 to 0.5 V is related to the oxidation of Pbyp to Pbll and the

reduction of Pbll to Pbypg in the anodic and cathodic scans, respectively. [45] A small
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broad peak appears at ~0.5 V after potential cycling in Ar saturated electrolyte probably
indicates Pb-alloy formation. The charge for monolayer formation of Pb-UPD on a
smooth surface was found to be 260 pC cm [46]. Therefore, on the pure Ag electrode
in our experiment, the Pbypg-stripping charge was found to be 430 pC cm2 before ORR
and OER, corresponding to an apparent roughness factor of ~1.65 (i.e. real surface area
for Ag: ~1.65 cm? per cm? geometric area). By loading CozO4 nanoparticles on Ag
electrode surface, the surface area of the Ag electrode available for Pb-UPD is reduced.
It is indicated by the reduced Pbyyd charge and Pbypg-stripping charge for Pbypa (Fig.
3.12c). According to the charge decrease during Pbypd-stripping, 70% of the Ag surface
area was blocked by loading 800 pg cm™ Co3O4 on Ag electrode surface, which shows
the highest catalytic activity in this work. It is slightly lower than the value for Ag311 +
Co0304 (10 wt%) nanoparticles, where about 88% of the Ag sites were blocked and

which performed a best catalytic activity [23].

However, as shown in Fig. 3.12d, after potential cycling in Ar saturated electrolyte on
the pure Ag electrode the Pbupg-stripping charge was found to be 1750 uC cm, around
fourfold larger than that before ORR and OER. This is due to the increase in the surface
roughness during oxidation and reduction of Ag. On Co304/Ag electrode, the ratio of
the Pbypg-stripping charge after potential cycling in Ar saturated electrolyte to the Pbypg-
stripping charge before ORR and OER increased from 4 (pure Ag) to 6 (800 pug cm™
Co0304/AQg) gradually. It indicates that there is change in the surface composition of the
electrode, appearing to be consistent with our SEM results. The change in the surface
composition is probably due to the migration of surface atom or molecules as mentioned
before. It seems that Ag species were migrated to the surrounding Cosz04 nanoparticles
surface. Nevertheless, the Pbypa-stripping charge also decreases with the increase of the
coverage of Coz04 on Ag electrode. In addition, from the plot of CosO4 coverage vs.
logJk (Fig. 3.12d), it shows that the kinetic current at 0.7 V on 800 pg cm™ CozO4/Ag
electrode surface is the highest, indicating that the reaction rate is fastest, compared to

others.
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Fig. 3.12 Cyclic voltammograms of Pb-UPD at the Ag electrode covered with different
amounts of Co304 without Nafion binder before (a) and after (b) potential cycling in Ar
saturated electrolyte, respectively. The plots of Pbyd and Pbypd Stripping charges vs. the
coverages of Co304 on Ag before (c) and after (d) potential cycling in Ar saturated

electrolyte, respectively, and the plot of coverage of Co304 on Ag vs. log Jk (d).

3.3 Conclusions

Co304 nanoparticles/Ag electrode was prepared by physical deposition and investigated
for catalyzing oxygen reduction and evolution reactions in alkaline solution. Due to a
synergistic effect the catalytic activity of Ag for ORR was greatly enhanced by Co304
and the catalytic activity of Coz04 for OER was also enhanced by Ag. By comparison,
800 pg cm Coz04/Ag demonstrated better catalytic activity and stability for both ORR
and OER. The mechanisms of both reactions were studied by RRDE experiments. For
ORR, the yield of peroxide species (H202) was greatly reduced to less than 2% and the
four-electron transfer process on this Co3O4/Ag electrode surface is preferred, which is
comparable to the commercial Pt/C catalyst. Probably, the adsorption mode of the
reactants or intermediates changed. For OER, no change in the mechanism was
observed, but the current efficiency was improved significantly. Interestingly, the ratio

of active sites of silver after potential cycling in Ar saturated electrolyte to that before
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increased with the increase in the amount of Co0sOas, suggesting that the electrode
surface composition was changed, probably due to the migrations of surface species. By
comparison with other catalysts for ORR and OER, even in the literatures, the hybrid
bimetallic catalyst of Co3O4 nanoparticles/Ag possesses many advantages such as non-

precious, bifunctional, higher catalytic activity and stability, etc.
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Chapter 4: ORR and OER on Co modified Ag electrode surface

To achieve a bimetallic bifunctional catalyst with high stability and efficiency in the
cathode of Li-air battery, it is an alternative method to assemble catalysts by using
electrochemical modification instead of physical modification. In this chapter, the
bimetallic catalyst of the flower like Co/Ag prepared by electrochemical deposition was
examined for catalysis the ORR and OER. The surface has been characterized by SEM
and Pb-UPD techniques. An in-situ EC-STM was employed for observing the growth

mechanism of Co on Ag surface.

4.1 Introduction:

Bimetallic catalysts [1-3] have been attracting significant attention in the field of
heterogeneous catalysis because of their outstanding performance in the potential of
enhancing catalytic activity and stability as compared to their monometal. However, as
well known, the performance of catalyst is dominated by its structure, shape, size,
components and its content, etc. It means that the preparation method is one of the
important factors for obtaining a catalyst with high activity, stability and durability.
Traditional way to prepare the bimetallic catalyst, such as impregnation [4-6] or co-
impregnation [7, 8] of two metal salts and precipitation [9-11] have some disadvantages
of reducing the catalyst active area due to high temperature sintering to form the alloy,
suffering from an inability to carefully control the component content and homogeneity,
and so on. Furthermore, most of these catalysts were bonded or supported on the
electrode by using an adhesive, which probably covered the active sites of the catalyst
leading to catalysts deactivation and could be decomposed during the reactions causing
the loss of catalysts. Electroless deposition [12, 13] seems to be an effective method, but
it is uncontrollable and normally requires strict conditions such as high temperature,
noble metal, etc. In this paper, simple and controllable electrochemical deposition
method was used to prepare the Co/Ag catalyst with high homogeneity, stability,

reproducibility and bifunctional activity.

Recently, the bimetallic catalysts were widely used for catalyzing the ORR in metal-air
batteries. Most of these studies were focused on the noble metal based bimetallic
catalyst such as Ni or Co/Pt [14], Pt/Ru [15], Pts/M (Ag, Au, Co, Ni, etc.) [16], Pt/Pd
[17], Ru/M(Se, Mo, W, Sn) [18], Pt/Au [19], etc, which can improve dramatically the

catalytic activity for ORR compared to their monometal. However, the study of
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bifunctional catalytic activity of catalyst for ORR and OER was absent except for Pt/Au
[20] and these catalysts have a fatal disadvantage of high cost. To meet the requirement
of the rechargeable battery, it is necessary to prepare a bifunctional catalyst, which can
be used for both ORR and OER in metal-air battery. Most of these catalysts were based

on the metal oxides [21-23], which have poor conductivity.

Silver is much less expensive than the usual noble metals. It was also widely used as
excellent catalyst for ORR in metal-air battery due to its lower cost and high
performance. To improve its catalytic activity, its different single crystal structure [24],
size [25], shape [26, 27], modification [28-31] with other metal/metal oxide to form
bimetallic catalysts, etc, have been studied. It is found that surface modification is one
of the powerful approaches to improve its performance for ORR. Few of these studies
were focused on bifunctional catalytic activity. Nanoporous Ag-embedded SnO: thin
film [21] and Ag nanoparticle-modified MnO2 nanorods [32] have been determined to
possess a bifunctional catalytic activity for both ORR and OER, but the electron transfer
numbers of ORR were found to be 3.7 and 3.1, respectively, and there was no study on
the yield of peroxide and the stability of catalyst activity in both cases. Our previous
studies revealed that the mixture of the Co3Os and Ag311 particles [33] and
Co304/Agdisk (in chapter 3) have bifunctional catalysis activity for both ORR and OER,
but these catalysts was prepared by physical modification, which cause particle uneven
distribution and catalyst loss. However, the investigation of the bifunctional Co/Ag
catalyst obtained by electrochemical modification for catalyzing both ORR and OER

have never been reported yet.

In this work, we employed the electrochemical modification of Ag disk electrode with
Co to achieve a bimetallic bifunctional catalyst for reversible oxygen
reduction/evolution reaction in alkaline solution. The optimized composition was found
by comparing the performance of the catalysts obtained by the electrochemical
modification for different time. The mechanisms of oxygen reduction and evolution
reactions on this catalyst were studied by rotating ring-disk electrode (RRDE)
technique. The characterization of the catalyst surface was carried out by underpotential
deposition of Lead (Pburp) and scanning electron microscope (SEM). Furthermore, the
mechanism of Co growth on Ag electrode was performed by an electrochemical-

scanning tunneling microscope (EC-STM).
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4.2  Experimental:

4.2.1 Preparation of Co/Ag bimetallic catalyst

Cobalt/silver bimetallic catalysts were prepared by electrochemical deposition through
using a three electrodes system on silver electrode (0.196 c¢cm?) starts. The solution
contained 0.05 mol L' CoCl2 + 0.5 mol L' B(OH)3 in Milli-Q water (18.2 MQ cm,
TOC of 5 ppm) and saturated with argon at room temperature. Reversible hydrogen
electrode (RHE) prepared by electroanalysis the electrolyte of 0.05 mol L K2SO4 + 0.5
mol L' B(OH)3 in water was used as a reference electrode and separated from cobalt
solution during electrochemical deposition; Pt foil (~1 cm?) was used as counter
electrode and Ag disk was used as work electrode. The different catalyst compositions
(i.e. loading by Co) were achieved by holding the potential at the constant value of -0.42
V (vs. RHE) for 15 s, 30 s, 45 s, and 60 s. The catalysts were activated in 0.1 mol L!
LiOH by conducting 10 potential cycles from 0 to 1.8 V, especially for catalyzing OER.
For preparing the Co304 nanoparticles (< 50 nm)/Ag and GC were described in chapter
3.

4.2.2 Rotating ring-disk electrode (RRDE) measurements

Homemade RRDE setup combined with the disk electrode provided by the company
(Pine Research Instrumentation, Pennsylvania, USA) and LabVIEW software (National
Instruments GmbH, Munich, Germany) was employed for ORR and OER
measurements. The measurements were conducted in a three-electrode-H-cell with three
compartments for placing the reference electrode, counter electrode and working
electrode (prepared before), respectively. The reference electrode was the reversible
hydrogen electrode (RHE) which was prepared by electrolysis of 0.1 mol L' LiOH
generating hydrogen in the glass bulb as described in chapter 2, the counter electrode
was the Pt foil with the size of 1x1 cm and the working electrodes were Ag and glassy
carbon (GC) electrodes. The electrolyte was 0.1 mol L' LiOH prepared with Milli-Q
water and deaerated by purging ultra-high pure argon (99.999%, Air Liquide) or oxygen
(99.9995%, Air Liquide) for at least 30 min before use. During the measurements, the
rotation rate was varied from 10 to 40 Hz, the disk potential was linearly swept from O

V to 1.8 V and the ring potential was held at a constant value of 1.2 V.

4.2.3 Surface characterization

Lead-UPD was employed for detecting the number of active sites of Ag. These
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measurements were performed by holding the potential at 0.23V (vs. RHE) for 5 min in
the electrolyte of 125 umol L' Pb(NO3)2 + 0.1 mol L' LiOH saturated with argon, and
then cycling in the potential range of UPD in the H-cell. SEM (Zeiss dual-beam
NVISION 40 with an operating voltage of 5-30 kV) at the University of Ulm was
employed to observe the surface morphology of the catalysts and theirs change after

potential cycling in the ORR and OER potential region.

4.2.4 EC-STM measurement

Electrochemical-scanning tunneling microscopy (EC-STM) was used for study the
growth mechanism of cobalt on silver and the morphology of the Co deposits. An
Agilent 5500 Scanning Probe Microscope (Agilent Technologies, Chandler, AZ)
equipped with a bipotentiostat provided by keysight was employed. The tip was
prepared by the electroetching of the platinum/iridium (90:10) wire with diameter of
0.25 mm in the less toxic solution of 2 mol L' KOH + 4 mol L' KSCN; it was then
isolated by hot-melt glue containing different types of polymer (provided by Steinel) to
minimize faradaic leakage current [34]. A homemade three-electrode STM/AFM cell
was fabricated from Kel-F. It contains a large cell volume and a small chamber for
placing the reference electrode connected via a small hole to the main chamber as
shown in chapter 2. A glass chamber was used for keeping the electrolyte under argon

atmosphere control during the STM experiments.

Preparation of an atomic smooth Ag surface was carried out by the deposition of Ag on
a well prepared Pt(111) single-crystal electrode with the diameter of 1 cm in argon
saturated 10 mol L' Ag20O + 10~ mol L! H2SO4 solution. Cleanliness of the Pt(111)
was checked in 0.1 mol L' H2SOa4. To protect the Pt(111) surface, the monolayer of Ag
was pre-deposited on the Pt(111) surface in the H-cell. It was then transferred into the
STM setup. The smooth multilayer of Ag was obtained in 10> mol L' H2SO4+ 10 mol
L1 Ag20 + 102 mol L! K2SO4 in the STM cell. For following deposition of Co on Ag,
the silver containing electrolyte was exchanged carefully with cobalt containing
electrolyte (107 mol L' CoSO4, 102 mol L' K2S04, 10* mol L' KCI and 10 mol L!
H2S04) in STM cell under potential control. In H cell, RHE and Pt foil was used as
reference and counter electrode, respectively. In STM cell, Pt wires were used as
reference and counter electrodes. All the electrolytes were saturated with argon. All the

STM images were obtained in the constant-current mode.
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4.3  Results and discussion

4.3.1 The Co/Ag bimetallic electrode preparation and determination of Co
coverage

The Co/Ag bimetallic catalysts were obtained by electrochemical deposition of Co onto
Ag disk electrode at the potential of -0.42 V (vs. RHE) in the electrolyte of 0.05 mol L™!
CoCl2+ 0.5 mol L'! B(OH)3). By holding the potential at -0.42 V for different time (15
s, 30 s, 45 s and 60 s), it is difficult to determine the amount of Co deposited on Ag by
current transient measurement because Hz evolution also takes place at this potential,
but the variation of the Co overage on Ag can be achieved for comparing the catalytic
activity. The coverage of Co on Ag disk electrode was determined by conducting
underpotential deposition of Pb (Pb-UPD) technique [35, 36] and Ag oxidation at the

first potential cycle.

The Ag surface area exposed to the electrolyte after modification with Co was
determined from the charge of Pb-UPD assuming a 1:1 ratio of Pb to Ag atoms. Vice
versa, also the area blocked by Co on Ag (the Co coverage) is thus determined. Pb-UPD
measurements were performed in the electrolyte of 125 pmol L' Pb(NO3)2 + 0.1 mol L
' LiOH and the corresponding cyclic voltammograms are shown in Fig. 4.1a. The
detailed explanation of the voltammetric feature is available in chapter 3. The charge
densities of Pbuep peak and its stripping peak decreased with increasing in the
deposition time of cobalt on silver, as shown in Fig. 4.1b. On smooth Ag electrode, it
was found that the Pb monolayer formation requires 260 pC cm™ [37]. In our
measurement, the Pbupp-stripping charge was found to be 480 uC cm™, which gives the
apparent roughness factor of ~1.85. The coverages of Co on Ag electrode surface were
calculated and shown in the inset of Fig. 4.1b. These results are close to the values
which were calculated by the charge densities of silver oxidation in the first potential
cycle in the 0.1 M LiOH solution. The cyclic voltammograms of Co (deposition for 0,
15, 30, 45, 60 s) on Ag electrode in Ar-saturated 0.1 M LiOH before ORR/OER
measurements are shown in Fig. 4.2. It shows that the Co coverages (8., ) of 58%, 83%,
93% and 96% on Ag were obtained in the case of holding the potential at -0.42 V (vs.
RHE) for 15 s, 30 s, 45 s and 60 s, respectively, by using the following equation:

g, = Qhon ~Qa'ms

QZg—oxi.

where, Qp, . is the Ag oxidation charge on pure Ag electrode surface and Q
91
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the Ag oxidation charge on Co modified Ag electrode surface.
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Fig. 4.2 Cyclic voltammograms of Co(deposition for 0, 15, 30, 45, 60 s)/Ag electrodes
in Ar-saturated 0.1 M LiOH.

4.3.2 Electrochemical evaluation of the Co/Ag bimetallic electrode for ORR and
OER

RRDE measurements have been conducted to determine the catalytic activity of these
catalysts and the mechanisms of ORR and OER on these catalysts, which were prepared
by electrochemical modification and physical modification (Co3O4/Ag and GC) for

comparison.

4.3.2.1 ORR on Co/Ag bimetallic electrode

Comparation of catalytic activity of different electrode surface

For ORR on the Co/Ag bimetallic electrode surface, the onset potential of ORR shifts to
more positive values with the increase of the deposition time of Co on Ag from 0 to 30
s, and then slightly shifts in negative direction with the further increase of the deposition
time of Co on Ag to 45 s, as shown in Fig. 4.3. For the best Co deposition time (30 s)
the ORR starts 60 mV earlier than that on pure Ag, very close to that on the commercial
Pt/C catalyst. These results suggest that cobalt can enhance significantly the catalytic
activity of silver for ORR. This enhancement of ORR catalytic activity is probably
attributed to the shift of the d-band center caused by the change of the electronic
structure of metal in the case of alloy formation with an additional metal or metal oxide

[38, 39].
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Fig. 4.3 RRDE voltammograms of ORR on Ag, 800 pg cm? Co304/Ag, 800 pug cm™
Co304/C, Co(15 s, 30 s, 45 s and 60 s)/Ag electrodes in 0.1 M LiOH at the scan rate of 5
mV s’ and a rotation rate of 40 Hz. Disk current density for ORR (up) and ring current

(down). Inset: H202 yield.

The yield of H,O; and electron transfer number

The yield of H202 was calculated by the disk current (ip) and ring current (ir) as shown
in Fig. 4.3, using the following equation:

2i,

H,0,% =
e Nip +1g

(N = 0.256, the theoretical collection efficiency)

The yield of H202 produced on the different catalysts were shown in the inset of Fig.
4.3. The results show that all the yields of H202 on the bimetallic Co/Ag catalysts are
below 2% except that of Co(60 s)/Ag. In the case of using Co(30 s)/Ag as catalyst, the
minimum of the H2Oz yield (1.5%) was obtained and the electron transfer number for
ORR was calculated to be 3.97 by the following equaition:
n= b __
Ip +ig /N
These results suggest that the Co/Ag bimetallic catalyst favours the 4¢- ORR pathway,

which is consistent with the conclusions in the literatures [28, 31, 40].

Koutecky-Levich plots and Tafel plots
Koutecky-Levich plots and Tafel plots were obtained for the further study of the kinetics
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and mechanisms of ORR and OER on this Co/Ag bimetallic catalyst, which were
described by the Koutecky-Levich equation [41] and Tafel equation [42]:

/N VAR VAN I
)i= )it i A.62nFCOD0%v%a)%+AFkCO

Where j, jk and jr (mA-cm2) are the measured current density, kinetic current density
and diffusion limited current density, respectively, n is the number of electron
transferred in the ORR process, F is the Faraday constant (96,485 C mol '), k is the
apparent rate constant, Co and Do are the concentration (0.9x10°¢ mol ¢m™) and
diffusion coefficient (2.0x107> cm? s™!) of O2 in 0.1 mol L™! LiOH electrolyte at 25 °C,
respectively, v is the kinematic viscosity of the electrolyte at 25 °C (0.01 cm® s!), o is
the angular rotation speed of RRDE (rad s!), n is overpotential, a and b are constant

values.

The typical ORR polarization curves on these Co(30 s)/Ag catalysts at the rotation
speeds 10-40 Hz and the corresponding Koutecky-Levich plots at the different
potentials were demonstrated in Fig. 4.4b. All the plots are linear and parallel
dependence, which may indicate the first-order reaction with respect to oxygen
concentration. The average value (3.01x10° cm? A™! s'"?) of the Koutecky-Levich slopes
is very close to the theoretical value (2.93x10° cm? A™! s2), which has been calculated
from 4 ¢ transferred process. Direct four electrons transferred per oxygen molecule for
ORR on this catalyst in this study is in a good agreement with results from the literature
[43]. All of the RRDE voltammograms and corresponding Koutecky-Levich plots for
different deposition time of Co on Ag as catalyst were shown in Fig. 4.4. When the Co
deposition time reaches to 45 s, the intercept of K-L plot at 0.2 V significantly deviates
from 0 (see. Fig. 4.4e), suggesting that the ORR process on this electrode surface is
kinetically sluggish.
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For ORR, the Tafel slopes were plotted by E vs. log (jx) were shown in Fig. 4.5. Only
one Tafel slope of 180 mV dec™! was observed on Co3Os catalyst. Two Tafel slopes were
observed on the Co/Ag bimetallic and Ag catalysts at low and high overpotential,
respectively. At low overpotential, the Tafel slopes obtained on Co/Ag bimetallic
electrode surface are in the range of 70-84 mV dec’!, suggesting that the rate
determining step is the first electron transfer process. At high overpotential, the Tafel
slopes increased from 118 mV dec™! to 215 mV dec™! with the increase of the deposition
time of Co on Ag from 15 s to 60 s. This transition in Tafel slopes may be contributed to
the change of the absorption model of intermediates [44-46] or the effect of the
competitive adsorption from other adsorbates [47, 48]. However, the Tafel slopes
obtained from the intercepts of corresponding K-L plots are slightly larger as shown in

Fig. 4.5b, but the change of Tafel slope is similar as that observed in Fig. 4.5a.
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Fig. 4.5 a) iR-corrected Tafel plots of ORR for all the catalysts derived by the mass-
transport correction of the corresponding RRDE data. b) non-iR-corrected Tafel plots in

which the kinetic currents were obtained from the intercepts of corresponding K-L plots

showed in Fig. 4.4.

4.3.2.2 OER on Co/Ag bimetallic electrode

Comparison of catalytic activity of different electrode surfaces

For OER, the polarization curves are shown in Fig. 4.6. The effect is very similar to
ORR in that the onset potential of OER shifted in the direction of more negative values
with the increase of the deposition time of Co on Ag from 0 to 30 s, then shifted to
positive direction with further the increase of the deposition time of Co on Ag to 45 s
and 60 s. It is found that in the case of using Co(30 s)/Ag as catalyst the onset potential
of OER is 60 mV earlier than that of Co304 and the OER current at 1.8 V is improved
by 17% compared to that of Co304, so the Co(30 s)/Ag could be best catalyst
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composition for OER.
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Fig. 4.6 OER polarization curves of Ag, 800 ug cm? Co304/Ag, 800 pg cm? Co304/C,
Co(15 s, 30 s, 45 s and 60 s)/Ag electrodes in 0.1 M LiOH at the scan rate of 5 mV s!

and a rotation rate of 40 Hz.

In practice, it was found that metal oxide is the most active catalyst for OER because it
can provide more active sites for peroxide decomposition [49]. However, for bimetallic
Co/Ag catalyst, the main reason for a higher performance to OER is probably that
cobalt was oxidized into cobalt oxide or hydroxide species before or during OER in 0.1
mol L' LiOH electrolyte, which are more active for OER. It is worth to mention that
OER became more active and its current at 1.8 V increased significantly in the first few
cycles and then became stable, as shown in Fig. 4.2¢ and d. According to the Pourbaix
diagram of Co shown in the literature [50], Co can be gradually oxidized to Co(II)
(Co(OH)z2), Co(1L, III) (C0304) and Co(III) (Co(OH)3) in the high pH solution (pH > 9)
and the small peak arised at ~0.4 V after few cycles and it is probably due to Co(III)
reduction to Co(Il) (see. Fig. 4.2c and d). It was found that 20% of the Co centers is
converted to Co(Ill) at 0.3 V vs. MSE and 60% are Co(III) at 0.5 V vs MSE (Emse =
+0.64 V vs. SHE) in 0.1 M KOH [51]. Switzer et al. [52] also found that Co(OH)2 was
converted to CoOOH during OER by Raman spectroscopy. However, these Co oxides
can not be reduced into Co in this case. It means that the amount of the produced Co
oxides was increased, so that the catalytic activity for OER was improved. This would

be what is known as catalyst activation process.
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Determination of the steady state activity of Co/Ag bimetallic electrode for OER

The steady state activity of this Co/Ag bimetallic electrode for OER was examed by
chronoamperometry at the constant potentials of 1.5, 1.6, 1.7, 1.8 V in Oz-saturated 0.1
M LiOH solution (see. Fig. 4.7). The steady state current values are shown in the
corresponding CV (see. the inset of Fig. 4.7) and in Fig. 4.6 and these values are as the
same as those in the negative-going sweep, suggesting that the real oxygen evolution
should be reflected by the polarization curve which recorded during negative-going
scan. It is clear that the abrupt decrease in the current at 1.5 and 1.6 V is due to the
continuous oxidation of silver and cobalt. However, when the potential was held at 1.7
and 1.8 V, the current showed serrated flow and declined slightly. It is attributed to the
desorption of the produced oxygen at the active sites of catalyst and it is convinced that
the OER current could be stable in the absence of adsorption of produced oxygen. The
results suggest that the bimetallic electrode of Co/Ag has outstanding catalytic activity

at steady state.
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Fig. 4.7 Chronoamperometric response of the Co(30 s)/Ag electrode at 1.5, 1.6, 1.7, 1.8

V for ~3 min (in the positive-going scan) in Oz-saturated 0.1 M LiOH solution with the

rotation rate of 40 Hz. Inset: the corresponding CVs.

Tafel plots for OER
For OER, the Tafel slopes were shown in Fig. 4.8. Only one Tafel slope of 60-76 mV
dec™! was obtained in all cases. It is very close to the values in the literatures. Rasiyah

and Tseung [53] observed the Tafel slope of 60 mV dec™ on Co304 and Li-doped Co304
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Teflon-bonded anodes. Singh [54] also observed the Tafel slope of approximately 60
and 55 mV dec ! on Co304 and NiCo204, respectively, in all different concentrations of
0.5-4 mol L' KOH, suggesting that the activation controlled process involving one
electron transfer is the rate-determining step for oxygen evolution on oxide, and the

mechanism for OER on Co304 was suggested.
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Fig. 4.8 iR-corrected Tafel plots of OER for all the catalysts obtained from the

corresponding CVs in Fig. 4.6.

Evaluation and optimization of Co coverage on Ag

The plots of Co coverages vs. both current densities at 0 V (ORR) and 1.8 V (OER) are
shown in Fig. 4.9. Both the potentials at 200 pnA cm™ (E200) of ORR and OER are
earliest on Co(83%)/Ag electrode. Furthermore, on Co(83%)/Ag electrode, the OER
current at 1.8 V is the largest (see. Fig. 4.6) and the kinetic current of ORR is also the
largest (see. in the inset of Fig. 4.1b). These results indicate that the best coverage (or
deposition time) of the Co on Ag electrode is 83% (or 30 s) and it demonstrates a best

synergistic catalytic effect.
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Fig. 4.9 The coverages of Co on Ag vs. both potentials at 200 A cm during ORR and
OER, respectively.

4.3.3 Surface characterization by SEM

Scanning electron microscope (SEM) was employed to observe the morphology and
structure of the deposited Co on Ag electrode and their changes after potential cycling in
the ORR and OER potential region. The images were shown in Fig. 4.10. A large
amount of cobalt with flower-like structure were formed and distributed uniformly on
Ag disk electrode after deposition of Co on it in 0.05 mol L' CoCl> + 0.5 mol L!
B(OH)3 solution (see. Fig. 4.10a and a'). This structure was composed of several Co
petals with a quite uniform thickness of ~10 nm radiating arrangement from the centre,
leading to a porous surface formation. The flower-like Co structure was also observed
by Lambert [23], Lv [55], Xie [56] and Li [57]. Unfortunately, this structure collapsed
(see in Fig. 4.10b and b") after potential cycling in the ORR and OER potential region
because Co and Ag suffered significant oxidation and reduction under these conditions
[26, 58], but they still remained on the surface and the catalytic activity of this electrode
surface was also determined to be very stable as discussed before. The change in the
morphology probably will cause the change of the electrode surface component. More
importantly, these reduction and oxidation products of Co and Ag species could play the
important role in the enhancement of the catalytic activity for ORR and OER,

respectively.
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Fig. 4.10 SEM images Co(30 s)/Ag electrode before (a and a') and after (b and b')

potential cycling in the ORR and OER region, respectively.

4.3.4 Electrochemical deposition of Co on Ag electrode
4.3.4.1 Electrochemical deposition of Co on Ag(pc) disk electrode

The cyclic voltammograms of Co deposition on Ag in a lower concentration of Co
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contained solution (1 mM H2SO4+ 10 mM K2SOs+ 1 mM CoSO4+ 0.1 mM KCI) in H

cell was obtained and shown in Fig. 4.11.

Two cathodic peaks (Ci at ~-1.45 V and C:z at ~-1.64 V) and one anodic peak (A at ~-
0.94 V) were observed in the potential range of -0.6 to -1.70 V. The anodic peak A was
absent when the negative potential limit was -1.43 V, however, the small peak A
appeared when the potential sweep was reversed at -1.52 V, indicating that the cathodic
peak Ci is not mainly due to cobalt deposition but to the proton reduction (or hydrogen
evolution reaction) as reported by Allongue [59]. The cathodic peak C: at ~-1.64 V and
the positive peak A at ~-0.75 V are related to bulk Co deposition and dissolution,
respectively. The thickness of deposition layers of Co can be estimated by the charge
density calculated by integration of the stripping peak. The charge densities of Co
stripping at different potential ranges were shown in the table in the inset of Fig. 4.11.
Allongue et al. [59] also reported that the monolayer charge of Co on Au(111) is 590 pC
cm?, which is close to the value between 470 uC cm™ and 677 uC cm? when the
potential sweep was reversed at -1.52 V and -1.56 V, respectively, where is very close to

the onset of the peak Co.
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Fig. 4.11 Cyclic voltammograms of Co deposition on Ag(pc) in I mM H2SO4+ 10 mM
K2SO4+ 1 mM CoSO4+ 0.1 mM KCI solution saturated with Ar in H cell at 10 mV s\
Inset: the table of potential range vs. Co-dissolution charge. Arrow indicates the scan

direction.
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4.3.4.2 Electrochemical deposition of Ag on Pt(111)

For use with the STM, a smooth Ag surface was prepared by using a Pt(111) as a
substrate and then depositing Ag on it. The procedures we employed have been
described in detail in the experimental part. The cyclic voltammogram of Pt(111) in 0.1
M H2SO4 is shown in the inset of Fig. 4.12. The CVs of silver deposition on Pt(111) in
0.1 M H2SO4 + 10* M Ago0 soultion are shown in Fig. 4.12. As usual, two peaks at
1.06 and 0.67 V (vs RHE) were observed in the UPD range indicating two steps of
sliver-UPD. The total charge density of two UPD processes is around 248 uC cm?,
which is very close to the value in the literature and suggests that two monolayers

formed during the whole UPD process [60]. Silver bulk deposition starts at 0.65 V (vs

RHE).
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Fig. 4.12 Cyclic voltammograms of Ag deposition on Pt(111) in 0.1 M H2S8O4 + 104 M
Ag>0 solution in the potential range of the UPD region (down, scan rate: 10 mV s™') and
UPD+OPD (overpotential deposition) region (up, scan rate: 50 mV s™!). Inset: cyclic
voltammogram of Pt(111) in 0.1 M H2SO4 solution saturated with Ar in H-cell at 50 mV
st
4.3.4.3 Observation of Ag on Pt(111) by EC-STM

Electrochemical scanning tunneling microscopy (EC-STM) was employed to observe
the mechanism of metal growth on a smooth substrate surface under potential control.
As mentioned before, Ag monolayer was preformed and it is considered to be stable

because the open circuit potential is -0.2 V (vs. Pt/PtO). A potential step method was
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used to observe the bulk deposition of Ag on Pt(111) in the solution of 10* M Ag20, 10
mM K2SO4 and 1 mM H2SO4 in STM cell. It is shown that the bulk deposition of Ag
starts at -0.22 V (see. the CV in Fig. 4.13). The typical in situ STM images for silver
deposition is demonstrated in Fig. 4.14. From image a, b and c in Fig. 4.14, it is
demonstrated that silver nucleates at the steps, then epitaxial growth to cover the whole
terrace, resulting in a layer by layer growth mode (Frank-van der Merwe growth mode)
[61]. With the further growth of silver (after at least ~6 monolayers), it starts to nucleate
on the terraces, leading to the formation of silver islands as seen in the ellipses, which
suggests that 3D growth mode (Stranski-Krastanov growth mode) was observed due to

the accumulation of misfit [61].
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Fig. 4.13 Cyclic voltammogram of Ag depostion on Pt(111) in 1 mM H2SO4 + 10* M

Ag20 + 10 mM K2SOs solution in STM cell at 30 mV s,
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Fig. 4.14 The sequential in situ EC-STM images of Ag growth on Pt(111) surface under
potential jumping control. (T: 298 K, Eiip: 0 mV, Setpoint: 0.5 V, I Gain: 2, P Gain: 3).

(a) -0.25 to -0.50 V; (b) -0.55 V; (¢) -0.55 to -0.60 to -0.70 V; (d) -0.70 to -0.80 to -0.75
V; (e) -0.85 V;(f) -0.85 to -0.90 V. Arrows indicate the scan direction. Cross section on

image e is shown below.
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4.3.4.4 Observation of Co on Ag by EC-STM

The well-prepared smooth bulk adlayers of Ag on Pt(111) was used as the substrate for
the further investigation of the growth mechanism of Co on it. After almost all Ag"
contained in the solution of 1 mM H2SO4 + 10* M Ag20 + 10 mM K2SO4in STM cell
being deposited on Pt(111) (around 60 monolayers), the electrolyte was exchanged with
Co containing solution (I mM H2SO4 + 10 mM K2SO4 + 1 mM CoSO4 + 0.1 mM KCl)
under potential control at -0.9 V in STM cell carefully in order to maintain Ag bulk
adlayers on Pt(111) surface. Similar cyclic voltammogram was recorded in the STM cell
and shown in Fig. 4.15e. During the measurement, the tip potential was fixed at -0.85 V
in order to avoid faradic current caused by the electrochemical reactions at the tip. A
potential step method was also employed. The sequential in situ EC-STM images of Co
deposition on Ag/Pt(111) electrode surface are shown in Fig. 4.15. As expected, smooth
bulk adlayers of Ag are remain on the surface at the potential of -0.9 V after exchanging
the solution (see. Fig. 4.15a). When the potential was jumped to -1.5 V, Co nucleated at
steps and on terraces and grew in 3-D (Volmer-Weber growth mode) immediately, to
form numerous islands of Co as shown in Fig. 4.15b. Morgenstern [62] was also
observed that Co nucleation and growth take place at steps and on terraces of Ag(111).
Co via three-dimensional (3D) growth (Volmer-Weber growth mode) to form islands
was also observed on Ag/Ge(111) surface [63], Au(111) surface [64] and HOPG surface
[65]. However, as seen in Fig. 4.15c, the smooth Ag surface reappeared once the
potential was jumped to more positive values (-0.9 V), suggesting that this Co
deposition and dissolution process is reversible. Continuous growth of Co on Ag/Pt(111)
at -1.5 V was observed and the image was shown in Fig. 4.15d. Soon the surface was
covered by numerous Co islands with an approximate height of 1.0 nm (around 4
layers) and width of 20 nm (see. Fig. 4.15f). The 3-D growth mode of Co on Ag/Pt(111)
was observed, suggesting that the binding energy of Co-Ag is lower than that of Co-Co,
and this may promote Co growth on Ag surface in the form of the flower like structure

as shown in the SEM image before.
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Fig. 4.15 Sequential in situ EC-STM images of Co deposition on Ag/Pt(111) electrode
surface in 10 mM K2SO4 + 1 mM CoSO4 + 0.1 mM KCI1 + 1 mM H2SOs4 solution under
potential control (T: 298 K, Etip: -0.85 mV, Setpoint: 0.5 V, I Gain: 2, P Gain: 3).

(a) -0.90 V; (b) -0.90 to -1.50 V; (¢) -1.50 to -0.90 to -1.50 V; (d) -1.50 V, (e) the cyclic
voltammogram of Co deposition on Ag/Pt(111) electrode in 1 mM H2SO4 + 10 mM
K2SO4 + 1 mM CoSO4 + 0.1 mM KCl solution in STM cell at 30 mV s, (f) the height

of the particle along the black dot line on image d. Arrows indicate the scan direction.
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4.3.4.5 Observation of the change of the surface morphology after potential cycling
in the ORR and OER potential region by STM

After Co modification on Ag/Pt(111) electrode surface, the electrolyte in STM was
exchanged with 0.1 M LiOH for investigating the change of the morphology of the
Co/Ag/Pt(111) electrode surface after potential cycling in the ORR and OER potential
region by STM. The CV is shown in the Fig. 4.16c. The anodic peak at ~+0.3 V is
probably due to Co and Ag oxidation and at E > ~+0.6 V oxygen evolution takes place.
The cathodic peak at ~+0.1 V is related to Ag reduction and a broad peak at ~-0.45 V is
probably due to both reductions of Co oxides and oxygen molecules. The morphologies
of Co/Ag/Pt(111) in 0.1 M LiOH before and after potential cycling in the ORR and
OER potential region were shown in Fig. 4.16a and 4.16b, respectively. Before potential
cycling, there is no change in the morphology of Co on Ag by comparing Fig. 4.16a
with Fig. 4.15d. Many tiny Co particles on Ag/Pt(111) surface, the steps (the highest
multistep height is 3 nm) of the smooth Ag islands and deep holes are visible. After
potential cycling in 0.1 M LiOH (see. Fig. 4.16b), slight change in the distribution of
particles on the surface is observed and it seems to become evenly distributed.

Moreover, the deep holes and the steps of Ag islands disappear.
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Fig. 4.16 EC-STM images of Co/Ag/Pt(111) electrode surface before (a) and after (b)
potential cycling in ORR and OER potential region and the corresponding height of the
particles along the black dot lines (under each image), (c) cyclic voltammograms of

Co/Ag/Pt(111) in 0.1 M LiOH with air saturated at 30 mV/s.

4.4 Conclusions

Bimetallic cobalt/silver catalyst was synthesised by using an electrochemical deposition
method, which is binder free, catalyst loss free, controllable and reproducible way to
prepare catalysts. The coverage of Co was determined by Pb-UPD technique and Ag
oxidation at first potential cycle and the morphology of this electrode surface was
observed by SEM. Interestingly, the flower like cobalt was formed on polycrystalline
silver disk electrode. In addition, EC-STM was employed to determine the mechanism
of Co growth and observe its morphology on smooth Ag surface achieved by Ag
deposition on Pt(111). The results demonstrated that Co prefer to start nucleation at the
step edges of Ag and grow in the form of 3-D to form nanoparticles with a height of ~1
nm and width of ~20 nm, which probably give rise to the formation of flower like Co on

Ag disk electrode.

More importantly, this bimetallic catalyst has bifunctional catalysis activity for both
ORR and OER. It was found that the Co(30 s)/Ag (or Co(83%)/Ag) electrode performed
the highest catalytic activity for both ORR and OER. In this case, the ORR starts 60 mV
carlier than that of pure Ag and 10 mV earlier than that of 800 pg cm™
Co304/Nafion/Ag in our previous work. And also the yield of H2O2 was only 1.5% and
the ORR process follows a 4e” pathway, similar to that of the commercial Pt catalyst,

which has been considered to be the best catalyst for ORR. Furthermore, the OER starts
111



Chapter 4: ORR and OER on Co modified Ag electrode surface

60 mV earlier than that of Co30O4 and the OER current efficiency was improved
significantly comparing with that of Co304, which also is well known as one of the best
catalysts for OER. These results suggests that the catalytic activity of this catalyst was
enhanced not only for ORR but also OER, and the stability of the catalytic activity of
this catalyst was determined to be highly stable. Therefore, this Co/Ag catalyst could be
employed in metal-air battery because of its outstanding performance in bifunctional

catalytic activity and stability.
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Chapter 5: Investigation of metal underpotential and overpotential

deposition on Au(111) electrode surface in nonaqueous solution

In this chapter, underpotential and overpotential deposition (UPD and OPD) of Cu, Pb
and Ag on Au(111) single crystals electrode surface in the solvents such as propylene
carbonate (PC), acetonitrile (MeCN), tetrahydrofuran (THF), tetraglyme (G4) and some
of their mixture based electrolytes have been investigated by cyclic voltammetric
techniques. Based on the stability of Ag deposition process on Au(111) in non-volatile
tetraglyme in air atmosphere, we have also performed an in-situ STM observation of the

Ag-UPD and bulk deposition process on Au(111).

5.1 Introduction:

Underpotential deposition (UPD) [1, 2], is an electrochemical deposition phenomenon
of a metal on a foreign metal substrate at the potential (Eads) which is more positive than
the equilibrium potential (or reversible Nernst potential, En) [3] for the reduction of the
metal.

AU =E_ -E >0

According to the definition of equilibrium potential, it also means that the metal is more
easily deposited on the substrate material than on itself, indicating that the interaction
energy between adsorbed metal atom and a foreign metal substrate surface (S-M) is
larger than that of the deposited metal atom on its own surface (M-M) [4].

S _Mads >M _Mads

The process of UPD can be regarded as a charge transfer process at the interface
between electrolyte and electrode accompanied with the adsorption and desorption or

displacement of solvent molecules with solvated metal ions from the electrode surface

[5].

So far, a lot of research on metal-UPD has been done in aqueous solution and some in
ionic liquid, but little has been reported for organic solvents. The reason for this
probably lies in the low solubility of salt, poor electric conductivity of organic solvents
and the complex solvation process making the complexity of underpotential deposition
process in non-aqueous solution, especially in organic solution. As is well known, the
solvent plays an important role on surface reaction because of its effect on the solubility

of salt, stability of electrolyte, reaction rate and thermodynamic and kinetic parameters
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[6].

Solvents may have twofold effects during the underpotential deposition process, one is
that the substrate surface may be covered by physisorbed solvent molecules and another
one is that metal ion is solvated before deposition [7]. During the UPD process, the
solvation layers on the substrate surface should be replaced by the solvated metal ion by
adsorption accompanying with desorption of some solvent molecules. The process can

be represented as:

[M(sol), ] +S(sol), +ze” —>S—M +(x+y)sol (E>E

/e )

The UPD process consists of the metal ion (M) with a positive charge of z (z+) solvated
by x solvent (sol) molecules ([M(sol)x]*") and solvent molecules (sol) penetrating from
the solution into the inner Helmholtz layer. During this process, the adsorbed y solvent
molecules on the substrate surface (S(sol)y) and the solvation shell of metal ion are

removed. (E is the actual electrode potential and E is the equilibrium potential of

Me/Me?*
the Me/Me”" electrode) Depending on the interaction between solvated metal ion and
the substrate surface, the physisorption [8-10] or chemisorption [11-14] can be defined.
The interfacial process of UPD becomes very complicate in nonaqueous solution

because of the extensive co-adsorption of solvent and other species in solution [15, 16].

As mentioned before, solvent plays a crucial role in metal deposition. So, selecting a
suitable solvent is very important to achieve a better behaviour of metal deposition and
get better understanding of the mechanism of solvent effect on metal deposition. These
studies could also make contribution to select a suitable nonaqueous electrolyte for
metal-air or ion battery. However, in nonaqueous solution few reports on this topic can
be found and most of these studies were done in ionic liquid and molten salts until now.
Gofer [17] investigated Li-UPD on Au electrode from LiClO4 contained poly(ethylene
oxdie) solid polymer electrolyte in ultrahigh vacuum and Gasparotto [18] also observed
the Li-UPD on Au(l11) in the ionic liquid, 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)amide ([Pyl, 4]TFSA) which is stable in the air and water
conditions, by in-situ STM. Stafford [19] and Moustafa [20] observed the AlI-UPD on
Au(111) electrode from the Lewis acidic aluminum chloride, 1-ethyl-3-
methylimidazolium chloride (AIC3-EMImCI) and 1-butyl-1-methyl-pyrrolidinium
bis(trifluoromethylsulfonyl)-amide, [Pyl,4]Tf2N or I-ethyl-3-methyl-imidazolium
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bis(trifluoromethylsulfonyl)amide, [EMIm]Tf2N by STM, respectively. And some other
metal-UPD in ionic liquid, for example, Germanium (Ge) [21], Cadmiun (Cd) [22],
Lead (Pb) [23] and Silver (Ag) [24] have been investigated. But very few researches on

metal-UPD in organic solvent were reported.

Xing [25] investigated the solvent effect on the UPD processes of Pb and Cd in
propylene carbonate (PC), water, tetrahydrofuran (THF) and dimethoxyethane (DME)
and Pekmez [26] investigated the Cu UPD on Au(111) in nonaqueous acetonitrile
(MeCN) and examined the effect of water on Cu UPD process. They only used the
cyclic voltammetric techniques, more detailed study of the interface process during
UPD by other techniques such as STM [27, 28], AFM [29, 30], LEED [31, 32], XPS
[33, 34], etc. are needed to unveil the details of UPD.

This manuscript’s aim is to study the metal Cu, Pb, Ag-UPD phenomenon on Au(111) in
the solvents such as MeCN, PC, THF and G4 (tetraglyme) or their mixture to get better
understanding of the solvent effect on the interface reactions such as metal deposition

and oxygen reduction in aprotic Li-air and Mg-air batteries.

5.2 Experimental

5.2.1 Chemicals and materials

Salts: Cu(ClO4)2 (Acros organics, 99.8%), Pb(ClO4)2 (Santa Cruz, 98%), Anhydrous
AgClO4 (Sigma-Aldrich, 97%), AgNO3 (chemPUR 99%) and Anhydrous LiClOs (Alfa
Aesar 95%).

Solvents: Tetraglyme (G4) (Acros organics, 99%), Acetonitrile (MeCN) (Acros
organics, 99.9%, Extra Dry), Tetrahydrofuran (THF) (Sigma-Aldrich, > 99.9%,
inhibitor-free) and Propylene Carbonate (PC) (Sigma-Aldrich, 99.7%). All the solvents
were used as received. All the electrolytes were prepared without pre-treatments of
solvents and salts for drying (water contents are roughly in the range of 200~400 ppm)

and cyclic voltammetry measurements were done in an argon-filled glove box (O2 and

H20 < 1 ppm) which provided by Mbraun.

Cyclic voltammetric measurements were performed in a three-electrode cell and an EC-

STM with a small amount of solution, made by the chemically inert Kel-F. The structure

of our STM cell was described in chapter 2. The cell, which has a hole with the
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diameter of 8 mm where the electrolyte and working electrode are contacted with each
other, was employed. Cu, Pt or Ag wire was used as reference electrode in the
corresponding system and Au wire was used as counter electrode. All these parts were
kept in 5 M KOH bath for overnight to remove organic solvents, washed and then put
into boiling 0.1 M H2SOs solution and water for 5 min in turn to remove the residues
salts, and then dried them in oven at the temperature below 80 °C before each use. The
Au(111) (10 mm diameter) working electrode was cleaned in 0.1 M H2SO4 solution
prepared with Milli-Q water and deaerated by purging ultra-high pure argon (99.999%,
Air Liquide) in a glass H cell. A reversible hydrogen electrode (RHE) prepared by
electroanalysis 0.1 M H2SOu4 solution was used as reference electrode and an Au wire
was used as counter electrode. The Au(111) electrode was prepared by flaming for 5

minutes and annealing for 8 minutes in argon atmosphere in a dried glass H cell.

5.22 EC-STM

An Agilent Technologies 5500 Scanning Probe Microscope combined with a built-in
potentiostat was employed. The STM tip was prepared by electrochemical etching [35]
of Pt/Ir (90/10) wire with the diameter of 0.25 mm in 2 M KOH + 4 M KSCN solution
and sealed with hot-melt glue to minimize Faradaic current. The EC-STM measurement
was performed in the STM cell in glass chamber purged with Ar gas at room
temperature. Silver and gold wire was used as reference and counter electrode,

respectively.

5.3 Results and discussion

Acetonitrile (MeCN), Tetrahydrofuran (THF), Tetraglyme (G4) and Propylene
carbonate (PC) are polar aprotic solvents, which possess a good ability to dissolve salts
and were widely used in the investigation field of batteries. In this chapter, MeCN, THF,
G4 and PC solvents with different properties (for example, dielectric constant, donor
and acceptor number, etc. as shown in Table. 5.1) were used as solvent for investigation

of their effect on metal-UPD process on Au(111).

5.3.1 Cu-UPD on Au(111)
The cyclic voltammograms of Au(111) in acetonitrile containing 1 mM Cu(ClOs)2 + 0.1
M LiClO4 recorded in the STM cell in an argon-filled glove box are shown in Fig. 5.1a.

Four anodic peaks and the corresponding four cathodic peaks were observed. The cyclic
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voltammetric feature is similar to that observed by Vaskevich and the detailed
explanation was presented there [15]. However, the UPD peaks (A2/C2 and A3/C3) are
not sharp, probably because the preparation quality of Au(111) surface is poor. It has
also reported that under the same condition the gentle UPD peaks were observed on
Au(pc) electrode [15]. The redox peak A1/C1 at around 1.1 V (vs. Cu/Cu*") is related to
Cu™/Cu®" redox couple process and the relationship between the peak currents and the
square root of the scan rate is linear (see. Fig. 5.1b). The peaks A4/C4 below 0 V are

related to the bulk deposition and dissolution of copper.

200 T T T T T

T T T LN IR S S S S S S BRSNS B S S B S S —
a Ad ——100mv/s Al 160 4 b i
100 ——50mV/s _ |

——10mV/s
A2 140 .
g ] ) ]
= 1004 ; i 120 4 .
Poa .
200 C4 H i 100 4
104 T T T T IA2 T ;l T T ] ;j(_ 80 . _
0 : B 60 i
< 10+ 4
= 404 —
-20 - 4
30 N 20 —— C1 peak
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2+
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Fig. 5.1 a) Cyclic voltammograms of Au(111) in acetonitrile contained 1 mM Cu(ClO4)2
+ 0.1 M LiClO4 in STM cell in the argon-filled glove box at the scan rate of 10, 50 and

100 mV s!. b) Plots of i, (peakcurrent) vs. v'’’(square root of scan rate).

However, once the electrolyte was exposed to air, the characteristic polarization curve
of Cu deposition on Au in this electrolyte disappeared as seen in Fig. 5.2. It indicates
that this Cu deposition process is very sensitive to air in this case. This probably is due
to the effect of oxygen, which would be reduced before Cu?" reduction. It is worth to
mention that the effect of water on Cu UPD on Au(111) process has been investigated
[26] and interpreted that water changes the UPD mechanism from a two step (pure
acetonitrile) to a one step (10 vol%, water content) process, but there is no OPD
involved. The large current flowed after 0 V, but no corresponding anodic peak
appeared. Therefore, it could be due to oxygen reduction [36] because it is well known
that the standard potential of oxygen reduction is more positive than that of Cu**/Cu’” to

Cu.
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Fig. 5.2 Cyclic voltammograms of Au(111) in acetonitrile containing 1 mM Cu(ClOs4)2 +
0.1 M LiClO4in STM cell in air and glass chamber at the scan rate of 50 mV s\

5.3.2 Pb-UPD on Au(111)

Pb-UPD on Au(111) was investigated in tetrahydrofuran (THF) with low dielectric
constant, its mixture with propylene carbonate (PC) with high dielectric constant or
tetraglyme (G4) with low dielectric constant. In order to achieve better comparison, the
investigation of Pb-UPD in pure G4 is very necessary, but unfortunately Pb(ClO4)2 can
not be dissolved in pure G4. The cyclic voltammograms are shown in Fig. 5.3
respectively and the properties of these solvents were shown in table. 5.1. Pb-UPD on
Au(111) in PC, THF and PC + THF based electrolyte has been studied by Xing and it
has been found that solvent has a large effect on Pb-UPD process [25]. In pure PC (with
high dielectric constant) based electrolyte the Pb-UPD process is very fast and the
polarization curve is similar to that observed in aqueous electrolyte. In THF (with low
dielectric constant) based electrolyte, the polarization curve was distorted and the Pb-
UPD process becomes very sluggish. However, by adding small amounts of PC in THF
the clearly defined feature in the polarization curve was observed, indicating that the
solvent with high dielectric constant can accelerate the Pb-UPD process. The dielectric
constant is the main factor to determine the conductivity of the electrolyte. The same
results are also observed in this work. However, Pb-UPD in THF + G4 based electrolyte
has never been studied. It is elusive that the polarization curve obtained in the mixture
of THF and G4, both solvents with almost the same dielectric constant (see. table. 5.1),
was similar to that obtained in THF/PC except for the slight changes in the sharpness

and charge of peaks and the trend of the overlap of two peaks at around -0.5 V,
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especially in THF/G4 (1:9, v:v) based electrolyte. It seems that not only dielectric
constant but also other properties should also be taken into account. The charges of Pb-
UPD stripping peaks between -0.6 and 0.1 V were calculated and shown in Table. 5.2. It
shows that the lowest value (75 pC cm?, ~0.17 monolayer) of UPD stripping charge
was obtained in THF, an intermediate value (~217 uC cm?, ~0.50 monolayer) was
obtained in THF/G4 (9:1 and 1:9, v:v) and the highest value (398 pC cm?, ~0.90
monolayer), which is very close to the value obtained in aqueous solution in the
literature [37], was obtained in THF/PC (9:1, v:v). Furthermore, the charges of the
peaks at ~-0.5 V are also shown in table. 5.2. The lowest value was also obtained in

THF based electrolyte.

Table. 5.1 The properties of solvents

Dc DN AN n DM
solvent
(g,25°C) (kcal/mol) (kcal/mol) (cP,25°C) | (WD)
2.47
G4 7.79 16.6 11.8 4.05 _
(in benzene)
THF 7.52 20 8 0.48 1.75
PC 64 15.1 18.3 2.5 4.9
MeCN 38.8 14.1 19.3 0.334 3.92
Water 78.41 18 54.8 0.890 1.85

Note: Dielectric constant (Dc), Donor Number (DN), Acceptor Number (AN), Viscosity
(n), Dipole Moment (DM).
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Fig. 5.3 Cyclic voltammograms of Pb-UPD on Au(111) in different solvents containing
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5 mM Pb(ClO4)2 + 0.1 M LiClO4 in STM cell at the scan rate of 10 mV s™'.

Table. 5.2 Comparison of the charges of Pb-UPD and Pb-UPD stripping on Au(111) in
the different electrolytes

solvent UPD stripping peak (at ~0.5 | UPD stripping charge
V) charge (between -0.6 and 0.1 V)
THF (pure) 75 uC cm? 75 uC cm?
THF/PC (9:1, v:v) 154 uC cm™ 398 uC cm™
THF/G4 (9:1, v:v) 158 uC cm™ 217 uC cm?
THF/G4 (1:9, v:v) 148 pC cm™ 201 pC cm™
PC (pure) (+ 0.1 M TBAP) | 350+20 uC cm™ (between 2.9 and 3.1 V vs. Li/Li") [25]

The reasonable explanation for the effect of solvent on metal UPD process is mainly
due to the extent and type of formation of ion-pairs at the interface of the electrode and
electrolyte and in the electrolyte. Fawcett et al. [38] investigated the effect of ion pairs
on electrochemical kinetics. Nagaoka et al. [39, 40] and other authors [41, 42] suggested
that ion-pairs adsorbed on the electrode surface may hinder the electron transfer,
resulting in distortions in the polarization curves and shifts in the half-wave potentials.
The formation of ion-pair was considered to be mainly related to the dielectric constant
[43, 44], but other properties of the solvent cannot be ruled out. However, Schmid [45]
considered that the dielectric constant can be determined by the donor number and
acceptor number in a common aprotic solvents. For determining the extent of ion-pair
formation in the solvent, the donor number (DN) and acceptor number (AN) should also
be taken into account because the DN and AN indicate the ability of a solvent to solvate
Lewis acids and cations and Lewis bases and anions, respectively. V. Gutmann [46] and
Gonzalez [47] have found that the formation constant of ion pair is greater when both

the donor number and acceptor number of solvent are decreased.

The relationship between UPD peaks and UPD-stripping peaks in different electrolyte
was examined by reversing the direction of potential scan at different negative limiting
potential and the cyclic voltammograms were shown in Fig. 5.4. But until now, there is
no interpretation about these peaks. In aqueous solution, Motheo et al. observed five
cathodic peaks (A1~AS5) and five anodic peaks (D1~D5) and the detailed interpretation

is available in the literature [48].
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Fig. 5.4 Cyclic voltammograms of Au(111) in different solvents containing 5 mM
Pb(ClO4)2 + 0.1 M LiCIO4 in STM cell in argon-filled glove box at the scan rate of 10
mV s, Cn and An with n = 1, 2, 3, 4 denote cathodic adsorption and anodic desorption

peaks, respectively.

Similar to the case of Cu-UPD in acetonitrile based electrolyte, the characteristic of the
polarization curve of Pb-UPD disappeared and the large flowing currents on the
electrode surface at negative potential (especially in THF/PC (9:1, v:v) based
electrolyte) were observed in all cases once the electrolytes were exposed to air (see.
Fig. 5.5). As mentioned before, it is probably due to the effect from water or oxygen or
both. Oh et al. [49] found that oxygen reduction reaction also takes place during
underpotential deposition of Pb in aqueous solution and its activity can be enhanced by
Pb-UPD. In nonaqueous solution, Xing et al. [25] investigated the effect of water
content (800 and 8000 ppm) on Pb-UPD in PC and found only the negative shift in
potential but no distortion of polarization curve. That would mean that the effect on Pb-
UPD process is mostly due to the presence of oxygen. According to our investigation of
ORR in nonaqueous solution, the onset potential of ORR in 0.1 M LiClO+/DMSO was
found to be around -0.5 V (vs. Pt/PtO).
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Fig. 5.5 Cyclic voltammograms of Au(l111) in different solvents containing 5 mM

Pb(C104)2 + 0.1 M LiClO4 in STM cell in air at the scan rate of 10 mV s!.

5.3.3 Ag deposition on Au(111)
In this part, MeCN, THF and G4 were used as solvent for investigation of their effect on
Ag-UPD on Au(111). These work have never been reported.

5.3.3.1 Ag deposition on Au(111) in the solvent with high dielectric constant

Ag deposition on Au(111) in acetonitrile containing 1 mM AgNO3s + 0.1 M LiCIlO4
Cyclic voltammograms (CVs) of Au(111) electrode in acetonitrile containing 1 mM
AgNO;3 + 0.1 M LiClO4 solutions at 10, 50, 100 mV s were obtained in argon-filled
glove box and air, respectively, as shown in Fig. 5.6. In both cases, two cathodic peaks
and two corresponding anodic peaks were observed at the potential of ~0.61 and ~0 V
(vs Ag/Ag"), which are assigned to the Ag-UPD/UPD stripping and bulk
deposition/stripping on Au(111) surface, respectively. By comparing the CVs obtained
under argon to that under air condition, it suggests that the components of atmosphere
(such as oxygen, water, etc.) have no effect on Ag deposition process, unlike in the case
of Pb and Cu deposition in nonaqueous electrolytes discussed before, because the

potential of Ag deposition is more positive than that of oxygen or water reduction.

It is well known that three major peaks at 0.52, 0.13 and 0.03 V (vs. Ag/Ag") in the
UPD region were observed in aqueous solution. However, in acetonitrile, only one small

and broad peak appeared in the UPD region at ~0.6 V and the charge calculated after
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subtracting the double layer charge was found to be 42 pC cm™, which is less than that
of monolayer (ML) formation of Ag (222 uC cm™) [50, 51]. It suggests that only 0.19
ML formed on Au(111) surface during the UPD process in this electrolyte. Perhaps, this
is due to the effect of co-adsorption or competitive adsorption of solvent, anions or
contaminations present in the electrolyte at the electrode surface. Vaskevich [15]
reported that acetonitrile adsorbs on the Au surface strongly. Cunha et al. [52], observed
that nitrate ions and NO2 , which is the product of reduction of nitrate ions at ~0.05 V
(vs. Pd|H2), adsorbed on Au surface at the potential above 0.8 V. And other anions
(sulfate ion and halide ions) co-adsorption on Au(111) surface in aqueous systems have

also been reported in the literature [51, 53-55].

In general, the peak current (ip) in cyclic voltammetry depends not only on the
concentration and diffusion of the electroactive species but also on the scan rate. In the
diffusion controlled reversible or quasi-reversible electrochemical reaction, the peak

current follows Randles-Sevcik equation [56, 57].

1
i :0.4463nFAC(nFUDj2
RT

When the electrolyte is at room temperature (25 °C), the equation can be described as

3 1 1
follow:i, =268,600n> AD*Cuv?
Where, ip is the peak current (A); n is the electron transfer number; A is the electrode
area (cm™); F is the Faraday constant (C mol™); D is the diffusion coefficient (cm? s!);
C is the concentration (mol cm™); v is the scan rate (V s); R is the Gas constant (J K!

mol™); T is the temperature (K).

In bulk deposition region, the peak currents as a function of the square root of scan rates
were plotted and shown in Fig. 5.6b. In all cases, the plots exhibited linear and the
intercepts are very close to zero. The diffusion coefficient of Ag" in this solution is
calculated to be 4.28x10°!! cm? s, which is much smaller than the typical value (within

a range of minus five orders of magnitude) of ion diffusion coefficient in electrolyte.
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Fig. 5.6 a) Cyclic voltammograms of Ag deposition on Au(lll) in acetonitrile
containing 1 mM AgNO3 + 0.1 M LiClO4 in STM cell at the scan rate of 10, 50 and 100

mV s™!: (top) in argon-filled glove box, (bottom) in air. b) Plots of ip (peak current) vs.

12
v (square root of scan rate).

Ag deposition on Au(111) in acetonitrile containing 1 mM AgCIO4 + 0.1 M LiClO4

In order to compare the effect of anions (ClO4 and NO3 ) on UPD of Ag on Au(111),
AgClO4 instead of AgNOs3; was used as salt in acetonitrile containing 0.1 M LiClOa.
Similar cyclic voltammograms of Ag deposition on Au(111) were obtained in 1 mM
AgClO4 + 0.1 M LiClOs in acetonitrile and shown in Fig. 5.7. But the UPD peak
became obvious and the charge (65 pC cm?, ~0.3 ML) of UPD peak became large by
comparing with the electrolyte in the presence of NOs . It suggests that the influence of
ClOs+ anion on Ag-UPD on Au(111) process is less than that of NOs anion. This is
probably due to that the adsorption strength of NO3 or solvated NO3 on Au(111)
surface is stronger than that of ClOs or solvated ClO4 [58] and the amount of NO3
species in the double layer is larger than that of Cl104 . However, the UPD charge is still
smaller than that of monolayer formation because acetonitrile adsorbs on the surface as
discussed before and the adsorption of ClO4 anion or solvated anion could also not be
excluded. Hamm [59] and Kolb [60] et al. found that perchlorate ions show a weak

specific adsorption on Au(111) surface. Furthermore, a relatively stable process of Ag
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deposition on Au(111) in air atmosphere was also observed in this case (see. Fig. 5.7).
The linear relationship between the peak currents and the square root of scan rates and
zero intercept were also obtain in both cases as well (see. Fig. 5.7b). The diffusion
coefficient of Ag" in this solution is calculated to be 2.39x10!! em? s!, which is close to

the value obtained in 1 mM AgNOs based electrolyte.
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Fig. 5.7 a) Cyclic voltammograms of Ag deposition on Au(lll) in acetonitrile
containing 1 mM AgClO4 + 0.1 M LiClO4 in STM cell at the scan rate of 10, 50, 100

mV s (top) in argon-filled glove box, (bottom) in air. b) Plots of ip (peak current) vs.

12
v (square root of scan rate).

5.3.3.2 Ag deposition on Au(111) in the solvents with low dielectric constant

Ag deposition on Au(11l) in tetrahydrofuran containing 1 mM AgCIO; + 0.1 M
LiCIlO4

Fig. 5.8 shows the cyclic voltammograms of Ag deposition on Au(lll) in
tetrahydrofuran containing 1 mM AgClO4 + 0.1 M LiClOs in both air and argon-filled
glove box. The cyclic voltammograms obtained in both cases are similar and the UPD
charges both are around 60 uC cm™, except that the peaks are slightly sharp under air
atmosphere comparing to under argon atmosphere. This could be due to the effect of
water, which has a high dielectric constant of 78.41 at 25°C, suggesting that in the

solvent with low dielectric constant, the effect of water is relatively obvious by
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comparing with that in the solvent with high dielectric constant, because the difference

in the dielectric constant is larger.

6 : T : T : T : T
44 inglove box _

I/uUA

104 inair -

I/uA

-10 4 .

-20 . ; . ; . ; . ; .
0,2 0,0 0,2 0,4 0,6 08

E/V vs. Ag/Ag”

Fig. 5.8 Cyclic voltammograms of Ag deposition on Au(l11) in tetrahydrofuran
containing 1 mM AgClO4 + 0.1 M LiClO4 in STM cell at the scan rate of 10 mV s':

(top) in argon-filled glove box, (bottom) in air.

Ag deposition on Au(111) in tetraglyme containing 1 mM AgClO4 + 0.1 M LiClO4

Ag deposition on Au(111) was also carried out in tetraglyme containing 1 mM AgClO4
+ 0.1 M LiClOs4. The similar cyclic voltammograms were obtained in both air and glove
box and shown in Fig. 5.9. The slight change in CVs between the electrolyte under air
and argon is similar to that observed in tetrahydrofuran. A small peak and broad peak
were observed at the potential of 0.45 and 0.1 V in UPD region, respectively. The CVs
are almost stable under argon atmosphere but it is not the case under air. Under air
atmosphere, the intensity of the first UPD peak (at 0.45 V) increased and its
corresponding stripping peak decreased and the second peak (at ~0.1 V) gradually
disappeared with cycles, and then the CV became stable after several cycles. The total
UPD charge is around 94 uC cm™, indicating that 0.42 monolayer of Ag formed on
Au(111) surface. It is worth to mention that two separated dissolution peaks at around
0.06 V and 0.12 V were observed in both cases and they are probably related to the
dissolution of bulk and second layer, respectively. The charges of the anodic peaks at
~0.13 V were calculated by integrating the red shaded area to be 194 and 152 uC cm™

under argon atmosphere and air atmosphere, respectively.
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Fig. 5.9 Cyclic voltammograms of Ag deposition on Au(111) in tetraglyme containing 1
mM AgClO4 + 0.1 M LiClOs in STM cell at the scan rate of 10 mV s™': (top) in argon-
filled glove box, (bottom) in air.

5.3.3.3 Comparison of the effect of the solvents on Ag-UPD process

Ag-UPD on Au(111) have been done in MeCN(e, 38.8), G4(e, 7.79) and THF (e, 7.52)
based electrolytes. The cyclic voltammograms are shown in Fig. 5.10. It is obvious that
the potential of UPD peaks is at 0.6, 0.41 and 0.28 V in MeCN, G4 and THF based
electrolyte, respectively, suggesting that the UPD peak potential was shifted in the
negative direction or the kinetics of UPD process is sluggish in the electrolyte based on
the solvents with low dielectric constant (such as G4), and especially with high donor
number (such as THF) was used. Furthermore, the distorted polarization curve was
observed in the electrolyte, which is based on the solvent with low dielectric constant as
well. It agrees with the results of Pb UPD on Au(111) as discussed before. These could
be attributed to the formed adsorbates (such as ion pair, solvated ions, etc.) adsorbed at
the electrode surface modifying the energetics and kinetics of the UPD process [61-63]
in the electrolyte based on the solvent with low dielectric constant. More specifically,
these adsorbates (including solvent) adsorbed at the electrode surface could block the
metal nucleation sites and hinder its growth [64] and the amount of co-adsorbed species
determines the UPD charge. The change in the amount of co-adsorbed species could
cause the variation of the UPD charge. The lowest UPD stripping charge was obtained
in MeCN base electrolyte, but the double large is the largest and the Ag bulk deposition

is very fast in this case. The highest value was obtained in G4 based electrolyte, which
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is still less than the theoretical value for monolayer formation and the experimental
value in aqueous solution [29, 65]. The coverages were calculated by considering that
the Ag monolayer formation on Au(111) requires the charge of 240 pC cm™ and are also
shown in Fig. 5.10. As mentioned before, the dielectric constant is the main factor to
determine the extent of ion pair formation, and the ion pair plays a role in determining
the conductivity of electrolyte, kinetic behaviour of the reaction, etc. [66] Generally, it
is found that extensive ion pair formed in the electrolyte, which is based on the solvent
with low dielectric constant [67, 68]. Triple cations and triple anions have also been
observed in THF [69]. Na",GNe« loose ion pair was found in tetraglyme containing

sodium naphthalene [70].
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Fig. 5.10 Cyclic voltammograms of Ag deposition on Au(111) in acetonitrile (top),
tetraglyme (middle) and tetrahydrofuran (bottom) containing 1 mM AgClOs + 0.1 M
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LiClO4 in STM cell in argon-filled glove box at the scan rate of 10 mV s™..

5.3.3.4 EC-STM observation of Ag deposition in tetraglyme containing 1 mM
AgClO4 + 0.1 M LiCIOq electrolyte

An in-situ observation of Ag deposition on Au(111) in tetraglyme containing 1 mM
AgClO4 + 0.1 M LiCIO4 electrolyte were performed by electrochemical scanning
tunnelling microscopy (EC-STM). The similar cyclic voltammogram was obtained and

shown in Fig. 5.11.
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Fig. 5.11 Cyclic voltammogram of Ag on Au(l11) in tetraglyme containing 1 mM
AgClO4 + 0.1 M LiClO4 in STM cell at the scan rate of 10 mV s during STM

measurement.

Fig. 5.12 shows the morphology of Au(111) electrode surface in tetraglyme containing 1
mM AgClOs + 0.1 M LiClO4 during the discontinuous potential scanning in the range of
+0.2 to +0.66 (UPD region). The open circuit potential (OCP) or rest potential was
found at +0.33 V vs. Ag/Ag", where is more negative than the UPD peak potential,
meaning that Ag atoms are already adsorbed on the surface at OCP. Once the potential
was swept to positive direction and then reversed in negative direction, it was observed
clearly that the dissolution process started at around +0.5 V and deposition started at
around +0.45 V, respectively, and these are consistent with the results observed in cyclic
voltammogram as shown in Fig. 5.11. The step heights after monolayer deposition and
stripping are measured and shown in Fig. 5.12. It suggests that Ag deposition prefer to
occur on the terraces. Furthermore, after stripping it is visible that some adsorbate

molecules remained on Au(111) surface. These adsorbates are probably pre-adsorbed on
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Au(111) surface. The pre-adsorbates and co-adsorbates would lead to irregular
deposition of Ag on Au(111) surface as shown in Fig. 5.12 and small UPD charge of 96
uC cm? in Fig. 5.11. As described previously, these adsorbates could be solvent
molecules, ion pairs, solvated ions, etc. In addition, the larger bright dots are probably
Au islands as a result of the lifting of the thermally induced surface reconstruction at

positive potential [71] or contaminations.
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Fig. 5.12 Typical STM images of the Ag UPD on Au(111) in tetraglyme containing 1
mM AgClO4 and 0.1 M LiClOs electrolyte at the scan rate of 3.04 In/s. Integral gain: 2
and proportional gain: 3. Arrows indicate scan direction. Plane correction is used for
image a and line by line correction is used for image b. Two cross sections show the

height change along the white lines on image a.

A detailed in-situ EC-STM observation of Ag-UPD on Au(111) is shown in Fig. 5.13.
The results are consistent with those previously observed. While the potential was swept
from 0.62 to 0.13 V vs. Ag/Ag", a random nucleation and growth process of Ag on
Au(111) terrace and accompanying with pre-adsorption and co-adsorption of other

species to form a monolayer were observed again as shown in Fig. 5.13a, b and c. On
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this monolayer, it is very difficult or even impossible to get atomic resolution images.
The rough Ag-UPD adlayer has been also observed in aqueous solution by Hamm [59],
who believes that the apparent charge deficit and the rough surface were caused by the
co-adsorption of anions induced by the expected shift in point of zero charge (pzc)
during Ag deposition. Once the potential was swept back from 0.13 to 0.62 V, an Ag-
UPD adlayer stripping process was observed as shown in Fig. 5.13d. After stripping,
some pre-adsorbed adsorbates became very visible on Au(111) again as shown in Fig.
5.13d and e, and caused a rougher surface (see. Fig. 5.13c) comparing to that of Ag-
UPD adlayer (see. Fig. 5.13e). It is well known that these adsorbates have a larger effect
on metal-UPD process, modify the energetics and kinetics of the metal-UPD process,

and make it complicated.
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Fig. 5.13 Typical in-situ STM images of Ag-UPD on Au(111) in tetraglyme containing 1
mM AgClOs + 0.1 M LiClOs electrolyte at the scan rate of 3.04 In/s. (a) from 0.62 to
0.13 V, (b) 0.13 V, (c) 0.13 V, (d) from 0.13 to 0.62 V, (e) 0.62 V. Integral gain: 2 and
proportional gain: 3. Arrows indicate scan direction. Line by line correction is used for

above images.

The Ag-OPD on Au(l111) process was also observed by EC-STM. Fig. 5.14
demonstrates the sequential in-situ STM images recorded at different overpotentials.
Similar morphology of Ag-UPD adlayer was observed at +0.3 V as shown in Fig. 5.14a.
A few bright dots were also observed on this surface. As mentioned before, these are
probably Au islands. When the potential was held at -0.025 V where is slightly more
negative than 0 V (the onset potential of OPD), the initial nucleation of Ag preferring to
start at the energetically favorable binding sites such as island rims as indicated by
comparing the size of the islands in elliptic region of Fig. 5.14a and Fig. 5.14b), holes
and step edges was observed in Fig. 5.14b, similar to that in aqueous solution [72].
However, the deposition process is very slow at such low overpotential. With the further
increase of overpotential to -0.055 V, a continuous epitaxial growth to form a
completely closed layer was observed obviously (see. Fig. 5.14c), then 3D growth
started (see. Fig. 5.14d and e). These results suggested that Ag growth on Au(111) in
this nonaqueous electrolyte follows a layer-by-layer growth (or “Frank-van der Merwe”
growth [1]) only up to two monolayers initially, then following by 3D growth (or
“Stranski-Krastanov” growth [1]) because of the non-uniform distribution of interfacial
energy and the accumulated lattice misfit [19]. This growth mode is different from that
in aqueous electrolyte, in which a layer-by-layer growth up to at least ten monolayers
was observed [72]. The height of the formed Ag island in Fig. 5.14e was measured to be
~1.1 nm, which suggests that around three monolayers formed on the second adlayer. It
is worth to mention that it need ~2.8 min to generate one image. When the potential was
swept back to +0.106 V, Ag adlayers deposited at overpotenital were dissolved
completely and the bright dots with the same size and same position reappeared on the

surface (see. Fig. 5.14a and f/g).

Rapid deposition and dissolution of Ag on Au(111) under the control of a continuous
potential scan is demonstrated in Fig. 5.15a and a’. The Ag-OPD started at around 0 V
and it was dissolved completely at ~+0.157 V. It is certain that the higher overpotential
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will lead to faster deposition rate, so that it seems that a “Stranski-Krastanov” growth
mode was excited immediately once OPD started. The height of Ag deposited on
Au(111) during this process is around 5.4 nm (see. the cross section on image a’). A

complete dissolution of Ag adlayers was confirmed again as shown in Fig. 5.15b.
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Fig. 5.14 Typical in-situ STM images of the Ag-OPD on Au(lll) in tetraglyme
containing 1 mM AgClO4 + 0.1 M LiClOs4 electrolyte at the scan rate of 3.04 In/s. (a)
+0.298 'V, (b) -0.025 V, (c) -0.055 V, (d) -0.055 V, (e) -0.055 V, (e') -0.055 V, (f) from -
0.055 to +0.106 V, (g) +0.106 V. Integral gain: 2 and proportional gain: 3. Arrows
indicate scan direction. Line by line correction is used for images a-g. Plane correction

is used for image ¢'.

+0157V

-0.2V
HV

—l+02V X[um]
Fig. 5.15 STM images of Ag-OPD on Au(111) in tetraglyme containing 1 mM AgClO4
+ 0.1 M LiClOs4 electrolyte at the scan rate of 3.04 In/s. (a) from -0.2 to +0.2 V, (b)
+0.157 V. Integral gain: 2 and proportional gain: 3. Arrows indicate scan direction. Line
by line correction is used for above images a and b. Plane correction is used for image

!

a.
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Fig. 5.16 in-situ STM images of Ag-OPD on Au(111) in tetraglyme containing 1 mM
AgClO4 + 0.1 M LiClO4 electrolyte at the scan rate of 3.04 In/s. (a) +0.007 V, (b)
+0.007 V, (c¢) from +0.007 to +0.033 V, (d) from +0.033 to +0.08 V. Integral gain: 2 and
proportional gain: 3. Arrows indicate scan direction. Line by line correction is used for

above images.

As discussed before, two anodic peaks at 0.06 V and 0.12 V were observed in the cyclic
voltammogram and they are probably related to Ag bulk dissolution and second layer
dissolution, respectively. It is confirmed by the STM results, which were shown in Fig.
5.16. When the potential was held at +0.007 V where is very close to the onset potential
of the second Ag adlayer dissolution (see. the dot curve in Fig. 5.11), the second Ag
adlayer remained on the surface and it is stable over time as seen in Fig. 5.16a and b.
Furthermore, very slow dissolution was observed at the potential of +0.033 V (see. Fig.
5.16). However, once the potential was swept to more positive value of +0.08 V, the
dissolution of Ag took place very quickly and completely as shown in Fig. 5.16d. The
images which were shown in Fig. 5.14, Fig. 5.15 and Fig. 5.16 were obtained from

almost the same surface area if observed carefully.
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5.4 Conclusions

This chapter focused on the study of underpotential and overpotential deposition of
metal (Cu, Pb and Ag) on Au(l11) electrode surface in different solvents such as
acetonitrile (MeCN), tetrahydrofuran (THF), propylene carbonate (PC), tetraglyme (G4)
and some mixture of them based nonaqueous electrolytes by cyclic voltammetry and

EC-STM (only for Ag-UPD and OPD in tetraglyme based electrolyte).

For copper, Cu deposition behavior was investigated only in acetonitrile based
electrolyte. It was found that the redox peak at ~1.1 V (vs. Cu/Cu?") is related to
Cu?*/Cu’ redox couple, two gentle UPD peaks indicate two step UPD process and the
bulk deposition appears below 0 V. However, the characteristic polarization curve of
copper deposition was distorted seriously or even disappeared when the electrolyte was
exposed to air. This is probably due to the effect of oxygen reduction at more positive

potential.

For lead, Pb deposition behavior in tetrahydrofuran and its mixture with propylene
carbonate and tetraglyme based electrolytes was studied. The large distortion in the
polarization curve and the small UPD charge were observed in pure THF based
electrolyte and slightly distortion in the polarization curve was observed in THF/G4 (1:9
or 9:1) based electrolyte. This phenomenon could be caused by extensive co-adsorption
of other species such as the formed ion-pair, solvated anion and extremely polar
molecules in the electrolyte which consists only of the solvent with lower dielectric
constant, and especially higher donor number. Similar to that in the case of Cu
deposition in acetonitrile based electrolyte, the characteristic polarization curve of Pb
deposition in these electrolytes was also distorted seriously or even disappeared when

the electrolyte was exposed to air.

For silver, Ag deposition behavior in acetonitrile, tetraglyme and tetrahydrofuran (with
different properties) based electrolytes was investigated. Similarly, the distorted
polarization curve was observed again in the electrolyte based on the solvent with low
dielectric constant, and especially with high donor number. However, unlike Cu and Pb
deposition, the stable polarization curves of Ag deposition on Au(lll) in these
electrolyte under air atmosphere were observed. Base on this point and non-volatile

tetraglyme, an in-situ STM observation of the Ag-UPD and OPD on Au(l1l) in
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tetraglyme based electrolyte was performed. The results showed that the first Ag adlayer
containing some pre-adsorbed and co-adsorbed species was formed and observed at the
UPD region, a layer-by-layer growth (Frank-van der Merwe growth) up to only 2
monolayers, and then 3D growth were observed at low overpotential. In addition, the
second Ag adlayer remained stable on the surface when the potential was held at
~+0.007 V, where is very close to the onset potential of the second Ag adlayer

dissolution. It is consistent with the result observed in cyclic voltammetry.
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Chapter 6: Investigation of oxygen reduction and evolution in

nonaqueous electrolyte

This chapter focuses on the mechanism investigation of oxygen reduction and oxygen
evolution on Au and Pt electrode and the observation of the surface morphology of
oxygen reduction products on Au(111) and Pt(111) electrodes in dimethyl sulfoxide
(DMSO) based electrolyte containing Mg?* or Li* ion.

6.1  Introduction:

Rechargeable metal-air batteries have been considered as the most promising energy
storage devices in the practical application, especially in the field of electric vehicles
because of their remarkably high theoretical energy density. However, until now, many
issues (instability of the electrolytes, the limited reversibility of the reaction process,
sudden death of battery, etc.) still exist which limit their performance and application in
practice [1]. In order to make a contribution to understand the working principle of this
kind of battery and effectively improve the performance, it is particularly important to
study all reactions, which take place during the charge and discharge processes.
Currently, intense research focuses on the mechanistic study of the oxygen reduction
reaction at air cathode in rechargeable metal-air batteries, especially in rechargeable Li-
air batteries [2-7]. The electrochemical reaction 2Li" + Oz «»> Li2O2 was considered to be
reversible or partial reversible in most of the nonaqueous electrolytes in Li-air batteries,
oxygen is drawn through the gas diffusion electrode, and then reduced at the electrode
surface to form Li2O2 during the discharge or oxygen reduction process. During the
charge or oxygen evolution process, the discharge product Li2O: is electrochemically
oxidized to Li ions and oxygen [8]. Specifically, two conceivable pathways for
formation of Li202 were mentioned by Bondue [9]: one is the direct pathway in which
oxygen accepts two electrons and combines with Li" ions to form Li2Oz2, the other one is
the indirect pathway that Oz species are formed electrochemically and then induced by
Li" ion to disproportionate into Li2O2 and Oz in the electrolyte. However, Reinsberg
described that oxygen can be also reduced directly to Li2O2 [10]. These different
mechanisms of oxygen reaction depend on the property of reactants, solvent [5],
electrode [11], catalyst [12], etc. Laoire [5, 13] et al. have investigated the effect of
solvents and cations on the mechanism of oxygen reduction reaction and found that the
superoxide (O2") is formed and exist more stable in all the electrolytes containing TBAY,

which was classified as a soft acid and weakly solvated by solvent, so that the more
145



Chapter 6: Investigation of oxygen reduction and evolution in nonaqueous electrolyte

naked TBA" exists and stabilizes the Oz (soft base) to form an ion pair complex in these
electrolytes, and unstable superoxide decomposes rapidly into peroxide (O2*) in the
electrolytes containing hard acid Li" ions. However, Bondue considered that the
strength of acid Lewis acids and Lewis bases play an important role to stabilize
superoxide in bulk electrolyte [3]. Laoire and Trahan [14] also found that superoxide is
stable in the solvents with high donor number such as dimethyl sulfoxide (DMSO, DN
= 29.8), but in the solvents with low donor number such as acetonitrile (MeCN, DN =
14.1) and tetraethylene glycol dimethyl ether (TEGDME, DN = 16), the superoxide
decomposes or undergoes electrochemical reaction quickly into peroxide [15], even
oxide in the presence of Li". However, in DMSO based electrolyte containing Li", the
LiO2 is found to be an intermediate product and it can be further reduced chemically

and electrochemically into Li2Oz2 [5].

For lithium air battery, Li2O2 was confirmed as the main product of oxygen reduction
not only by cycle voltammetric techniques but also by DEMS [2], XRD [16], XPS [17],
and its morphology was observed by SEM [18], AFM [19], etc. In ether based
electrolyte, the morphology of Li2Oz2 is dependent on the discharge current density. The
toroid-like Li2O2 was observed at low current density [18, 20, 21], whereas other shapes
such as small particle [21, 22], thin film [18] or disc [20] was observed at high
discharge current density. However, IBM members claimed that they never observed the
toroid-like particles under the same conditions [21] and Wen [23, 24] only observed a
Li202 film formed on both HOPG and polycrystalline Au electrode by AFM. Recently,
Schwenke [16] and Aetukuri [25] found that the morphology of Li2Oz is also dependent
on the water content in the electrolyte and that water might promote the toroid-like
Li2O2 particles formation. In DMSO based electrolyte, Herrera [26] only observed
Li202 nanoparticles formed on HOPG, and other [27] observed toroid-like Li2O2
particles formed during the gradual discharge process, but it seems unstable in the case
of prolonging exposure to electrolyte and further converts into flake-like LiOH
particles. Geaney [28] suggested that LiOH is the product of H20 reactions with Li2O2
in DMSO based electrolyte.

However, unfortunately the formed Li2O2 is insoluble [29, 30] and an electronic
insulator [31] (with a considerable band gap [32, 33]) and other products such as Li20O,

LiOH, Li2COs3, etc, are even worse and irreversible. It was found experimentally and
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theoretically that a “sudden death” phenomenon in charge transport appears once the
thickness of the formed Li20: film reaches to the maximum value of ~5 to 10 nm [31],
which determines the maximum discharge capacity, Qmax. In addition, these batteries
also suffer from the decomposition of electrolyte [27, 34-38], instability of electrode

[39-41], side reactions [42-45] to form more insoluble and irreversible products, etc.

Compared with Li-air battery, Mg-air battery has more advantages such as no dendritic
formation on Mg anode during charge [46, 47], higher volumetric energy density, higher
safety, and so on. Based on these advantages, Mg-air battery could be constructed as an
excellent energy storage device. To my knowledge, the first primary Mg-air battery was
constructed in the neutral NaCl solution by General Electric in the 1960s. Over the
following decades, only a few studies [48] have been done in this field. Ma et al. [49]
investigated the performance of Mg-14Li-1Al-0.1Ce as anode in neutral 3.5% NaCl
electrolyte for Mg-air battery. Khoo et al. [50, 51] found that the phosphonium chloride
based ionic liquid electrolyte could be a promising electrolyte for Mg-air battery.
However, these are not rechargeable. To achieve a rechargeable Mg-air battery,
reversible oxygen reduction and evolution reactions at cathode are required. For oxygen
reactions in nonaqueous electrolyte (DMSO based electrolyte), Shiga et al. [52] found
that MgO was formed as a main product of oxygen reduction reaction (discharging) via
a four-electron reaction and it can be decomposed during charging by adding I into the
electrolyte to form the iodine-DMSO complex, which was considered as an oxygen
cathode catalyst to achieve a rechargeable Mg-air battery. It was also found that oxygen
undergoes a stepwise reduction from superoxide to peroxide in DMSO based electrolyte
[53]. Moreover, it was suggested that superoxide is formed in THF based electrolyte and
the final ORR products are consisting of MgO2 and MgO with a volume ratio of 1:2.
However, achieving oxygen evolution in Mg?" containing nonaqueous electrolyte seems

a little discouraging.

However, considering present research, there are still some aspects that need to be
further studied, such as optimization of electrolyte composition, improvement of the
reversibility of oxygen reactions, elimination of side reactions, observation of products
morphology, etc. Therefore, in this chapter, we investigated the mechanism of oxygen
reduction on Au/Pt electrode and the morphology of oxygen reduction products by EC-
AFM and EC-STM in DMSO based electrolyte containing Li or Mg salt for Li/Mg-air
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battery.

6.2  Experimental:

6.2.1 Chemicals

All organic electrolytes were prepared in a MBraun glovebox filled with Ar (H20 < 5
ppm and O2 < 5 ppm). The water content in freshly prepared electrolytes was
determined by a coulometric Karl-Fischer titrator (C20, Metler Toledo) to be around 50
ppm. The error for determining water content in DMSO based electrolyte was estimated
by adding a water standard and included in these presented values [9]. A syringe sealed
by inserting the needle into rubber block was used to transfer the electrolyte.

Extra dry DMSO (99.7%, over molecular sieve, Acros Organics) and LiClO4 (battery
grade, Sigma-Aldrich) were used as received. Mg(ClO4)2 (>99%, Sigma-Aldrich) was
dried at 245 °C under low pressure (107> mbar) before usage. Highly pure Argon (Air
Liquid, 99.999%,) and oxygen (Air Liquid, 99.999%) were employed to deaerate the
vessels and electrolytes. For the RRDE measurements, the mixture gas of oxygen (20%)
and argon (80%) was produced by using two flowmeters (Krohne Duisburg) and used to
saturate the electrolytes. For the AFM/STM measurements, pure oxygen was used to

deaerate the environmental control glass chamber.

6.2.2 Electrochemical measurements

Electrochemical measurements were carried out in the classical H-cell.

For Li" containing organic electrolyte, the electrochemical measurements were carried
out under argon, oxygen and air conditions. Freshly prepared Au(111) was used as

working electrode. Two large Pt foils were used as counter and reference electrodes.

For RRDE measurements in Mg?" containing organic electrolyte, the well-cleaned and
dried glass H-cell was deaerated by continuously purging Ar before injecting electrolyte
inside, and then the electrolyte was deaerated and saturated by continuously purging an
Ar-O2 mixture. A polycrystalline Pt electrode (0.5 cm, diameter) and a large Pt foil (1x1
cm) were used as a working and counter electrode, respectively. An Ag/Ag" electrode
was constructed by inserting a silver wire into DMSO containing 0.1 M AgNOs3
electrolyte and used as reference electrode, which has to be placed in the compartment
separated from working compartment by a wet surface of a closed, rough glass stopcock

at Luggin capillary between two compartments to prevent diffusion of Ag" ions. The
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electrolytes with different water contents were prepared by using an Eppendorf-Pipette
to add the trace amounts of Milli-Q water (18.2 MQ cm, TOC of 5 ppm, MILLIPORE,
Schwalbach, Germany) into electrolyte. After each RRDE measurements, the water
contents in working electrolyte were also determined by KF-titrator and the Pt electrode

was freshly polished.

6.2.3 Preparation of Au(111) and Pt(111) single crystal electrodes

A traditional way of annealing was used to prepare the Au(111) and Pt(111) which both
have a diameter of 10 mm and provided by Mateck company. 0.1 M H2SOs4 was
prepared from 18.2 MQ Milli-Q water, deaerated with high purity argon gas (99.999%)
and used to clean the electrode before its preparation. Electrochemical experiments were
carried out in the classical H-cell. An Au wire and a large Pt foil were used as a counter
electrode, respectively, and the reversible hydrogen electrode(RHE) was used as a

reference electrode.

6.2.4 EC-AFM/STM measurements

All EC-AFM/STM measurements were performed by an Agilent Technologies 5500
Scanning Probe Microscope (SPM) combined with the built in bipotentiostat or
Nanoscope III E controller (Digital Instruments, Santa Barbara, CA) connected with a
separate potentiostat and a commercially available STM and AFM scanner (Molecular
Imaging/Agilent Technologies) fitted with a homemade electrochemical cell (so called
AFM/STM cell as described before). A Pt or Au wire was used as the counter electrode
in the case of using Pt(111) or Au(111) as working electrode, respectively. A Pt wire was
used as quasi reference electrode (Epvpio = ~-0.45 V vs. Ag/Ag"). All the AFM
measurements were carried out with soft cantilevers (n'-doped Si cantilever, PPP-
CONT-10, kn = 0.09 N/m) provided by Nanosensors. All the EC-STM measurements
were performed by using Pt/Ir (90:10) tips with a diameter of 0.25 cm, which were
prepared by etching in a 2 M KOH + 4 M KSCN bath and coated with hot-melt glue to
minimize faradaic current. All the EC-AFM/STM measurements were done in glass

chamber purged with oxygen at room temperature.

6.3  Results and discussion
6.3.1 ORR in 0.1 M Mg(CIlO4). containing DMSO based electrolyte
The mechanism of ORR and particularly the effect of water on ORR in Mg?*-containing
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DMSO based celectrolyte was investigated by RRDE technique and an in-situ
observation of potential-dependent surface morphology were performed by EC-STM.

6.3.1.1 Investigation of ORR on Pt(pc) by RRDE technique

The cyclic voltammograms of Pt(pc) in Mg”**-containing DMSO based electrolyte
saturated with argon and oxygen were recorded and showed in Fig. 6.1. In argon
saturated electrolyte a redox peak appears at ~-0.75 V after several cycles and the
magnitude of the redox peak and the electrolyte decomposition both increase with
increasing number of potential cycles. It seems that the redox peak is due to the
reduction and oxidation of the produced species by the decomposition of electrolyte at
more positive potential. Comparing to the CVs recorded in argon saturated electrolyte,
in oxygen saturated electrolyte it is obvious that oxygen reduction starts at -0.8 V, which
is more negative than the reduction potential of the decomposition products. However,
the oxygen reduction current decreases with increasing number of potential cycles, and
this could be the result of accumulation of inert oxygen reduction species blocking the
active site on the electrode surface. However, by comparing the short dash curves (in Ar
saturated electrolyte) with the black solid curves (in Oz saturated electrolyte) in the
potential range of 0.5 to 1.0 V, a mild shoulder appears and it probably due to the partial
oxidation of these inert oxygen reduction species but it is too slowly. Unfortunately,

there was no indication of oxygen evolution in this electrolyte.
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Fig. 6.1 Cyclic voltammograms of Pt disc electrode in 0.1 M Mg(ClO4)2 containing
DMSO based electrolyte saturated with Ar (black solid curves) and 20% Oz (short dash

curves) at the scan rate of 120 mV s™.
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To investigate the mechanism of oxygen reduction reaction in Mg?'-containing DMSO
electrolyte, RRDE measurements were performed. Similar investigation of ORR in low
water content (approx. 40 ppm) Mg**-DMSO electrolyte has been done by Reinsberg in
our group [53]. Fig. 6.2 shows the RRDE voltammograms of ORR on Pt electrode in the
electrolyte with a water content of 65 ppm. Part of the formed species by oxygen
reduction at disc electrode are soluble and can be detected and oxidized at the ring
electrode at the potential of +0.3 V. The onset potential of the oxidation of these species
detected at ring electrode is almost the same as that of ORR and both currents at the disc
and ring electrodes are almost simultaneously reaching the limiting current.
Furthermore, no decrease in ring current was observed. This suggests that these species
are formed continuously during the overall oxygen reduction process in this potential
range. However, no oxidation peak was observed at the disc electrode at the potential of
+0.3 V on anodic branch after oxygen reduction reactions, because these species are

unstable or they are transported away due to convection.
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Fig. 6.2 RRDE voltammograms of ORR on Pt disc electrode in 0.1 M Mg(ClOa)2
containing DMSO based electrolyte (water content, 65 ppm) saturated with 20% Oz at

the scan rate of 120 mV s\
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The collection efficiency is the fraction of the amount of the species collected
subsequently at ring electrode to the amount of the species formed at the disc electrode,
which could be represented by the ring current (ir) and disc current (ip), respectively, as
following:
N=-i. /i,

The theoretical collection efficiency value was calculated by the geometry parameters of
RRDE and found to be 0.256. However, in our experiments the collection efficiencies at
the potential of -1.5 V have been found to be dependent on the rotation frequency (), it
increased with increasing rotational frequency and the maximum value was calculated
to be 51% of the theoretical value as shown in Fig. 6.3a. This increase of collection
efficiencies with increasing rotational frequency was also observed by Reinsberg,
however, the maximum collection efficiency value he obtained is around 35% of the
theoretical value [53]. The species which was detected at ring electrode could be
regarded as intermediates or final products of ORR at disc electrode which are not
stable. Moreover, these species could further react electrochemically (as intermediates)
at disc electrode or chemically (as intermediates and final product) in the electrolyte,
which can cause a relative increase in current at disc electrode or a relative decrease in
current at ring electrode compared to an ideal electrochemical reaction, resulting in low
collection efficiency. Considering the fact that the collection efficiency is dependent on
the rotational frequency and some of these species can still be detected at ring electrode
at even low rotation frequency, it means that the further reaction rate of these species at
disc electrode or in the electrolyte could be slow. More specifically, if these species
were further reduced electrochemically at the disc electrode, the collection efficiency
could be mainly determined by detachment rate of these species from the disc electrode
surface which is dependent on rotational frequency, so that the collection efficiency
increases with increasing rotational frequency. If these species reacted chemically in the
electrolyte, the collection efficiency could be mainly determined by the transition time
of these species through the gap between disc electrode and ring electrode, which is also
dependent on rotational frequency; of course, there are probably other reasons for the

rotational frequency-dependent collection efficiency as well.

It has been reported that the plot of 1/N vs. @ can provide some information to
distinguish the reaction pathway, a single pathway (without intermediate) or two parallel

pathways (with the formation of intermediate in one of these pathways) [54]. In our
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measurements, when 1/N was plotted as a function of w2, almost straight lines with a
same intercept of 1/No and potential-dependent slope were observed as shown in Fig.
6.3b, which suggests that the reaction proceeded along a single pathway with
intermediate which can react further and the further reaction of intermediate is potential-
dependent (disc electrode potential), respectively. Therefore, it is reasonable that the
collection efficiency decreases with increase of the potential, especially obvious at high
rotational frequency, because the rate of further reaction of intermediate at disc
electrode at high overpotential is higher than that at low overpotential. Therefore, ORR
in Mg?"-DMSO based electrolyte is probably via a single pathway, along with formation

of intermediate which would react further.

In order to further analyse the ORR mechanism, the experimental data of Fig. 6.2 were
plotted as Koutecky-Levich plots and are shown in Fig. 6.3¢c. The fitting lines at -1.1 V
and -1.3 V are parallel to each other. However, the fitting line at -1.5 V is not parallel to
those at -1.1 V and -1.3 V and the intercepts at -1.5 V (at diffusion region) is not zero,
indicating that ORR at disc electrode is kinetically limited reaction or diffusion of
reactant or electron transfer in the film or solid layer or whatever which formed at the
electrode surface limited reaction. The diffusion limiting current of 152 pA (25 Hz)
obtained after deducting the double layer current in our experiment is lower than the
theoretical value (290 pA at 25 Hz) for four electron transfer process. Assuming that the
diffusion limiting only exists in the electrolyte and the surface reaction is very fast, the

theoretical diffusion limiting can be calculated by using the equation as follow:

i, =0.62nFAD "y Yoc,\2r 2
Where, n is the number of electrons transferred; F is Faradic constant (9.64858x107” mA
s mol'); A is the surface area of disc electrode (0.196 cm?, geometric surface area); D is

diffusion coefficient (15.8x107® cm?s™!) [55]; co is solubility of oxygen (0.40 mol m™);

v is the kinematic viscosity (0.018 cm?s™!) [56] and f is the rotation frequency.

The slope of Koutecky-Levich plots can be used to determine the number of electrons
transferred during ORR at disc electrode by the equation as follows:

1
0.62nFAD*¢c,1 /627

Slope =

The theoretical slope for two electrons transfer was calculated to be 33.7 mA™!s!2,

which is nearly twice as large as the experimental values as shown in Fig. 6.3c. The
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ORR is probably via an indirect four-electron transfer process in this measurement.
However, the experimental slope of 31 mA ™' s'? was obtained on Pt electrode in Mg**-
DMSO based electrolyte with water content of approx. 40 ppm by Reinsberg [53] and
the mechanism of ORR in Mg?" containing electrolyte is very complex and still

unknown.

The Tafel slope for ORR was obtained from the plot of kinetic currents
(ig =(@, 1)/, -1)) as a function of potential (Fig. 6.3d) and found to be around 125
mV dec”!, which is very close to the value obtained from DMSO containing Li* or
TBA" electrolyte and suggests that the rate determining step is the first one electron
transfer [5, 12]. But it was also considered that the rate determining step could be the

second electron transfer once the saturation of the surface was taken into account [53].
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Fig. 6.3 a) Collection efficiencies (N) with respect to the theoretical efficiency (No =
0.256) as a function of the rotation frequency (f), b) Plot of 1/N vs. f /2 at different disc
potentials, ¢) Koutecky-Levich plots (J! vs. o?) at different potentials (E/V vs.
Ag/Ag") and d) Tafel plot of ORR for Pt electrode derived by the mass-transport
correction. All these plots based on the data in Fig. 6.2.
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However, once the electrolyte contains 175 ppm water, the limiting current is increasing
with rotation frequency at lower rotation frequencies but it is decreasing at higher
rotation frequency; the ring current behaves similar (see. Fig. 6.4a). Further
investigations of the effect of higher water contents (1200 ppm) on ORR show that the
limiting current is completely independent of the rotation frequency, even at lower
rotation frequency, and is very low as shown in Fig. 6.4b. This indicates that in the
electrolyte with higher water content the deactivation of electrode surface was observed,
especially in the case of higher rotation frequency because the higher rotation frequency
can produce larger amounts of inert species on electrode surface. A detailed discussion

about the effect of water on ORR in Mg?-DMSO based electrolyte will be presented

next.
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Fig. 6.4 RRDE voltammograms of Pt disc electrode in 0.1 M Mg(ClO4)2 containing
DMSO based electrolyte (water content, (a) 175 ppm and (b) 1200 ppm) saturated with
20% O at the scan rate of 120 mV s .

When the potential scan was restricted to potentials in the range of ORR, a strong
deactivation of electrode surface was observed, as seen in Fig. 6.5. During continuous
cycling, the onset potential for ORR is shifted to more negative values and the current at
-1.5 V is decreased, suggesting that the inert species were formed during ORR and

accumulated continuously on the electrode surface, resulting in deactivation
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phenomenon of electrode surface. However, when the potential was scanned to +1 V, a

slight reactivation of electrode surface was observed during ORR (see. Fig. 6.4b).
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Fig. 6.5 Cyclic voltammograms of Pt disc electrode in 0.1 M Mg(CIO4)2 containing
DMSO based electrolyte saturated with 20% O: at the scan rate of 120 mV s\

Scan rate, potential range, rotation rate and water content dependent deactivation of
active sites on the electrode surface was observed in this electrolyte. It could be related
to the competition between accumulation (formation) and consumption (decomposition)
of this kind of inert species adsorbed on the electrode surface. In order to systematically
study the effect of water content on ORR, the following experimental conditions were
chosen: scan rate of 120 mV s™!, potential range of -1.6~+1.1 V vs. Ag/Ag", rotation rate
of 4 Hz (or 240 rpm) [53] and a freshly polished electrode. The RRDE voltammograms
of ORR in 0.1 M Mg(ClO4)2 containing DMSO based electrolyte with different water
content were obtained and shown in Fig. 6.6a. The results show that water has a large
effect on the diffusion limiting current, collection efficency and decomposition of
electrolyte. A detailed analysis was performed by the plots of collection efficiency and
the diffusion limiting current as the function of water content (see. Fig. 6.6b). It shows
that the limiting current increases with the initial increase of the water content from 65
to 660 ppm, decreases with the following increase of water content from 660 to 2611
ppm, and then increases again with the further increase of water content from 2611 to
13000 ppm. A maximum and minimum value of limiting current appears at 660 ppm
and 2611 ppm, respectively. Obviously, the effect of water content on ORR could be
divided into three conditions. First, in low water content electrolyte (~65-660 ppm),

there i1s a small amount of inert species formed on the electrode surface to form a
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blocking layer. As water content increases, the solubility of ORR products may be
increased and the kinematic viscosity of this thin blocking layer may be decreased,
which are the determinants of diffusion limiting current. Second, in medium water
content electrolyte (~660-2611 ppm), the blocking layer may be formed quickly and
becomes thick with further increase of water content. It may consist of different
components (e.g. probably Mg(OH)2) from that formed in the electrolyte with low water
content (e.g. probably MgO2, Mg202 and MgO) or the composition of the blocking layer
on the electrode surface may be changed. These are probably the reasons for the
decrease of the limiting current. Third, in high water content electrolyte (above 2611
ppm), the measurement condition is similar to that in aqueous electrolyte. Lee [57] has
found that in nonaqueous electrolyte with higher water content, the ORR behaviour
approaches to that of observed in aqueous electrolyte. Furthermore, the decomposition
current at upper limiting potential is always increasing with increase in the water

content.

The onset potentials of ORR on water contents (< 2611 ppm) start at almost the same
potential. However, the onset potential of ORR in the electrolyte with water content of
13000 ppm starts earlier. The increase of current at upper limiting potential (at +1.1 V)
with the increase in water content suggests that water promotes the dissolution of the
inert species at the electrode surface or electrolyte decomposition. Furthermore, the
collection efficiency decreases with the increase of water content, suggesting that the
intermediate or the ORR product which can be detected at ring is less stable in the
electrolyte with high water content. In the literatures, it was found that superoxide is
unstable in some cases [9, 58], especially in aqueous electrolyte [59, 60]. It is also
possible that ORR is via a direct 4-electron transfer pathway in the high water content
electrolyte. However, the diffusion limiting current is still smaller than the theoretical

value for 4-electron transfer because the blocking layer is still formed in this case.

The Tafel slopes were obtained corresponding to the data (in Fig. 6.6a) recorded from
different water content electrolyte and shown in Fig. 6.7. A Tafel slope of 125, 145 and
214 mV dec! was obtained in the electrolyte containing water content of 65, 660 and
1200 ppm, respectively. This behaviour of the increase of Tafel slope with the increase
of water content was also observed in aprotic ionic liquid 1-butyl-2,3-

dimethylimidazolium triflate (C4adMImTTY) electrolyte by Zeller [61]. The increase in
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Tafel slope suggests that water may change the mechanism of ORR. The change of
ORR mechanism with the increase of water content in nonaqueous electrolyte was also

reported by others [57].
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Fig. 6.6 a) RRDE voltammograms of Pt disc electrode in 0.1 M Mg(CIO4)2 containing
DMSO based electrolyte with the water content of 65 ppm, 660 ppm, 2611 ppm and
13000 ppm saturated with 20% O at the scan rate of 120 mV s™! and the rotation rate of
240 rpm. b) The plots of collection efficiency, N% (up) and limiting current (down) vs.

water content in ppm.
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Fig. 6.7 Tafel plots of ORR for Pt disc electrode derived by the mass-transport

correction corresponding to the data in Fig. 6.6.
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6.3.1.2 Investigation of ORR on Au(111) by EC-STM

Investigation of oxygen reduction products in Mg?>*-DMSO based electrolyte by EC-
STM was first carried out on Au(111) electrode. The cyclic voltammograms for ORR on
Au(111) in Mg**-DMSO based electrolyte were recorded during EC-STM measurement
and shown in Fig. 6.8. The overpotential of ORR increases and the current of ORR at -
1.0 V decreases with the increase in the number of cycles. It indicates that the inert
species probably formed on the electrode surface hinders charge transfer or ion
diffusion and modifies the energetics and kinetics of the ORR process. The small peak
with the charge of 40 pC cm™ was observed at ~0 V (vs. Pt/PtO) where probably Au
dissolves. Unfortunately, as mentioned before, oxygen evolution did not take place
under these conditions.
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Fig. 6.8 Cyclic voltammograms of ORR on Au(111) electrode in 0.1 M Mg(ClOa4)2
containing DMSO based electrolyte in STM cell in Oz purged glass chamber at the scan

rate of 50 mV s~ ! during the STM measurement.

The freshly prepared Au(111) surface with smooth and large terraces was inspected at
open circuit potential in this electrolyte (see. Fig. 6.9a). Once the potential was held at -
1.15V, it seems that a film was initially formed on some parts of the electrode surface
and then covered the whole surface (see. Fig. 6.9b and c). This film is probably
consisting of the oxygen reduction species, solvent and Au, which is regarded as the
blocking layer to hinder the following reaction. When the potential was held at +0.17 V
after the first cycle, the clear steps and terraces with small dots on were observed at the
different area (see. Fig. 6.9d). The same surface morphology at the negative potential of
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-1.49 V at the second cycle was observed again as shown in Fig. 6.9f.

The first cycle

+0.17V

Fig. 6.9 STM images of Au(111) during ORR in 0.1 M Mg(ClOs4)2 containing DMSO
based electrolyte. Sample bias of 50 mV, set point = 0.69 nA & scan rate of 5 Hz.

Arrows indicate scan direction. Line by line correction is used for above images.

An in-situ observation of surface morphology is demonstrated in the following images
(see. Fig. 6.10 and Fig. 6.11) obtained in the subsequent potential cycles to show the
process of film formation. Many holes with a height of 0.7 nm and a diameter of 10~30
nm scale appeared on the surface which is probably due to Au dissolution (see. Fig.
6.10a). It has been reported that Au dissolution may be facilitated in donor-acceptor
organic and aqueous-organic Au-DMSO-RX systems (where R = H or Bu, and X = CI
or Br) [62]. In our electrolyte, it is not excluded that magnesium perchlorate may
contain small amounts of Cl ions. When the potential was held at -1.08 V around the
onset of ORR potential, the density of small holes decreased (see. Fig. 6.10b and c).
Further decreasing the potential to -1.51 V, small holes disappeared but some larger
holes with the height of 1.2 nm and the diameter of 40-60 nm appeared on the surface
(see. Fig. 6.10d). This phenomenon may be caused by the surface shrinkage because of
the change in surface tension and accompanying with the formation of the ORR species
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to form a thicker film on the electrode surface. By the comparison of Fig. 6.10c, d, e, f,
it is seen that the thickness of this film increased gradually from 0.7 nm to 2.5 nm over
time. As the potential is scanned positively to -0.04 V, the decomposition of this film
seems to prefer to start at the edges of the steps and it is decomposed into small pieces
as shown in Fig. 6.10g and h. Quickly, almost the whole surface is covered by these
inert decomposition products with the height of 0.8 nm (see. Fig. 6.10h), which will be

one of the components of new film formation in the following cycle, as demonstrated

later.

The third cycle
015V
-1.08 WV
-8V
-1.51V
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004V

-151V

Fig. 6.10 STM images of Au(111) during ORR in 0.1 M Mg(ClO4)2 containing DMSO
based electrolyte. Sample bias of 50 mV, set point = 0.69 nA & scan rate of 5 Hz. The
height of the holes and pieces on the surface is indicated by the cross section on image
a, ¢, d, e, f and h. Arrows indicate scan direction. Line by line correction is used for

above images.

The fourth cycle
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0.04V
+0.20 V

-1.43V

Fig. 6.11 STM images of Au(111) during ORR in 0.1 M Mg(ClO4)2 containing DMSO
based electrolyte. Sample bias of 50 mV, set point = 0.69 nA & scan rate of 5 Hz.

Arrows indicate scan direction. Line by line correction is used for above images.

Fig. 6.11 shows the images which were subsequently recorded at the same area of
electrode surface as shown in Fig. 6.10. With further decomposition, these pieces
became smaller and smaller as seen in Fig. 6.11a comparing to that in Fig. 6.10h. As the
potential is scanned negatively to -1.43 V, these small pieces, probably with the
produced ORR species and other species start to reform a new film on the electrode
surface. The new film formation process and its continuous growth were demonstrated
in Fig. 6.11b and Fig. 6.11c and d, respectively. With the growth of this film, the ORR
activity became weaker and weaker so that the current decreased rapidly when the
potential was held at ORR range as shown in Fig. 6.8. This film may be consisting of
adsorbed DMSO molecules [63] and DMSO2 which was considered as the product of
the electrolyte decomposition [27, 37], some solvated cation (Mg?*) and anions [26]
(O* and 02%), ion-pairs and small amounts of redeposited Au, and thus it exhibits a
poor electrical conductivity. Yu reported that Li" ions solvated by DMSO combine with

superoxide to form ion-pairs [11]. Briefly, the formation of this kind of film on the
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electrode surface was found during ORR and it inhibited ORR. In addition, this kind of

film could be partly decomposed at positive potential.

6.3.1.3 Investigation of ORR on Pt(111) by EC-STM
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Fig. 6.12 Cyclic voltammograms of ORR on Pt(111) electrode in 0.1 M Mg(ClO4)2
containing DMSO based electrolyte in STM cell in Oz purged glass chamber during the

STM measurement. Scan rate: 10 mV s\,

The cyclic voltammograms of ORR on Pt(111) in 0.1 M Mg(ClO4)2 containing DMSO
based electrolyte were recorded during EC-STM measurement and are shown in Fig.
6.12. The oxygen reduction reaction and electrolyte decomposition start at ~-0.6 and
+0.7 V vs. Pt/PtO, respectively. At the second cycle, a broad peak appears around -0.1
V, which probably is due to the reduction of the species produced by electrolyte

decomposition at positive potential.
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Fig. 6.13 STM images of Pt(111) electrode surface during ORR in 0.1 M Mg(ClO4)2
containing DMSO based electrolyte (a, b, ¢, d and e). Sample bias of 50 mV, set point =
0.5 nA & scan rate of 3.04 In/s. Arrows indicate scan direction. Line by line correction

is used for above images. f) The cross sections on image a b and e (dot white lines).

A freshly prepared Pt(111) electrode surface is shown in Fig. 6.13a. The surface
morphologies of Pt(111) electrode in 0.1 M Mg(ClO4)2 containing DMSO based
electrolyte during continuous potential scanning in the range of -1.2 to +1.2 V (vs.
Pt/PtO) is shown in Fig. 6.13b, ¢ and d. As the potential was scanned negatively to ORR
region, the step started to become more obvious and its height increased from 0.3 nm to

0.8 nm (see. Fig. 6.13f). It seems that some pre-adsorbed adsorbates on the surface
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especially at the step (see. the graph as follow) are decomposed as shown in Fig. 6.13b.
However, according to the results of RRDE measurements, a blocking layer which
possesses poor conductivity or even is nonconductive should be formed during ORR. If
this kind of blocking layer was formed on the surface, the STM tip was probably very
close to or even in this blocking layer during scanning. The step height we observed
during ORR should be of the same height as Pt(111) step, but its increase is elusive. As
the potential was scanned positively, the Pt(111) surface recovered at around -0.69 V,
but the surface roughness increased(see. Fig. 6.13c and d). It seems that some
adsorbates were still adsorbed on the surface. When the potential was scanned to up
limiting potential (+1.2 V) and then back to +0.39 V, there was no obviously change in

surface morphology (see. in Fig. 6.13d and e).

ereennns film
substrate

The graph of the film formation on the substrate

As mentioned before a broad cathodic peak appeared around -0.1 V during the second
cycle is probably related to the reduction of decomposition products formed at more
positive potential. The surface morphologies before (at +0.39 V) and after (at -0.4 V)
the peak were shown in Fig. 6.14a and Fig. 6.14b and the corresponding root mean
square roughness (Rrms) was calculated to be 0.79 and 0.1, respectively. It seems that
the tiny bare grains appeared on the surface after this reduction process. With further
decreasing the potential to -1.19 V, similar surface phenomenon was observed again as
observed before (see. Fig. 6.14c¢). It is unusual that the height of the step increased to ~2
nm. This large change at the steps was not only observed on the topographic images but
also on current images by comparing Fig. 6.15 to Fig. 6.16. Furthermore, the current
change at the steps in case of the tip climbing the step is large than that of passing down
the step (see. Fig. 6.16). Probably, it is due to this nonconductive (or poor-conductive)

film formed on the surface.
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Fig. 6.14 Topographic and the corresponding 3D STM images of Pt(111) electrode
surface during ORR in 0.1 M Mg(ClO4)2 containing DMSO based electrolyte. Sample
bias of 50 mV, set point = 0.5 nA & scan rate of 3.04 In/s. The heights of the steps
indicated by the cross section on image a, b and ¢ are shown below. Arrows indicate

scan direction. Line by line correction is used for above images.
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Fig. 6.15 Current trace images (without any correction) of the electrode surface at +0.39

V and -0.4 V in 0.1 M Mg(ClO4)2 containing DMSO based electrolyte. Sample bias of

50 mV, set point = 0.5 nA & scan rate of 3.04 In/s.
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Fig. 6.16 Current trace and retrace images (without any correction) of the electrode

surface at -1.19 V in 0.1 M Mg(ClO4)2 containing DMSO based electrolyte. Sample bias

of 50 mV, set point = 0.5 nA & scan rate of 3.04 In/s.
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6.3.2 ORR in 0.1 M LiCIlO4 containing DMSO based electrolyte
Investigation of ORR and OER on Au electrode in Li*-containing DMSO electrolyte
under different conditions was carried out by cyclic voltammetry and an in-situ

observation of potential-dependent surface morphology were performed by EC-STM.

6.3.2.1 Investigation of ORR and OER on Au by cyclic voltammetry
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Fig. 6.17 Cyclic voltammograms of Au electrode in 0.1 M LiClO4 containing DMSO

based electrolyte saturated with Ar, Oz and air in H cell at the scan rate of 50 mV s\

Oxygen reduction and oxygen evolution have been achieved successfully in DMSO
containing Li" electrolyte, but there are still some issues (e.g. reversibility, stability,
products property, etc.) that need to be addressed. The cyclic voltammograms recorded
in Li*-containing DMSO electrolyte saturated with argon, oxygen and air are shown in
Fig. 6.17. In Ar saturated electrolyte, no obvious peaks were observed except a small
cathodic peak at ~-0.75 V and anodic peak at -0.4 V, and they are probably due to the
reduction and oxidation of electrolyte or residual oxygen reduction and evolution,

respectively. In oxygen saturated electrolyte, two ORR peaks appeared at -0.85 and -1.0
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V in the initial two cycles, probably related to superoxide and peroxide formation [11],
respectively, and then overlapped into one peak. Slightly negative shift in the onset
potential and decrease in peak current were observed. In addition, the charge densities
of oxygen reduction peak and oxygen evolution peak were calculated to be around 2575
and 685 uC cm™, respectively, indicating that the reversibility of ORR and OER is
around 26.6%. The poor reversibility might be due to the effect of the side reactions or
superoxide diffusing away from the electrode. Assuming that all the charge of OER
peak was related to the decomposition of Li2O2 and the ratio of Li2O2 to Au atoms is one
to one, it would mean that only around one to two monolayers of Li2O2 were formed on
Au surface. Comparing to the cyclic voltammogram recorded in oxygen saturated
electrolyte, in air saturated electrolyte the potential gap between two ORR peaks at the
initial two cycles became larger and the ORR and OER peak currents were smaller and
decreased rapidly with potential cycle numbers. Furthermore, the reversibility of ORR
and OER (the average value) in this case was found to be around only 10%, which is
less than the value obtained in oxygen saturated electrolyte. It is probably due to the

effect of water.

6.3.2.2 Investigation of ORR on Au(111) by EC-AFM

Freshly prepared Au(111) surface with the atomically flat terraces and steps at the
potential of -0.06 V is shown in Fig. 6.18a and a'. As the potential was scanned to -1.0 V
in the ORR region, no toroid-like Li2O2 was observed (see. Fig. 6.18b and b'). It was
reported that toroid-like Li2O> formation is dependent on the magnitude of water
content [16] and discharge current [20]. Moreover, IBM members also claimed that they
never observed the toroid-like Li2O2 formation at any discharge current with optimally

anhydrous and purified ether electrolytes [21].

Fig. 6.19 shows the topographic and friction images on the electrode surface at different
potentials. The upper part of the image was obtained under potential control of -0.9 V
and the lower part was obtained under potential control of -1.0 V. The friction at steps at
-1.0 V is suddenly changed as compared to that at -0.9 V (see. the friction trace and
retrace images in Fig. 6.19). It is reversible when the potential was scanned from -1.0 V
to -0.9 V. The cross section analysis of the different positions on the friction trace,
retrace images and retrace-trace image are also shown in Fig. 6.19. It shows no obvious

change in the friction. The effective normal force (Fn) and the frictional force (FL) are

170



Chapter 6: Investigation of oxygen reduction and evolution in nonaqueous electrolyte

calculated to be 3.2 nN and 4.45 nN, respectively, which give the friction coefficient (u)
of 1.4. However, a large change in the friction at step is observed on the electrode
surface at the potential of -1.0 V. The increase in the friction at the steps is due to the

Schwoebel-barrier effect [64].

100nm
BT T |

r
Fig. 6.18 Topographic AFM images and the corresponding 3D images of Au(111)
electrode surface in 0.1 M LiClO4 containing DMSO based electrolyte during the first
potential cycle. Set point = 0.4 V (or Fn= 3.2 nN) & scan rate of 5 Hz. Arrows indicate

scan direction. Line by line correction is used for above images.
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Fig. 6.19 Topographic AFM image (line by line corrected) and the corresponding
friction images (without any correction) of Au(111) electrode surface in 0.1 M LiClO4
containing DMSO based electrolyte at the potential step of -0.9 V and -1.0 V. Set point
=0.4 V (or FN=3.2 nN) & scan rate of 5 Hz. Arrows indicate scan direction.

In addition, during the second potential cycle, some small particles with the height of
0.2~0.4 nm and the average diameter of 10 nm are formed on the surface during the
potential scanning from -0.23 V to -1.3 V (vs. Pt/PtO) as shown in Fig. 6.20b, and they
are almost completely dissolved when the potential was scanned positively to +0.02 V
(see. Fig. 6.20 ¢ and d). These particles probably are Li2O2 or redeposited Au. As
mentioned before, Au can be dissolved in DMSO based electrolyte, and it is also
confirmed by our AFM results as shown in Fig. 6.21. The friction image is shown in
Fig. 6.21b". The section analysis shows that the friction forces on the substrate and at the
bottom of the hole are nearly the same and this would suggest that it is probably Au
dissolution. The obvious change (from 0.04 to 0.06) in the friction on the image (see.

Fig. 6.21b') is at steps and it is due to the Schwoebel-barrier effect as mentioned before.
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However, Calvo et al. observed that nanoparticle like Li2O2 formed on HOPG in LiPF¢—
dimethyl sulfoxide (DMSO) electrolyte [26]. Fig. 6.20b" shows the friction image of
Fig. 6.20b. In the area where the potential was held at -1.3 V the friction on the substrate
is much lower than on the particles where the friction is slightly lower than on Au(111)

surface. It may suggest that some Li2O2 are formed on the electrode surface.

Bbmm, 34 e ]

Fig. 6.20 Topographic AFM image images (a, b, ¢ and d) and friction image (b") of the
electrode surface in 0.1 M LiClO4 containing DMSO based electrolyte during the
second potential cycle. Set point = 0.4 V (or Fn= 3.2 nN) & scan rate of 5 Hz. Arrows
indicate scan direction. Line by line correction is used for above topographic images

and friction image is used without any correction.
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Fig. 6.21 Topographic AFM images (a and b) and friction image (b") of Au dissolution
in 0.1 M LiCIO4 containing DMSO based electrolyte. Set point = 0.4 V (or Fn= 3.2 nN)
& scan rate of 5 Hz. Arrows indicate scan direction. Line by line correction is used for

above topographic images and friction image is used without any correction.

6.3.2.3 Investigation of ORR on Au(111) by EC-STM

The morphology of ORR products on Au(111) in 0.1 M LiClO4 containing DMSO
based electrolyte was also observed by the EC-STM. The cyclic voltammogram
recorded in STM cell is similar to that recorded in H cell, except a slight shift in
potential (see. Fig. 6.22 and Fig. 6.17). The detailed explanation has already been given

before.
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Fig. 6.22 Cyclic voltammograms of ORR on Au(111) electrode in 0.1 M LiCIO4
containing DMSO based electrolyte in STM cell in Oz purged glass chamber at the scan
rate of 10 mV s L.

The electrode surface morphologies during potential scanning from OCP to -1.4 V and
then to -0.03 V at the first cycle are demonstrated in Fig. 6.23. The Au(111) surface with
atomically flat terraces and steps decorated by some small Au islands was clearly
observed (see. Fig. 6.23a). No change in surface morphology during the potential scan
over the first peak was observed (see. Fig. 6.23b). However, when the potential was
scanned over the second peak and then back to around -0.8 V, it seems that some species
formed on the surface disturb the tip scan (see. Fig. 6.23b and c). With the further
increase in the potential to positive direction, the clearly Au(111) was observed again.
Furthermore, as seen in Fig. 6.23c and d, a lot of tiny holes appeared after -0.2 V which

are probably due to Au dissolution.

Fig. 6.24 shows the electrode surface morphology during the second potential scan.
When the potential was jumped to -0.72 V where the first peak appears, there is no
obvious change in surface morphology except slowly recovering of the holes (see. Fig.
6.24a-c). Once the potential was scanned to -1.06 V where the second peak appears,
almost all the holes were recovered probably due to Au re-deposition and the step height
increased slightly with time (see. Fig. 6.24d-f). A suddenly increase and then decrease
in the step height in the topographic image and a large variation in the tunneling current
at step in the current image are observed as shown in Fig. 6.25, which are quite similar

to what I observed in Mg?-DMSO based electrolyte. The detailed discussion on the
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appearance of this phenomenon was presented before.

It is well known that in a series circuit the magnitude of the electric current decreases
quickly with the increase of the thickness of insulator at a fixed voltage [65]. Similarly,
for the tunneling current in STM, when there is nonconductive film and its thickness
increase with time on the electrode surface, the tunneling current will become smaller
and smaller, and the gradient of the recession in tunneling current is larger in the
nonconductive film comparing to that in vacuum when the distance between the tip and
sample surface is constant. However, in the STM measurements, the formed film is
probably not nonconductive, it may has low conductivity. When the constant tunneling
current is kept constant and this kind of film grow on the electrode surface, the distance
between the tip and the surface of the film formed on the electrode surface should be
smaller than the distance between the tip and bare electrode surface. Furthermore, as
mentioned before the film formed at the steps is slight thicker than on the terrace.
Therefore, when the tip was scanned over the step along the direction of trace or
forward direction (from left to right), the tunneling current first increased rapidly (see.
Fig. 6.25b), probably because of the slow feedback control and the shortly contact of the
tip with the film surface at the steps. Afterwards, the feedback system responds to this
current change to adjust the height of the tip drastically to keep the tunneling current
constant. The great adjustment of the tip height (increase) at the step is probably the
reason for the large change at the step height on the topographic image (see. Fig. 6.25a).

Conversely, when the tip was scanned over the steps along the direction of retrace or
backward direction (from right to left), the tunneling current decreased rapidly because
of the slow feedback control and the large recession of the tunneling current in this film
(see. Fig. 6.25d). Afterwards, it is similar to the case of trace direction that the feedback
system responds to this current change to adjust the height (decrease) of the tip
drastically to keep the tunneling current constant, probably causing the large change at

the step height on the topographic image (see. Fig. 6.25¢).
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Fig. 6.23 Topographic STM images of the electrode surface in 0.1 M LiClO4 containing
DMSO based electrolyte at the different potential in Oz purged glass chamber. Sample
bias of 50 mV, set point = 0.5 nA & scan rate of 3.04 In/s. Arrows indicate scan

direction. Line by line correction is used for above images.
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Fig. 6.24 Topographic STM images of the electrode surface in 0.1 M LiClO4 containing
DMSO based electrolyte at the potential of -0.72 V and -1.06 V in O2 purged glass
chamber. Sample bias of 50 mV, set point = 0.5 nA & scan rate of 3.04 In/s. Arrows

indicate scan direction. Line by line correction is used for above images.
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Fig. 6.25 Topographic and current (trace and retrace) images of Au(111) electrode
surface in 0.1 M LiClO4 containing DMSO based electrolyte at the potential of -1.06 V
in Oz purged glass chamber. Sample bias of 50 mV, set point = 0.5 nA & scan rate of

179



Chapter 6: Investigation of oxygen reduction and evolution in nonaqueous electrolyte

3.04 In/s. Arrows indicate scan direction. The change in height and current are indicated
by the cross section on image a, b, ¢ and d and shown in a', b', ¢' and d', respectively.
Line by line correction is used for above topographic images and current images are

used without any correction.

The continuous growth of this kind of film at the potential of -1.06 V (in ORR range)
with the time was observed. It prefers to grow along the step edges as seen in the
focused area (in the ellipses) in Fig. 6.26. This kind of film may consist of ORR
products (e.g. insoluble Li2Oz, etc.), Au and some other species which are produced

during the decomposition of electrolyte.

120nm 120nm
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Fig. 6.26 The consecutive STM images of film growth on Au(111) electrode surface in
0.1 M LiClO4 containing DMSO based electrolyte at the potential of -1.06 V in Oz
purged glass chamber. Sample bias of 50 mV, set point = 0.5 nA & scan rate of 3.04 In/s.

Arrows indicate scan direction. Line by line correction is used for above images.
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Fig. 6.27 STM images of Au dissolution and redeposition in 0.1 M LiClOs containing
DMSO based electrolyte in Oz purged glass chamber. Sample bias of 50 mV, set point =
0.5 nA & scan rate of 3.04 In/s. Arrows indicate scan direction. Line by line correction

is used for above images.

Au dissolution and redeposition were also observed during the potential scan in this
electrolyte as shown in Fig. 6.27. Some holes start to appear at around -0.2 V, then some
particles start to appear at around -0.5 V in the following potential cycle. As mentioned
before, these holes are probably due to the Au dissolution and these particles are
probably redeposited Au rather than Li2O2. With further increase in potential cycle
numbers, the dissolution and redeposition phenomenon were clearly observed as shown
in Fig. 6.27d and Fig. 6.27¢, respectively. This is in good consistent with our AFM
results (see. Fig. 6.20 and Fig. 6.21).

6.4  Conclusions:

We investigated the mechanisms of oxygen reduction and oxygen evolution on Au and
Pt electrode and the morphology of oxygen reduction products on Au(111) and Pt(111)
electrodes in Mg?"/Li*-DMSO based electrolyte.

In Mg**-DMSO based electrolyte:
The mechanism of ORR on Pt electrode was studied by RRDE. In the electrolyte which

contains the water content of 65 ppm, the RRDE results revealed that oxygen reduction
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is probably via a total four-electron transferring to form peroxide in this electrolyte.
Some of the ORR products could be detected at the ring electrode when the ring
potential was held at +0.3 V. The collection efficiency was found that it increased with
the increase in rotation rate and its highest value was around 51% of the theoretical
value. Furthermore, the deactivation of electrode surface was observed, suggesting that
some of the ORR products are formed at the electrode surface and they are insoluble,
and this deactivation layer may hinder the charge transfer or the diffusion of
electroactive species. The Tafel slope was determined to be 125 mV dec!, suggesting

that the first electron transfer could be as the rate determining step.

The water effect on ORR was also investigated and the results indicated that water has a
large effect on the diffusion limiting current, collection efficency and decomposition of
electrolyte. With the increase in water content from 65 ppm to 13000 ppm, the diffusion
limiting current first was increased slightly and then decreased, and finally increased
again, the collection efficency was always decreased and the decomposition intensity of
electrolyte was also always increased. Moreover, the Tafel slope was found to be
increased with the increase in water content, it would suggest that water content
probably has an effect on the mechanism of ORR in this electrolyte. Unfortunately, no
OER was observed in these Mg?*-DMSO based electrolytes.

The morphology of ORR products on Au(111) and Pt(111) was studied by EC-STM. On
Au(111) surface, the step height is increasing with time during ORR. It seems that a thin
film was formed on the electrode surface (especially, at the steps) during ORR and it
may consist of ORR products, polar solvent molecules, Au, etc. Furthermore, this film
can be partly decomposed into small pieces at the positive potential. However, when the
potential was scanned back to the ORR range, these small pieces will participate in the
formation of new thin film. The conductivity of this kind of film is probably very poor
or even nonconductive. In addition, Au dissolution and probably redeposition were
observed during the potential scan in this electrolyte. On Pt(111) surface, the step height
is also increasing during ORR as what observed on Au(111). However, Pt dissolution

did not observed in this electrolyte.

In Li*-DMSO based electrolyte:

Two ORR peaks were observed at the initial two potential cycles, which are probably
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related to superoxide and peroxide formation, respectively, and then overlapped into one
peak. In the electrolyte saturated with oxygen, it was suggested that probably only one
to two monolayers Li202 was formed on the electrode surface by assuming that the
charge of OER peak (685 uC cm™) was only contributed by decomposition of Li2O.
The reversibility of ORR and OER was found to be around 26.6%. Furthermore, it was
also found that the impurity from air (probably, water) has large effect on ORR and
OER. Comparing to those in oxygen saturated electrolyte, in air saturated electrolyte the
ORR activity recession is very obviously and the reversibility is worse. Only ~10%

reversibility was obtained.

Similar surface phenomenon to that in Mg?*-DMSO based electrolyte was also observed
in Li*-DMSO based electrolyte. No toroid-like or particle-like Li2O2 was observed
during ORR. Moreover, Au dissolution and re-deposition was also observed in this case,

which is consistent with the results presented previously.
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Chapter 7: Investigation of surface morphology and adlayer structure
of Sb on Au(111) by EC-STM and insertion of magnesium at the Sb

modified Au electrode

This chapter demonstrates the monolayer structure of antimony (Sb) on Au(111) surface
by electrochemical-scanning tunneling microscope (EC-STM) and the change of the
bulk adlayer structure from the double row to particle-like structure with the increase in
the surface roughness caused by accumulation of irreversible adsorption Sb species with
potential cycles. Furthermore, insertion/extraction of magnesium ion into the Sb

modified Au electrode was investigated.

7.1 Introduction:

The initial study of antimony electrochemical deposition on Au electrode was done by
cyclic voltammetry by Rhee [1], who found that antimony deposition on Au(100) and
Au(111) in acid electrolyte undergoes two electrochemical processes involving an
irreversible adsorption and underpotential deposition. This irreversible adsorption was
attributed to oxygenous Sb(III) species, probably SbO*, which is formed in acid
electrolyte and is adsorbed irreversibly on Au surface at the potential more positive than
the UPD potential [2]. Later, the fundamental research of this phenomenon of this
irreversible adsorption and UPD of Sb was investigated by EC-STM. A detailed study
on the structure of the irreversibly adsorbed oxygenous Sb(IIl) species and the Sb
adlayer on Au(100) was carried out by Itaya and Mao [2, 3]. Rhee only investigated the
structure of the irreversibly adsorbed oxygenous Sb(III) species on Au(111) surface by
an in situ STM [4] and Mao also [5] investigated the electrodeposition of Sb on
Au(111). However, no detailed investigations on adlayer structure and morphology of
Sb on Au(lll) were presented. Moreover, the detailed study of magnesium

deposition/dissolution at Sb modified Au electrode surface has never been reported.

It is well known that Sb [6-9], Bi [10-12], etc. can be used to form bimetallic
semiconductors. These semiconductors possess an interesting property and were widely
used in the field of electrocatalysis and materials. Recently, Sb, Sn, Bi have been
suggested as insertion materials [13-15], which could be used as an anode material in
rechargeable Mg batteries because magnesium can form intermetallics with these

materials with a high energy density. In addition, Bi and Sb have rhombohedral crystal
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structures which can form alloys in a wide composition range [14, 13]. High initial
capacity of 298 mAh/g at 1 C rate has been reported for electrochemical magnesiation at
electrodeposited Bio.ssSbo.12 by Arthur et al. [13]. However, the capacity declined to 215
mAbh/g after 100 cycle. Insertion/de-insertion of Mg at electrochemically deposited Bi in
Mg(TFSI)2/acetonitrile solution has been also investigated. Powdered Tin electrode has
been used by Singh et al. as an anode for Mg-ion insertion/extraction [16]. However,
they found a higher capacity close to the theoretical value (903 mAh/g) and low voltage
difference for Mg insertion/extraction (+0.15/0.20 V), the capacity dropped to 200
mAh/g after 10 cycles at 0.05 C rate. They attributed the low columbic efficiency to the
material pulverization after the severe volume change. Bi-nanotubes as an anode
material for Mg insertion/de-insertion showed a superior cycling stability and rate
performance [17]. The high cycleability upon Mg insertion/extraction was attributed to
effectiveness of Bi-nanotubes in combat volume change. Recently, a high specific initial
capacity of 180 mAh/g dropped to 50 mAh/g after 3 cycles in Mg(ClO4)2/MeCN
electrolyte has been observed at Bi-CNT composite materials for magnesium battery
anodes prepared by electrodeposition technique [18]. Among Ge, Si, and Sn as anode
materials for Mg insertion, Si could provide the lowest insertion voltage (0.15 eV vs.
Mg) and the highest specific capacity of 3827 mAh/g according to DFT calculations.
However, it is so hard to overcome the slow diffusion of Mg into Si and the huge
volume expansion (216%). On the other hand, Sn can provide a competitive volumetric
energy density (7.4 Wh/cc) under 100% volume expansion [19]. In general, according to
our information, there is no literature about the values of diffusion coefficient of Mg in
the insertion materials. The superiority of insertion materials as anode material in the
field of rechargeable batteries is also one of the reasons, which drive this work as does

interest in study of the morphology and structure of Sb deposited on Au(111) electrode.

In this work, we studied systematically the electrochemical behavior of Sb deposition
on Au(111) electrode by cyclic voltammetry and EC-STM techniques. Furthermore, we
also studied the insertion of Mg into multilayers of Sb in nonaqueous electrolyte
(MACC in tetraglyme). The apparent diffusion coefficient of Mg in the solid state was

determined and the cycling reversibility of insertion/de-insertion was demonstrated.

7.2 Experimental:

Preparation of Au(111) single crystal electrode
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The Au(111) single crystal electrode (Mateck, Germany) is a cylinder, 10 mm in
diameter and 3 mm in thickness with a thin gold wire attached to its rear for handling. It
was polished with roughness < 0.01 micron and orientation accuracy < 0.4 deg. by
Mateck and prepared by cooling down after annealing in pure argon (Air Liquid,
99.999%) atmosphere as described elsewhere [20]. A polycrystalline Au electrode with
a similar size was also employed. All aqueous electrolytes were prepared by 18.2 MQ
Milli-Q water and de-aerated with high purity argon gas for at least 15 min before use.
Electrochemical measurements in 0.1 M H2SO4 (spectro pure grade) were carried out in
a conventional three electrode glass H-cell consisting of three compartments, where are
used for placing working electrode, reference electrode and counter electrode,
respectively. The working electrode is placed in the central compartment and contacted
with solution in a hanging meniscus configuration, the reference electrode is placed in
the compartment, where is connected to the central compartment with a Luggin
capillary and the counter electrode is placed in the compartment, where is separated
from the central compartment by a glass frit. A large Pt sheet (1x1 cm) was used as the
counter electrode, a reversible hydrogen electrode (RHE) prepared by electrolyzing 0.1
M H2SO4s4 electrolyte was used as the reference electrode and the Au(111) was used as
working electrode. The electrochemical deposition behaviour of antimony on Au
electrode was studied in the same glass H-cell containing 0.25 mM Sb203(99.999%,
Aldrich) + 0.5 M H2SOs4 electrolyte. All electrochemical measurements were carried out
by a bi-potentiostat purchased from Pine Instruments Inc. model AFBPCI1 in
combination with LabVIEW software (National Instruments GmbH, Munich, Germany)
for recording cyclic voltammograms (CVs). The coverages are given as a ratio of the
adsorbed Sb species to the number of surface Au-atoms assuming a one to one ratio of

Sb to Au atoms.

EC-STM measurements

All EC-STM measurements were performed with an Agilent Technologies 5500
Scanning Probe Microscope (SPM) and a commercially available STM scanner
(Molecular Imaging/Agilent Technologies) fitted with an electrochemical cell so called
STM/AFM cell as described before. A Pt and Au wire was used as a quasi reference
electrode (Epypio = 0.9 V vs. RHE) and a counter electrode, respectively. The reference
electrode was immersed in a small compartment filled with the same electrolyte and

separated from main compartment by a capillary. Pt/Ir (90:10) STM tips with a diameter
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of 0.25 cm were prepared by etching in a2 M KOH + 4 M KSCN bath and coated with
hot-melt glue containing different types of polymer (provided by Steinel) to minimize
faradaic current. All the EC-STM measurements were done in glass chamber purged

with argon at room temperature.

Magnesium electrochemical deposition measurements

All chemicals were purchased from Sigma-Aldrich. The tetraglyme (G4) was distilled
over sodium and stored over molecular sieves (3 A) until the water content reaches to an
amount less than 5 ppm. The water content has been determined by Karl Fischer
titration. MgCl2 was heated overnight under vacuum at 290 °C and then stored under
thionyl chloride for 1 week. At low pressure the thionyl chlorid was removed
completely. All materials were handled in an Argon filled glovebox. The MACC
electrolyte was prepared by adding tetraglyme (20.5 ml) to MgClz (0.966 g). While
stirring the AICI3 (1.368 g) was added slowly and portion wise. The whole mixture was
then stirred overnight after addition of a suitable amount of MgH> to reduce the water

content. Finally, the water content of this well prepared electrolyte did not exceed 50

A polycrystalline Au electrode and an antimony modified Au electrode (~30 monolayer
of Sb on Au) were used as working electrodes for Mg deposition measurements.
Magnesium foil was used as a counter electrode and another one as a reference
electrode. All the magnesium electrochemical deposition measurements were carried out

in the MBraun glovebox (H20 < 0.5 ppm, O2 < 0.5 ppm).

7.3  Results and discussion

7.3.1 Electrochemistry of antimony on Au(111)

A typical cyclic voltammogram of Au(111) in 0.1 M H2SOs is shown in Fig. 7.1. The
interpretation of the voltammetric feature of Au(111) has been reported before [21-23].
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Fig. 7.1 Cyclic voltammogram of Au(111) in 0.1 M H2SOs4 solution saturated with Ar in

H-cell at the sweep rate of 50 mV s

The recorded cyclic voltammograms of Sb underpotential deposition and overpotential
deposition on Au(111) in 0.5 M H2SO4 containing 0.25 mM Sb203 electrolyte saturated
by argon are shown in Fig. 7.2. Two peaks were observed in the underpotential
deposition region. The first cathodic peak C1 (~+0.3 V) is due to the reduction of
preadsorbed oxygenous Sb(III) species (SbO"). In a highly acidic electrolyte (0 < pH <
1), the main species of antimony is SbO" as reported by Wu et al. [5]. The following
small peak C2 (~+0.28 V) is due to the reduction of oxygenous Sb(III) species from

bulk solution.

The total charge density of peaks C1 and C2 (~320 pC cm™) suggests that the coverage
of a monolayer is around 0.44 by assuming a one to one ratio of Sb to Au atoms, which
is close to the reported value of 0.43 [1]. However, Itaya and coworkers [2] have
investigated the Sb structure at Au(100) and they found the total charge due to Sb UPD
and irreversible adsorption corresponding to the coverage of 0.63, which should be the
influence of anions due to the co-adsorption. A corresponding dissolution peak A1l was
observed at +0.34 V and its charge was calculated to be 290 pC cm™. The columbic
efficiency (the ratio between the anodic and cathodic charges) in the first potential cycle
for Sb stripping/deposition in UPD region gives a value of 90%. Furthermore, the
columbic efficiency decreased to 70% in the fifth potential cycle in the potential range
of 0.2 V to 0.5 V. This suggests that irreversible process took place in UPD region and

the irreversibly adsorbed species and probably some Au-Sb surface alloys were
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accumulated with the increase of the potential cycles. According to the relevant studies,
the irreversible process was attributed to the irreversible adsorption of oxygenous
Sb(III) species [2, 3, 5, 24]. In the potential range of overpotential deposition, a cathodic
peak C3 was observed at ~0.1 V. The peak C3 and the corresponding anodic peak A2
are attributed to the bulk Sb deposition and dissolution, respectively. It is worth noting
that the peak Al became small and the peak A0 appeared in the fifth cycle after
sweeping the potential to more negative value at the Sb-bulk deposition region. We
attributed the presence of anodic peak (AO) to the stripping of Sb from AuSb: alloy
which has been reported before by Stegemann [25].
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Fig. 7.2 Cyclic voltammograms of Sb deposition on Au(111) in 0.25 mM Sb203 + 0.5 M
H2SO04 electrolyte saturated with Ar in H cell at the sweep rate of 10 mV s™.

After carrying out the deposition and dissolution of Sb for several potential cycles in Sb
containing electrolyte as seen in Fig. 7.2, the potential was held at +0.5 V and the
Au(111) was rinsed with plenty of 0.1 M H2SOu4 electrolyte and transferred into 0.1 M
H2SOs4 electrolyte. The corresponding cyclic voltammograms were recorded and are
shown in Fig. 7.3. A large cathodic peak with a weak shoulder was observed at +0.3 V
in the first potential cycle, and then it was separated obviously into two peaks which

decreased with the increase of the cycle number. This means that the process of
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deposition/dissolution of Sb on Au(111) is irreversible and the deposited Sb species can
not be dissolved completely at the positive potential of +0.5 V in Sb containing
electrolyte. However, with the continuous potential scan in the blank electrolyte, it was
indicated by sulfate adsorption/desorption spike at ~1.1 V that most of the adsorbed Sb
species can be dissolved and the Au(111) surface reappeared again due to the
rearrangement of surface Au atoms. The decrease in the charge of the spike at ~1.1 V is
probably due to the increase in the roughness of the surface. Two cathodic peaks C1 and
C2 appeared after the first potential cycle and they are probably attributed to the
reduction of preadsorbed Sb(III) species and Sb(IIl) species from the electrolyte,
respectively. As shown in Fig. 7.2, the peak C1 is corresponding to the peak A2 and
peak C2 is corresponding to the peaks A1 and A3.

1% cycle i
Peak charge: 208 pC cm?

—— 174" cycle 1
6 T T T T T T T T T T T T T

I/pA

44 4

6. c2 ——5"12" cycle 1
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|

I/pA

.......
.................

——13™16" cycle ]
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E/V vs. RHE

Fig. 7.3 Cyclic voltammograms of Sb species/Au(111) in 0.1 M H2SOs electrolyte
saturated with Ar in H cell at the sweep rate of 10 mV s™'. The Sb species/Au(111) was

obtained after carrying out bulk deposition and dissolution of Sb on Au(111) in Sb
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containing electrolyte, as shown in Fig. 7.2. The CV of fresh prepared Au(111) in 0.1 M
H2SO04 electrolyte saturated with Ar in H cell at the sweep rate of 10 mV s™! (bottom, the

dot curve).

Fig. 7.4 shows the cyclic voltammograms of Sb species/Au(111) electrodes which was
induced by immersing the electrode surface into the Sb containing electrolyte in the
hanging meniscus configuration for 1, 3 and 5 min at open circuit potential, in 0.1 M
H2SOs4 electrolyte. The electrode was rinsed with plenty of 0.1 M H2SO4 electrolyte
before recording the CVs. The reduction and oxidation of Sb species on Au(111) were
observed, suggesting that irreversible adsorption of Sb species on Au(111) starts once
the Au(111) surface is in contact with the Sb containing electrolyte at open circuit
potential. All the cyclic voltammograms are similar and the charges of the cathodic peak
in the first potential cycle in these three cases (contact for 1, 3 and 5 min) are around
210 pC cm?, indicating that the irreversible adsorption process is very fast and the
coverage of the irreversibly adsorbed Sb species on Au(111) is around 0.30 (assuming a
3e transfer), which is in good consistence with the value obtained in the literature [4]. It
was also observed that the prolonged contact time (> 1 min) did not affect on the CV on

Au(100) electrode surface [2].
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Fig. 7.4 Cyclic voltammograms of Sb species/Au(111) in 0.1 M H2SOs electrolyte
saturated with Ar at the sweep rate of 10 mV s™'. The irreversible adsorption of Sb
species on Au(111) was induced after the electrode surface contact with Sb containing
electrolyte in the hanging meniscus configuration for 1, 3 and 5 min at open circuit

potential (~0.6 V).

7.3.2 Investigation of Sb deposition on Au(111) by EC-STM

7.3.2.1 Electrochemistry of antimony on Au(111) in STM cell

Similar cyclic voltammogram of Sb deposition on Au(111) in 0.25 mM Sb203 + 0.5 M
H2S04 electrolyte was obtained in STM cell during the STM measurements as shown in

Fig. 7.5. It is almost identical to that recorded in H cell when the potential is converted

to that versus reversible hydrogen electrode (RHE) using E (Pt/PtO)= 0.9 V vs RHE.
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Fig. 7.5 Cyclic voltammogram of Sb deposition on Au(111) in 0.25 mM Sb203 + 0.5 M
H2SO04 electrolyte in STM cell at the sweep rate of 10 mV s™.

7.3.2.2 Underpotential deposition of Sb on Au(111)

An in situ observation of Sb underpotential deposition/dissolution on Au(111) in 0.5 M
H2S0O4 containing 0.25 mM Sb20s3 electrolyte in STM cell is shown in Fig. 7.6. In all
EC-STM measurements, Pt/PtO electrode was used as reference electrode and the
potential was scanned from -0.24 V (open circuit potential) to -0.74 V, which is in the
potential range of UPD. At open circuit potential, the Au(111) surface decorated by the
tiny spots and some small islands was observed as shown in Fig. 7.6a. These small
islands might be the Au islands. When the potential was scanned negatively, the massive
nucleation on the terraces and epitaxial two dimensional (2D) growth started at ~0.6 V
(see. Fig. 7.6b). The Sb monolayer-islands were formed with the height of ~0.35 nm. As
seen in Fig. 7.6a, the step height of the fresh prepared Au(111) obtained by our setup is
also ~0.35 nm, which is higher than the value it should be (0.2 nm). With the continuous
growth at the potential of -0.74 V, a complete monolayer was formed within
approximately 3.5 min as shown in Fig. 7.6c and d. However, this monolayer can be
dissolved quickly when the potential was scanned positively to -0.31 V (see. Fig. 7.6e).
But some islands and visible tiny spots appeared on the surface after dissolution as
shown in Fig. 7.6f, which means that some residual Sb species consisting of irreversible
Sb species and Au-Sb alloy remained on surface and can not be dissolved completely.

This confirms the result obtained in electrochemical measurement.
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Fig. 7.6 Sequential STM topographic images of Sb deposition/dissolution on Au(111) in
0.25 mM Sb203 + 0.5 M H2SO4 electrolyte. (a) Initial Au(111) surface at open circuit
potential of -0.24 V, (b) the electrode potential was scanned from -0.24 to -0.74 V and
then stopped at -0.74 V, the height of Sb adlayer was shown with cross section on the
image b, (c-d) the electrode potential was held at -0.74 V, formation of complete
monolayer, (e) the electrode potential was scanned back from -0.74 to -0.31 V and then
stopped at -0.31 V, dissolution of monolayer (f) the electrode potential was held at -0.31
V. sample bias of 50 mV, set point = 0.5 nA & scan rate of 3.04 In/s. Integral gain: 6 and
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proportional gain: 8. Arrows indicate scan direction. Line by line correction is used for

above images.

7.3.2.3 Adlayer structure of Sb on Au(111)

The atomic resolution of Sb adlayer structure on Au(111) surface was obtained at the
potential of -0.74 V and is shown in Fig. 7.7. As discussed before, two peaks
corresponding to two deposition processes were observed in the UPD region. The initial

process is the reduction of the preadsorbed oxygenous Sb(IIl) species and it has been
investigated and found that the formed adlayer has a (\/g <3 )R30° structure on

Au(111) [4]. The second process is the UPD process or the reduction of oxygenous
Sb(II) species, which are from the bulk electrolyte. It was also investigated by other
researchers [1, 5], but the structure of underpotentially deposited adlayer was not
resolved. In this work, we observed that the Sb adlayer possesses a double row structure
as shown in Fig. 7.7. Specifically, as shown in Fig. 7.7a, an orientated 2D growth along
three different directions to form the double row structure with the width of ~2.4 or 3.2
nm was observed and the angle between two different oriented rows was found to be
around 120°, suggesting that this structure is probably aligned along the densely packed
atom rows of the (111) plane. Moreover, the channels appeared between two parallel
rows, which is probably due to oxygen removal from the in-plane orientated SbO" layer
[5]. The height of the UPD adlayer is shown in Fig. 7.7c. The distance between two
adjacent Sb atoms along the black dot line on image b is shown in Fig. 7.7d. To get
accurate lattice parameters, the error induced by the thermal drift was eliminated by
drift calibration and the Sb adlayer lattice vectors were corrected by using the
calibration matrix from the known adlayer lattices of sulfate on Au(111) (see. appendix
A). The orientation of the substrate was kept almost the same (£ 10°) for each
experiment. The corrected distances between the two adjacent atoms along vector a and
vector b (see. Fig. 7.7b) were found to be 1.076 nm and 0.821 nm, respectively. Both
vectors included angle is 128.5° close to 120°. A proposed Sb adlayer structure model is

shown in the appendix A. The initial Sb adlayer was formed by the reduction of the
adsorbed oxygenous Sb species with the structure of (\/5 x/3 )R30° and coverage of
0.33, and then the UPD adlayer was formed with the structure shown in the model and
coverage of ~0.11 (see. appendix A). The total coverage calculated from the proposed
model is almost the same as the value calculated from the charge of the peaks. However,

in practice the structure of UPD adlayer probably is compressed or expanded, so that it
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is shown a local certain structure in our STM image as like the Moiré pattern. Similar
investigation has been done on Au(100) in perchloric acid electrolyte by Itaya [2], who

found that the irreversibly adsorbed SbO" adlayer has a quasi (2 x 2) structure and two

adlayer structures, (2\/5 x5 ) and (\/5 x5 ) observed at 0.3 and 0.25 V, respectively.
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Fig. 7.7 STM images of the Sb adlayer structure on Au(111) in 0.25 mM Sb203 + 0.5 M
H2S04 electrolyte at -0.74 V. (a) 50 x 50 nm; (b) 30 x 30 nm; (c) the cross section on
image a; (d) the cross section on image b. Sample bias of 50 mV, set point = 0.5 nA &
scan rate of 12 In/s. Integral gain: 2 and proportional gain: 3. Arrows indicate scan

direction. Line by line correction is used for above images.

7.3.2.4 Overpotential deposition of Sb on Au(111)

A freshly prepared Au(111) surface was employed for observing the bulk adlayer
structure of Sb formed on its surface. The bulk deposition process was demonstrated in
Fig. 7.8. The Au(111) surface at the potential of -0.35 V in the Sb" containing electrolyte
is shown in Fig. 7.8a, and is similar to that observed before in Fig. 7.6a. As the potential
was scanned negatively from -0.35 to -0.88 V (see. Fig. 7.8b, ¢ and c'), the bulk
deposition of Sb starts at ~0.78 V (vs. Pt/PtO) and both regular and irregular three
dimensional (3D) nucleation and growth were observed, which lead to the bulk adlayer
formation with different structures, double row and particle-like structure, respectively.
The increase in the height of the Sb deposits with the increase in the potential initially
and then with the holding time at -0.88 V is shown in Fig. 7.8d. The horizontal cross
section on Fig. 7.8b is shown in Fig. 7.8e. It shows that ~1 nm height of Sb deposits was
formed at that time. At the bottom of Fig. 7.8b, the height of the Sb deposits reaches to
~6 nm, which is around 15 layers based on that the height of the Sb monolayer obtained
in this measurement is ~0.4 nm (see. Fig. 7.8d). A typical Volmer-Weber growth was

observed during overpotential deposition.
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Fig. 7.8 STM images of Sb overpotential deposition on Au(111) at the first potential
cycle in 0.25 mM Sb203 + 0.5 M H2SOs electrolyte. (a) Initial Au(111) surface at the
potential of -0.35 V, (b) the electrode potential was scanned negatively from -0.35 to -
0.88 V and then stopped at -0.88 V, (c) and (c’) the electrode potential was held at -0.88
V, (d) the cross section on the image b (black vertical dot line), (e) the cross section on
the image b (black horizontal dot line). Sample bias of 50 mV, set point = 0.5 nA & scan
rate of 3.04 In/s. Integral gain: 6 and proportional gain: 8. Arrows indicate scan
direction. Plane correction is used for images a, b and c. Line by line correction is used
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for image ¢'.

Fig. 7.9a shows the Au(111) surface after stripping of Sb at -0.21 V in the first potential
cycle. It shows that the tiny particles with an approximialy 0.25 nm height appeared on
the entire surface, which resulted in a slightly rough surface and would induce the
structure change of the Sb deposits. As seen in Fig. 7.10, which shows the adlayer
structures of Sb deposited on Au(111) at -0.88 V during potential holds within
subsequent potential cycles, with the increase the cycle number, the change of Sb
adlayer structure from the double row (see. Fig. 7.8¢’ and Fig. 7.10a) to particle-like
(see. Fig. 7.10b and c) structure was observed. However, some deposited Sb with the
double row structure could still be found (see. Fig. 7.10d). Fig. 7.9b and ¢ shows the
Au(111) surface after stripping of Sb at positive potential in the continuous potential
cycles. By comparison, it is clear that surface roughness increased with the increase of
the potential cycles, or rather cycle numbers of continuous deposition and dissolution of
antimony, which is an indication of AuSbz alloy formation [3, 25, 26]. As shown in Fig.
7.9d, the Au(111) surface is full of the species with a height of 0.3~0.6 nm after the third
potential cycle. Therefore, it is obvious that the Sb adlayer structure depends on the
roughness of the substrate surface as shown in Fig. 7.10. The result is quite consistent

with the CV results.
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Fig. 7.9 STM images of Au(111) surface after Sb stripping in 0.25 mM Sb203 + 0.5 M
H2SOs4 electrolyte. (a) the potential was held at -0.21 V after the first potential cycle, (b)
the potential was held at -0.21 V after the second potential cycle, (c) the potential was
held at -0.31 V after the third potential cycle, (d) the zoomed in image on the image c
(black box) and (e) the cross section on the image d (black dot line). Sample bias of 50
mV, set point = 0.5 nA & scan rate of 3.04 In/s. Integral gain: 6 and proportional gain: 8.

Arrows indicate scan direction. Line by line correction is used for above images.
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Fig. 7.10 STM images of Sb overpotential deposition on Au(111) in 0.25 mM Sb203 +
0.5 M H2SOs4 electrolyte. (a) the potential was held at -0.88 V at the second potential
cycle, (b) the potential was held at -0.88 V at the third potential cycle, (c) the potential
was held at -0.88 V at the fourth potential cycle, (d) the zoomed in image on the image ¢
(black box) and (e) the cross section on the image ¢ (black dot line). Sample bias of 50
mV, set point = 0.5 nA & scan rate of 3.04 In/s. Integral gain: 6 and proportional gain: 8.

Arrows indicate scan direction. Line by line correction is used for above images.
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7.3.3 Insertion of Mg into Sb modified Au electrode

One of the main targets to develop Mg batteries is the selection of anode material.
Insertion materials such as Sb, Sn and Bi have been suggested to be the advanced
electrode materials for Mg batteries [13, 15]. However, they just tested the performance
of the cell, which employed these materials as the anode. The detailed mechanism of

insertion and the diffusion coefficient were not investigated.

7.3.3.1 Preparation of Sb modified Au electrode

The cyclic voltammogram of electrochemical deposition of bulk Sb at polycrystalline
Au electrode is shown in Fig. 7.11. It is similar to that observed at Au(111) electrode
(see. Fig. 7.2) except for the much broader monolayer stripping peak. The detailed
explanation about the voltammetric feature of Sb electrochemical deposition on Au
electrode was discussed in the previous section. To form a thick layer of Sb deposited
on Au electrode, the potential was held at 0 V vs. RHE for 10 min during the bulk
deposition in the cathodic going sweep. The number of moles of Sb deposited at Au
electrode was calculated to be ~70 nmol/cm? from the integrated charge density of 20.2
mC cm?. Afterwards, the Sb-modified Au electrode has been transferred to the
glovebox under inert atmosphere where the electrochemical insertion of Mg from

MACC electrolyte will be done.
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Fig. 7.11 Cyclic voltammograms of polycrystalline Au in 0.25 mM Sb203 + 0.5 M
H2SO0s electrolyte at the sweep rate of 10 mV s, Inset: current transition when the

potential was held at 0 V and a photo of Au surface modified by large amount of Sb.
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7.3.3.2 Mg insertion and deposition

Fig. 7.12 shows the comparison of electrochemical deposition and stripping behavior of
Mg at bare gold electrode and at Sb-modified gold electrode in 0.5 M MgCl> + 0.5 M
AlCI3 in tetraglyme. At bare Au-electrode (see black curve), a slight increase in the
current in the potential range of -0.25 V to -0.6 V (vs. Mg) was observed. It probably is
due to the reduction of oxides or a blocking layer which inhibits nucleation of Mg.
Then, an abrupt increase in the current at the potential below -0.6 V is observed due to
bulk deposition of Mg. On the anodic going sweep, the current is still negative in the
potential range of -1 to -0.25 V due to the continuous deposition of Mg. At E >
equilibrium potential (-0.25V), Mg dissolution took place. However, at Sb-modified
gold electrode (see red and blue curves), a pre-cathodic peak has been observed before
the bulk deposition started. We attributed the pre-cathodic peak to the insertion of Mg
into Sb-adlayers and formation of magnesiated binary phase of antimony (Mg3Sb2),
where the onset potential is 320 mV lower than that of bulk deposition at bare Au
electrode. The formation of magnesiated binary phases of Bi and Sn (Mg:Bi2 and
Mg2Sn respectively) have been suggested before [16] depending on the binary phase
diagrams [27]. From the data of the heat of Mg3Sb2 alloy formation [28], the calculated
potential for Mg-Sb alloy formation at room temperature is ~550 mV (vs. Mg)

according to the following equations:
2Sb +3Mg** + 68~ = Mg, Sh,

A’ H =-300193.56J /mol,
A% S =-52.50J /mol - K
AG =315838.56J / mol

315838.56
E=AG/__222°9090_ smnsM
AF 6 x 96485 J

Therefore, the experimental positive shift in the overpotential of Mg deposition during
the insertion of Mg into Sb adlayers is in agreement with the theoretical value. After the
saturation of the host-layers, bulk deposition of Mg started with the corresponding

decay in the cathodic current.

In the anodic going sweep, the bulk dissolution peak and the de-insertion peak overlap
into a wide anodic peak (see. red curve). However, it becomes clear that the insertion
and de-insertion occurr when the potential was reversed at -0.5 V, i.e. before the bulk

deposition (see. blue curve). Mg de-insertion takes place at a higher overpotential

206



Chapter 7: Investigation of surface morphology and adlayer structure of Sb on Au(111) by EC-
STM and insertion of magnesium at the Sb modified Au electrode

compared to that of bulk dissolution. A larger separation between the insertion and de-
insertion peaks (AE) was found to be around 0.92 V, and it probably indicates that the

electrochemical behavior is determined by the solid state diffusion step [29].

The amount of the deposited Sb and the inserted Mg in Sb (from the charge of the
cathodic peak at ~-0.25 V) was calculated to be 70 and 107 nmol/cm? respectively
according to the corresponding peak charge in the cyclic voltammograms (see. Fig. 7.11
and Fig. 7.12). By comparison, the ratio between the amount of the inserted Mg to the
deposited Sb was found to be ~3:2 (Mg:Sb), which indicates the formation of Mg3Sbz
compound during the insertion process according to the structure module [30, 31] of
Fig. 7.13.
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] —— Sb modified Au electrode
1500 4 — Sb modified Au electrode
Au electrode
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E/V vs. Mg/Mg®”

Fig. 7.12 Cyclic voltammograms of Mg deposition/dissolution at bare Au-electrode
(black curve) and Sb modified Au-electrode (red and blue curves) in 0.5 M
MACC/tetraglyme at the sweep rate of 17 mV s'. (Blue curve): Mg insertion/de-
insertion at Sb modified electrode in the potential range of -0.5 Vto 1.5 V.
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Fig. 7.13 module for the lattice structure of Mg3Sb> alloy.

7.3.3.3 Determination of diffusion coefficient of Mg into Sb adlayers

One of the important evaluation parameters for fast charging and discharging metal ion
battery is the diffusion coefficient of metal ions in the electrode material. For
determining diffusion coefficient, the electrochemical methods such as Electrochemical
Impedance Spectroscopy (EIS) [32, 33], Galvanostatic Intermittent Titration Technique
[34-36] and Cyclic Voltammetry [37-39] are available. However, from cyclic
voltammetry, we can easily calculate the diffusion coefficient from the change of peak
current with varying sweep rates assuming simple solid state diffusion as rate limiting
using the Randles-Sevcik equation (for semi-infinite diffusion) according to the
following equation [29, 40]:

i, =2.69x10°n"*AD %, C 0"

where, ip is the peak current in amps (A); n is the number of electrons transferred in the
reaction (2¢” for Mg?*); A is the apparent surface area of the working electrode (0.785
cm?); Dwg is the diffusion coefficient of Mg (cm? s!); v is the sweep rate (V s!); Co is
the concentration of Mg (theoretically, 0.038 mol cm™ since the density of MgsSb: alloy
is 4.02 g/cm?).

Due to the linear dependence of the peak current (Iy) on the v, the cyclic
voltammograms peaks recorded at relatively high sweep rate have a semi-infinite

diffusion properties [41]. So, under semi-infinite condition, the peak current is
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proportional to the square root of sweep rate and the slope of this linear equation consist
of a constant value and square root of the diffusion coefticient. Markovsky et al. showed
a linear dependence of the CV peak currents (Ip) on the scan rate (v) for a lithiation of a
thin (10 pwm) graphite electrode [42], whereas for diffusion controlled processes, Ip

should depend linearly on Vv.

Fig. 7.14 shows the cyclic voltammograms of Sb modified Au electrode (with the
amount of ~315 nmol cm™ Sb/Au) in MACC/tetraglyme at different sweep rates from 1
to 100 mV s in the potential range of -0.3 to 1.2 V vs. Mg. The insertion and de-
insertion peaks are gradually increased as the sweep rate get higher. Almost a linear
relationship between the Mg insertion and de-insertion peaks current and square root of
sweep rate was obtained and shown in the inset of Fig. 7.14. The slopes were calculated
to be 1315 pA V2 512 and 850 pA V-2 s'2) suggesting that the average value of
diffusion coefficients is 3.37x107"5 cm? s! and 1.4x107"> cm? s™! for Mg insertion and
de-insertion respectively, which is three order of magnitude lower than the value
obtained for the diffusion of Li" ions in WOs [35, 40, 43] and Li1-xCoOz2 [38, 44, 45]
since the diffusion of Mg in solid host structures is more hindered than that of
monovalent alkali cations such as Li" and Na" [46]. However, the diffusion coefficient
of Mg in in antimony is one order of magnitude lower than the value obtained from CVs

for Li" ions in LiFePO4[29].
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Fig. 7.14 Cyclic voltammograms of Mg insertion into Sb modified Au electrode in 0.5
M MACC/tetraglyme at different sweep rates from 1 to 100 mV s™'. Inset: Plot of ip

12
(peaks current) vs. v (square root of scan rate). This work was done by Da and the

results were presented in his Master thesis [47].

Table 1: Dependence of Mg insertion/de-insertion integrated charges on the potential

sweep rate and the corresponding coulombic efficiencies.

v (mV/s) Charge (nC) Charge (nC) Col. Eff. (%)
(cath.) (anod.)
100 1672 1542 92
50 2407 2183 91
20 3484 3032 87
10 4337 3971 91
5 5447 5000 92
1 9239 8430 91

The charge of magnesiation/demagnesiation of antimony have been integrated from the
cyclic voltammograms at different potential sweep rate as shown in table 1. The amount
of integrated charge increases with increasing the time of insertion as expected
(decreasing the sweep rate). The ratio between the faradaic charge of anodic (de-
insertion) and cathodic (insertion) gives the apparent coulombic efficiency. So, 90% of
the deposited magnesium is dissolved in the subsequent anodic sweep independently of
the sweep rate. As a control experiment, the CV at 50 mV/s has been recorded in the
beginning and at the end of experiment. Fig. 7.14 shows no change in the
insertion/deinsertion profile and of course no deactivation of the electrode surface. The
residual cathodic charge (10%) may be results from parasitic reactions [48] such as

hydrogen evolution or reduction of organic solvent.

7.4  Conclusions
The electrochemical deposition of antimony on Au(111) was investigated in 0.5 M

H2S04 containing 0.25 mM Sb203 by cyclic voltammetry and electrochemical scanning
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tunneling microscopy (EC-STM). Two peaks were observed in the UPD region, one at
0.26 V due to the reduction of the irreversibly adsorbed oxygenous Sb(III) species and
the other one at 0.24 V due to the reduction of oxygenous Sb(III) species from bulk
electrolyte. The coverage of Sb monolayer was calculated to be 0.44 whereas the

irreversible adsorption accounted for 0.30.

By observation with STM, Sb nucleation prefers to start at the active sites on the
terrace, and then epitaxial 2D growth to form the double row structure with the width of
~2.4 or ~3.2 nm, the height of 0.35 nm. The angle between two different oriented
domains is around 120°, which suggests that they are probably aligned along the (111)
plane. Some vacancies appeared between two parallel rows. The corrected distances
between two Sb neighboring atoms were calculated be 1.076 nm and 0.821 nm,
respectively. The coverage of Sb UPD adlayer obtained from STM result is in a good
agreement with the CV result. The Volmer-Weber growth was observed during the bulk
deposition. Furthermore, the bulk adlayer structure is depending on the roughness of the
surface, which increased with the continuous deposition and dissolution of antimony in
this case. Therefore, a structure change of the bulk adlayer from the double row to

particle-like structure was observed during the continuous potential cycles.

Magnesium deposition/dissolution on Au and Sb modified Au electrodes were
investigated in 0.5 M MgCl2 + 0.5 M AICl: in tetraglyme electrolyte. Interestingly, at
the Sb modified Au electrode, a pre-cathodic peak started at around 0 V (vs. Mg/Mg*"),
where is 320 mV more positive than the onset potential of bulk deposition at Au
electrode. It was suggested that this pre-cathodic peak is related to the insertion of Mg
into Sb adlayers to form Mg3Sbz alloy by the ratio of the amount of the inserted Mg to
that of the deposited Sb calculated from the corresponding peak charge close to the
theoretical value of 3:2 for MgsSbz formation. High coulombic efficiencies of Mg
stripping/insertion have been observed. Furthermore, the diffusion coefficient of Mg

2

into Sb multilayers was estimated to be 4.7x107* ¢m? s, which is two order of

magnitude lower than the value for Li" ions [35, 38].
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Chapter 8: Investigation of magnesium deposition and dissolution on

Au electrode

One of the important issues in magnesium battery is to achieve high reversibility of
magnesium deposition and dissolution. Therefore, in this chapter I focus on the
electrochemical behaviour of Mg deposition and dissolution at Au electrode in
Grignard-based and magnesium aluminum chloride complex (MACC)/tetraglyme

electrolytes and the morphology observation of Mg deposited on Au(111) surface.

8.1 Introduction:

Rechargeable batteries have attracted much attention as essential energy storage
devices, which are widely used for portable electronic devices and hybrid electric
vehicles. Magnesium secondary batteries have been regarded as a viable ‘environmental
friendly, non-toxic, high safety, two-electron charge’ alternative compared to the
immensely popular Li-ion batteries owing to its high volumetric capacity of 3832
mAh/mL [1]. One of the main targets in the development of Mg-ion batteries is the
achievement of high reversibility of Mg deposition and dissolution in a suitable
electrolyte (a large electrochemical window, high conductivity and compatible with a

Mg anode) without any decomposition [2].

In past few years, in order to rapidly develop the magnesium battery, some fundamental
researches have been launched based on understanding the deposition mechanism of
magnesium, the property of deposits, the performance of electrolytes, etc. The
electrochemical behavior of Mg deposition/stripping at Au-electrode in the relevant
electrolytes has been studied by different electrochemical techniques such as cyclic
voltammetry (CV) [3, 4], electrochemical impedance spectroscopy (EIS) [5],
electrochemical quartz crystal microbalance (EQCM) [6-8], X-ray photoelectron
spectroscopy (XPS) [9], et al. For the study on the morphology of deposited Mg, to my
knowledge, most of the studies have been done by scanning electron microscope (SEM)

[10-12], yet, only one has been done by scanning tunneling microscope (STM) [13].

In previous studies, the reversibility of magnesium deposition (so called coulombic
efficiency) has become a focal topic [14-16]. As we know, magnesium has some
limitations that it is not stable in water and protic solvents and the solubility of its salts

is very poor in anhydrous solvent. In addition, some external factors, such as solvent
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[17, 18], salt [18, 19], electrode [5, 20, 21], electrolytic conditioning [12, 20], etc. are
influence the reversibility of magnesium deposition/dissolution. Grignard reagents
based electrolytes were firstly considered to be a suitable electrolyte [22], which
supports magnesium deposition/dissolution. Further studies revealed that the high
reversibility of magnesium deposition can be obtained from the Grignard/THF
electrolyte [21, 23]. Benmayza et al. demonstrated that the complex magnesium
organohaloaluminate electrolytes (C2HsMgCl-((C2Hs)2AICI)2/THF) supported nearly
100% coulombic efficiency of Mg deposition/dissolution on Pt electrode [4]. Lv et al.
found that in Mg(AICLEtBu)/THF electrolyte Ni electrode also allowed high
reversibility of magnesium deposition/dissolution [3]. Yagi et al. suggested that water
has to be eliminated in Grignard reagent-based electrolytes because it can immediately
cause the decomposition of Grignard reagents leading to low coulombic efficiency of
Mg deposition/dissolution [24]. Afterwards, Barile et al. pointed out that the coulombic
efficiency is also dependent on the cycle number and co-deposition of Mg and Al was
determined by  energy-dispersive = X-ray  spectroscopy (EDS) in Mg
organohaloaluminate/THF electrolyte systems, which have been considered not suitable
for magnesium-ion batteries because of the instabilities of coulombic efficiency and
electrolyte (THF decomposed into GBL) and irreversibility of the Mg

deposition/dissolution process [15].

Magnesium chloride based electrolytes were also explored to achieve the reversible
magnesium deposition and dissolution. Liao et al. reported that high magnesium
deposition reversibility of 99% can be achieved in Lewis acid free Mg(HMDS):-
MgClo/THF (HMDS = hexamethyldisilazide) electrolyte via an increase in the ratio of
MgCl,,  which  can  combine  with  Mg(HMDS)-MgCl.  to form
[(HMDS)MgCl2] [Mg2Cl3] , a stable and active species [25]. Another Lewis acid free
electrolyte system consisted of only (DTBP)MgCl/THF or (DTBP)MgCl-MgCl2/THF
(DTBP = 2,6-di-tert-butylphenolate) for reversible magnesium deposition was reported
by Pan et al. [26]. Kim et al. reported that the coulombic efficiency in HMDSMgCl-
AICI3/THF electrolyte increased with the crystallization of the electrolyte, which was
clarified as the result of the reaction between HMDSMgCl and AICl3; to form [Mga(p-
CDs3-6THF][HMDSAICI3] with a crystal structure [27]. A similar study has also been
done by Cheng et al. [28]. Inorganic salts based electrolytes, such as, MgCl2-AICl3
(MACC) [29-31], MgCl2-BCl3, MgClz-InCl3, MgCl2-SnCl2 [18] in THF/DME were also

216



Chapter 8: Investigation of magnesium deposition and dissolution on Au electrode

found to support magnesium deposition and dissolution. Moreover, it was also found
that the reversibility of Mg deposition/dissolution largely depends on the cycle number
[32] and electrolyte conditioning [12, 18]. However, the irreversible process, co-
deposition and instability of electrolyte were also observed. In our group, we
ascertained that water could be reduced to hydrogen during the deposition process and
the electrolyte was decomposed to ethylene during the dissolution process in
MACC/tetraglyme electrolyte, resulting in the imprecise estimates for reversibility from
the charge ratio. Recently, a novel MaCC electrolyte system which can achieve 100%
reversibility of Mg deposition/dissolution at the first cycle without any electrolytic

conditioning was explored [33].

Mg(BHa4)2[9, 34], another inorganic magnesium salt was also proposed for using in Mg
battery. The reversibility of magnesium deposition/dissolution on Pt electrode can be
enhanced by adding LiBH4 as an additive into magnesium containing ether solvents
(such as, THF, DME, diglyme and tetraglyme) electrolyte [10, 17, 35]. A handful of
studies also suggested that the electrolytes based on Magnesium(Il)
Bis(trifluoromethane sulfonyl) Imide (Mg(TFSI)2) [36, 37] and Magneisum Dialkoxides
[19, 38] may be promising. Actually, we did not observe Mg deposition and dissolution
from Mg(TFSI)2 based electrolyte.

However, the processes of magnesium deposition and dissolution are still poorly
understood and the instabilities of electrolyte and reversibility of magnesium deposition
are still present in all these electrolytes. Moreover, almost all these electrolytes are not

stable, air/moisture sensitive and also suffering from water.

In this work, we investigated the electrochemical behaviour of Mg deposition and
dissolution at Au electrode in Grignard-based (Mg(AlICL2EtBu)./tetraglyme) and
magnesium aluminum chloride complex (MACC)/tetraglyme electrolytes by cyclic
voltammetry and the morphology of the deposited Mg on Au(111) surface in
MACC/tetraglyme electrolyte by EC-STM. The reversibility of magnesium
deposition/dissolution increased with the cycle number in both electrolytes. The
reversibility were calculated to be around 51% and 84% for Mg(AICL2EtBu)2/tetraglyme
and MACCl/tetraglyme, respectively. However, once these electrolytes were exposed to

air, the gel formation started immediately and deposition was unavailable, indicating
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that these electrolytes are very sensitive to air/moisture. The structure and morphology
of Mg bulk adlayers on Au(111) surface were observed to have a large particle-like
multi-ball structure. After dissolution, some residues were observed, suggesting that it is
not completely reversible. In addition, a completely irreversible surface process was
observed in the presence of air and the products (MgO/Mg0O2/Mg(OH)2) morphology

was characterized.

8.2 Experimental:

Magnesium electrochemical deposition measurements

Extra dry tetraglyme(G4) (99%, over 0.3 nm molecular sieve, Acros organics), MgCl»
(98%, anhydrous, Sigma), and AICIls (99%, anhydrous, Fluka) were used for preparing
the 0.5 M MACC electrolyte (0.5 M MgCl2+ 0.5 M AICI3 in G4). Mg(AICL2EtBu). was
synthesized from MgBu2 (1 M in heptane, Aldrich) and AICL:Et (I M in hexane,
Aldrich) according to the literature [3] and then dissolved in tetraglyme for preparing
the 0.1 M Mg(AICLEtBu)2/G4 electrolyte. All the electrolytes were prepared in a
MBraun glove box (H20 < 0.5 ppm, O2 < 0.5 ppm) and the water content has been
determined by Karl Fischer titration (~320 ppm). All the electrochemical measurements
have been done by a bi-potentiostat purchased from Pine Instruments Inc. model
AFBPCI in combination with LabVIEW software (National Instruments GmbH,
Munich, Germany) for recording cyclic voltammograms (CV) in a three-electrode
STM/AFM cell in the argon-filled MBraun glove box at the room temperature. A
polycrystalline Au electrode (Mateck, Germany) with the diameter of 10 mm and
thickness of 3 mm was employed as the working electrode. Au and Pt wires were used
as the counter and reference electrodes, respectively. All the relevant material (counter
and reference electrodes, STM cell and a glass pipette for transferring electrolyte, etc.)
were kept in 5 M KOH bath for over night to remove organic solvents, washed and put
into boiling 0.1 M H2SO4 and water for 5 min in turn to remove the residues salts, and

then dried them in an oven at the temperature below 80 °C before each use.

EC-STM measurements

The Au(111) single crystals electrode (10 mm diameter and 3 mm thickness, Mateck,
Germany) was employed for STM measurements. A gold wire was attached to its rear
for handling. First, the Au(111) electrode was cleaned in 0.1 M H2SOs4, which was
prepared with Milli-Q water (18.2 MQ cm, TOC of 5 ppm) and deaerated by purging
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ultra-high pure argon (99.999%, Air Liquide). Then, it was prepared by cooling down
after annealing for ~5 min in ultra-high pure argon atmosphere as described elsewhere
[39].

All EC-STM measurements were performed with a Nanoscope III E controller (Digital
Instruments, Santa Barbara, CA) connected with a separated potentiostat and a
commercially available STM scanner (Molecular Imaging/Agilent Technologies) fitted
with a homemade electrochemical cell so called AFM/STM cell as described before.
Similarly, Pt and Au wires were used as the quasi reference and counter electrodes,
respectively. The Pt/Ir (90:10) STM tips with a diameter of 0.25 cm were prepared by
etching in a 2 M KOH + 4 M KSCN bath and coated with hot-melt glue to minimize
faradaic current. The electrolytes were transferred by a well-sealed syringe and injected
into the STM cell, which was placed in a glass chamber filled with argon and a

continuous purge.

8.3 Results and discussion

8.3.1 Electrochemical deposition of Mg at Au in 0.1 M Mg(AICI:EtBu)./G4
electrolyte

The cyclic voltammograms of Mg deposition and dissolution at Au electrode recorded
in 0.1 M Mg(AICL:EtBu)2/G4 electrolyte are shown in Fig. 8.1. It shows that the
electrochemical behavior of Mg deposition and dissolution is not stable at the initial
several or even dozen cycles (see. Fig. 8.1a). Specifically, the initial potential of the Mg
deposition increased from -2.89 V to -2.69 V with the increase of the cycle number and
then became constant (see. Fig. 8.1b), meaning 200 mV positive shift; this is in good
consistence with the value in the literature [3]. Furthermore, the charge transferred
increased with the increase of the cycle number. It was found that the increase of charge
is coincident with the increase in the surface roughness during cycling [6]. As a result,
the coulombic efficiency (or reversibility) of Mg deposition/dissolution was improved
from 10% at the first cycle to over 48% after around ten cycles (see. inset of Fig. 8.1a),
and then increased slowly to 51% at the sixteenth cycle(see. Fig. 8.1b), but still below
100%, which probably can be achieved after several dozens or even hundred cycles. The
increase in the coulombic efficiency with the cycle number was also available in the
literature [15]. The lower coulombic efficiency implied that some irreversible
electrochemical processes took place during the cycles, especially during initial cycles

[15]. Recently, Yagi et al. [24] investigated the influence of water content on the
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electrochemical deposition/dissolution of Mg in a Grignard reagent-based electrolyte
and suggested that higher water content will cause the higher overpotential and lower
coulombic efficiency of Mg deposition/dissolution because water may coordinate with
Mg?* ions and retard the formation of [Mga(u-Cl3):6THF]", which was considered as an
electroactive species for Mg deposition [27, 40]. Of course, the co-deposition and
electrolyte decomposition should be also taken into account. Moreover, we also
observed that the electrochemical behavior of Mg deposition and dissolution was varied
with cycle in MACC electrolyte, which was also observed by Shterenberg and Barile
[12, 32]. A detailed description and explanation of Mg deposition and dissolution in
MACC electrolyte will be presented later.
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0+ g 0 —
g S
= ~ 5004 At 16" cycle |
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Fig. 8.1 Cyclic voltammograms of Mg deposition and dissolution at Au electrode in 0.1
M Mg(AICL2EtBu)2/G4 electrolyte at 100 mV s™! in the STM cell in the glove box. (a)
The first 10 cycles, (b) after 10 cycles. Inset: Plots of the coulombic efficiencies as a

function of cycle numbers. Arrow: scan direction.

Fig. 8.2b shows the current-time transient curve obtained at the potential of ~-3.4 V
during Mg deposition and the corresponding cyclic voltammogram (see. Fig. 8.2a)
recorded continuously after the CVs in Fig. 8.1 in 0.1 M Mg(AICLEtBu)./G4
electrolyte at 100 mV s in the STM cell in the glove box. Interestingly, the current
increased with time when the potential was held at -3.4 V. Nevertheless, after
dissolution the coulombic efficiency was calculated to be 45%, which is slightly less
compared to 51% obtained at the sixteen cycle (see. Fig. 8.1b). This is not clear for us,
whether these changes in the current and coulombic efficiency are due to the change in
the interface property or electrolyte components, or some side reactions, etc. Certainly,

this process is very complicated, so, more investigations are needed into its causes.
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Fig. 8.2 Cyclic voltammogram of Mg deposition and dissolution at Au electrode in 0.1

M Mg(AICL2EtBu)2/G4 electrolyte at 100 mV s™! in the STM cell in the glove box (a)

and the corresponding plots of current-time transient curve at -3.4 V (short dash curve)

and the potential vs. time (black solid curve) (b).

However, once a small amount of air was introduced into experimental setup, the cyclic

voltammogram would be distorted seriously and the gel-like film would be formed

widely as shown in Fig. 8.3. Furthermore, the coulombic efficiency of Mg

deposition/dissolution became worse than that obtained under carefully controlled

conditions. Obviously, this electrolyte is very sensitive to air or moisture, which may

cause some specific adsorptions and side reactions during or even before Mg deposition.
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Fig. 8.3 Cyclic voltammograms of Au electrode in 0.1 M Mg(AICL2EtBu)2/G4

electrolyte at 100 mV s’ in the STM cell in an argon-filled glass chamber. Inset:

image of gel formation.
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8.3.2 Electrochemical deposition of Mg at Au in MACC/G4 electrolyte

0.25 M MgCI,AICI3/G4 electrolyte

The cyclic voltammograms of Mg deposition and dissolution at Au electrode in 0.25 M
MgCl2AICI3/G4 electrolyte were shown in Fig. 8.4. On the anodic going sweep at the
initial cycles in the potential range of -2.0 to 0.2 V, the current started flowing at the
electrode surface at -1.0 V, which is positive of the Mg deposition potential and
probably is in the potential range of oxygen reduction [18]. With the further decrease of
potential to -2.5 V, probably water reduction takes place, where the potential is slightly
more positive than that of Mg deposition (confirmed by our DEMS measurement). The
cathodic current in this potential range decreased along with the increase of cycle
number because residual oxygen and water content were reduced by consumption. Mg
deposition started at -2.8 V and its coulombic efficiency reached to 55% at the fifteenth
cycle. As mentioned before, the side reactions (such as co-deposition, water reduction,
etc.) may contribute only to the cathodic current, resulting in a lower coulombic
efficiency. Nevertheless, it increased with the cycle number as shown below in 0.5 M
MgCLAICI3/G4 electrolyte. This probably is owing to the contribution from side
reaction becoming smaller and smaller, or simply, so called electrolytic conditioning in

the literature [41].
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Fig. 8.4 Cyclic voltammograms of Au electrode in 0.25 M MgCl2AICl3/G4 electrolyte at
100 mV s! in the STM cell in the glove box.
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The current-time transient at the potential of ~-3.9 V for 30 s and the corresponding
cyclic voltammogram recorded continuously in 0.25 M MgCl2AlCl3/G4 electrolyte (see.
Fig. 8.5a) were shown in Fig. 8.5b. Once the potential was held at -3.9 V, the current
initially decreased slightly, and then increased slightly again. The coulombic efficiency
was found that it was decreased to 44% comparing to 55% obtained at the fifteenth

cycle. It is similar to that observed in the case of 0.1 M Mg(AICLEtBu)2/G4 electrolyte.
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Fig. 8.5 Cyclic voltammogram of Mg deposition and dissolution at Au electrode in 0.25
M MgCLAICI3/G4 electrolyte at 100 mV s in the STM cell in the glove box (a) and
the corresponding plots of current-time transient curve at -3.9 V (short dash curve) and

the potential vs. time (black solid curve) (b).

0.5 M MgCILAICI3/G4 electrolyte

Fig. 8.6 shows that the cyclic voltammograms of Mg deposition and stripping at Au
electrode in 0.5 M MgCLAICI3/G4 electrolyte at 100 mV s'. A cycle number-dependent
coulombic efficiency of Mg deposition/dissolution at the initial cycles was also
performed. Specifically, the coulombic efficiency of Mg deposition increased from 4%
to 12.1% in the initial 4 cycles. The increase of the coulombic efficiency with the
increase of cycle number in MACC based electrolyte was also observed by Barile [12],
who also found such low coulombic efficiency at the initial cycles in MACC/THF
system and the irreversible deposition of Mg and Al taking place during early cycles.
Furthermore, he even did not observe Mg deposition in both MACC/tetraglyme and
MACC/triglyme systems since he thought that the formation of six-coordinate Mg>Cl3"
species which are considered to be the active species for facilitating reversible Mg
deposition are not entropically favorable in triglyme and tetraglyme based electrolyte
[18]. To significantly improve the coulombic efficiency of Mg deposition/dissolution in
this kind of electrolytes, the electrochemical conditioning process seems to be an

effective and essential approach. But, this conditioning process is not fully understood
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so far. Recently, Ha et al. suggested a novel approach to prepare the new named MaCC
electrolyte by dissolution of magnesium metal in AICI3/THF electrolyte based on
employing CrCls as a “promoter”, which exhibited 100% coulombic efficiency of Mg
deposition and dissolution at the first cycle [33]. Esbenshade et al. suggested that giving
a pause at open circuit potential (OCP) following Mg deposition will enhance the
kinetics of Mg deposition and dissolution and improve the coulombic efficiency in both
PhMgCl/AICI3 (APC) and EtMgCl electrolytes because an “enhancement layer” which
consists of Mg and Cl was formed on the electrode and lends to more facile deposition
and dissolution [42]. However, in Grignard based electrolyte, Yagi suggested that

decreasing the water content can also improve the coulombic efficiency [24].

1000 . , : , : : , : , :
500 i
04 L
-500 i
<
3
= -1000 - 4
-1500 - Coulombic efficiency |
—1" 4% i
-2000 - —2" 11% i
3f: 11.3%
-2500 — 12.1% 1
' T ! T T T T T T T T
-5 -4 -3 2 1 0 1

E/V vs. Pt
Fig. 8.6 Cyclic voltammograms of Mg deposition and dissolution at Au electrode in 0.5
M MgChLAICI3/G4 electrolyte at 100 mV s in the STM cell in the glove box at the

initial cycles. Inset: the coulombic efficiency at different cycles. Arrow: scan direction.

The cyclic voltammograms of Mg deposition and dissolution at Au electrode in 0.5 M
MgCl2AICI3/G4 electrolyte were recorded successively at the sweep rate from 100 mV
s'to 50 mV s to 10 mV s and shown in Fig. 8.7. It exhibited that the cathodic current
at -4 V slightly increased as the sweep rate decreased, whereas the anodic peak current
decreased as the sweep rate decreased. It seems that the whole reaction process is
dominated by sluggish kinetics rather than by mass transport, probably because some
inert species with lower conductivity formed at electrode surface, such as oligomers,
which was considered as an inhibitor for Mg deposition and dissolution in MACC/THF

electrolyte [12, 18]. Furthermore, the coulombic efficiency was found to decrease with
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the decrease of the sweep rate in this case.
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Fig. 8.7 Cyclic voltammograms of Mg deposition and dissolution at Au electrode in 0.5
M MgCLAICI3/G4 electrolyte at different sweep rates of 100, 50 and 10 mV s™! in the

STM cell in the glove box. Arrow: scan direction.

Fig. 8.8 shows the cyclic voltammograms of Mg deposition and dissolution at Au
electrode recorded in 0.5 M MgCl2AICl3/G4 electrolyte in the potential range from -4 V
to three different upper limiting potentials of 0.5, 1.0 and 1.5 V. Once the upper limiting
potential was increased to a more positive value, the electrolyte decomposition was
observed and it started at ~0.7 V. However, it is worth to mention that ethylene
formation (at ~-1 V vs. Pt) detected by DEMS in our group is much earlier than
electrolyte decomposition. Moreover, the deposition current at -4 V increased slightly
with cycle number whereas the dissolution peak current increased rapidly, resulting in
that the coulombic efficiency also increased rapidly from 36% in the potential range of -
4 to 0.5 V to reach a higher value of 84% in the potential range of -4 to 1.5 V. Probably,
the potential-current curve in Mg deposition region is related to the resistance of the
electrolyte. The results suggest that the appropriate increase in the upper limiting
potential to the electrolyte decomposition region will improve the coulombic efficiency.
It could be attributed to the depassivation process at the electrode surface or electrolytic
conditioning process. As mentioned before, it is still a puzzle that the electrolytic
conditioning can improve the reversibility of Mg deposition and dissolution.

Nevertheless, recent discoveries suggest that the conditioning process in MACC/THF
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electrolyte system promotes the formation of active Mg complex ([Mg2(p-Cl)3-6THF]")
for reversible Mg deposition/dissolution and creates free Cl anions, which are adsorbed
at the electrode surface enhancing the Mg deposition [41]. However, no relevant reports

come out for MACC/G4 electrolyte system.
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Fig. 8.8 Cyclic voltammograms of Mg deposition and dissolution at Au electrode in 0.5
M MgCLAICI3/G4 electrolyte at 100 mV s™! in the STM cell in the glove box. Arrows:
scan directions. The charges of Mg deposition (from -2.72 V at cathodic sweep to -2.72
V at anodic sweep) and dissolution (from -2.72 V to -0.95 V, -0.14 V and -0.03 V,

respectively) were obtained after background subtraction.

8.3.3 STM investigation of Mg deposition at Au(111) in 0.5 M MgCLAICI3/G4
electrolyte

During the STM measurement, the cyclic voltammogram of Magnesium deposition and
dissolution at Au(111) electrode in 0.5 M MgCl2AICl3/G4 electrolyte was recorded in an
argon-filled glass chamber (while continuously purging with a large amount of argon) is
shown in Fig. 8.9. Slightly distorted CV observed in this case could be due to a small
amount of air introduced into electrolyte during the transport from the glove box to the
glass chamber. It was found that the water and oxygen reductions start at least 1 V
earlier than Li deposition [43], so they could be also earlier than Mg deposition.
However, it also seems to be common that the distorted CV appears at the initial cycles
even in well-controlled experimental environment [12]. In order to avoid the effect of
large faradic current flowing at electrode surface on the tunneling current and obtain a
better stability of the tip, the potential was held at a suitable potential point (see. Fig.
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8.9) before dissolution (nearly no faradic current flowing) starts for imaging the
morphology of the deposits. In this CV, Mg deposition starts at ~-2.5 V. However, the

peaks before -2.5 V are probably due to water and oxygen reduction.
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Fig. 8.9 Cyclic voltammogram of Mg deposition and dissolution at Au(111) electrode in
0.5 M MgCLLAICI3/G4 electrolyte in the STM cell in an argon-filled glass chamber and
with continuous purging a large amount of argon into during the STM measurement.

Scan rate: 50 mV s,

Mg deposition and dissolution processes at Au(111) surface in 0.5 M MgCLAICI3/G4
electrolyte are demonstrated in Fig. 8.10. A freshly prepared Au(111) surface with steps
and terraces at the open circuit potential of -0.05 V is shown in Fig. 8.10a. As
mentioned before, due to the instability of the tip when a large faradic current flows at
the electrode surface, the tip was retracted during the potential cycling and approached
to the surface at the potential of -1.35 V after deposition and before dissolution for
probing the deposited Mg morphology. Fig. 8.10b, ¢ and d show the surface
morphology of the deposited Mg at the potential of -1.35 V. A huge amount of the
particle-like Mg with a diameter of 20~100 nm and a height of ~3 nm and a few flaky
structure Mg were observed on the Au(111) surface. Further deposition of magnesium
on its larger particles prefers to start at the grain boundary as seen in Fig. 8.10d.
Magnesium dissolution process was shown in Fig. 8.10e. When the potential was
scanned positively, Mg dissolution started at ~ 0.3 V and almost completely dissolved at
~ 0 V. It shows that ~12 nm Mg was deposited on Au(111) surface as seen in Fig. 8.10¢".

After dissolution Au(111) surface appeared again, but some residual particles with a
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diameter of ~10 nm and a height of 1.0~1.6 nm and tiny particles remained on the
terraces and at the steps (see. Fig. 8.10f and g). These particles are probably the
irreversible deposited Al or Mg at initial cycles as mentioned before and in the literature

[12] or some oxides.
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Fig. 8.10 STM images of Mg deposition/dissolution at Au(l11) surface in 0.5 M
MgCl2AICI3/G4 electrolyte. (a) at open circuit potential of -0.05 V, (b) and (c) at -1.35
V at the anodic scan direction, (d) zoom-in area in black box in image c, (e and e’)
potential scanning from -1.35 V to +0.42 V and then hold at +0.42 V, (f) at +0.42 V, (g)
different area at +0.42 V. Sample bias of 50 mV, set point = 0.6 nA & scan rate of 5 Hz.
The cross sections on images d, e’, and f (white dot line) are given near the images. Tip

228



Chapter 8: Investigation of magnesium deposition and dissolution on Au electrode

potential = -0.23 V, set point = 0.5 nA & scan rate of 1.97 Hz. Integral gain: 2 and
proportional gain: 3. Arrows indicate scan direction. Line by line correction is used for

above image a, b, c, d, e, f and g. Plane correction is used for the image ¢'.

It is well known that the MACC/G4-based electrolyte is very sensitive to air (O2 or H20
or both). When a small amount of air was introduced into the electrolyte, a distorted CV
and an irreversible surface process were observed. The cyclic voltammogram recorded
for this case is shown in Fig. 8.11. It is similar to the CV which was recorded in O2
saturated MACC/THF electrolyte and attributed to oxygen reduction reaction in place of
Mg deposition/dissolution in the literature [18]. No bulk Mg dissolution peak was
observed. However, gel formation at the liquid/gas phase interface was observed. It
might be due to the introduced water, which probably facilitates the gel formation
chemically, and the gel is probably consisting of Mg(OH)2. A similar approach was
adopted to probe the surface morphology of the deposits in this case. Fig. 8.12a shows
the surface morphology of the deposits was probed at the potential of -1.35 V in anodic
scan direction. A larger number of plate-like particles with smooth surface and an
average width of ~16 nm, which is smaller than that of Mg particles observed before in
a strictly controlled argon atmosphere system. However, once the potential was held at -
0.05 V after the potential reversal at +0.5 V, the particle sizes became smaller than those
observed under potential control of -1.35 V (see. the cross sections on Fig. 8.12a and
Fig. 8.12b). It seems that the deposits were partially dissolved but some of them
remained on the surface as seen in Fig. 8.12b and the inset of Fig. 8.11, which shows the
photo of the electrode surface after this STM measurement. These deposits strongly
adhered to the electrode surface and can not be removed electrochemically easily. The
results suggest that once some impurities (such as oxygen, water, etc.) were introduced
into electrolyte, the reversible deposition/dissolution processes would be seriously
affected and some irreversible deposited products (such as oxides, hydroxides, etc.)
would be formed on the electrode surface, leading to passivation layer formation or

other issues.
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Fig. 8.11 Cyclic voltammogram of Au(l11) electrode in 0.5 M MgCLAICl:/G4
electrolyte in the STM cell in an argon-filled glass chamber during the STM
measurement. Scan rate: 50 mV s, Inset: An actual photo of the electrode surface after

this STM measurement.
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Fig. 8.12 STM images of Mg deposition/dissolution at Au(l11) surface in 0.5 M
MgCl2AICI3/G4 electrolyte. (a) at -1.35 V at anodic scan direction, (b) at -0.05 V.
Sample bias of 50 mV, set point = 0.6 nA & scan rate of 5 Hz. The cross sections are

shown below the images. Tip potential = -0.23 V, set point = 0.5 nA & scan rate of 1.97
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Hz. Integral gain: 2 and proportional gain: 3. Arrows indicate scan direction. Line by

line correction is used for above images.

8.4  Conclusions

The electrochemical deposition/dissolution of magnesium at Au electrode was
investigated in the Grignard-based tetraglyme electrolyte and magnesium aluminum
chloride complex (MACC)/tetraglyme electrolytes by cyclic voltammetry and the
morphologies of Mg and some irreversible deposited products formed on Au(111) in
MACC/tetraglyme electrolyte in different conditions respectively were observed by EC-
STM.

In 0.1 M Mg(AICL2EtBu)2/tetraglyme electrolyte, Mg deposition and dissolution at Au
electrode was achieved, but the electrochemical behavior is not stable and the
coulombic efficiency (or reversibility) of Mg deposition/dissolution could be only
increased to 51% with the increase of the cycle number. These are probably attributed to
the side reactions such as water reduction, Al co-deposition and electrolyte
decomposition, etc. Similar instabilities of electrochemical behavior and poor
coulombic efficiency of Mg deposition and dissolution to that observed in
Mg(AICL:EtBu)2/tetraglyme electrolyte were also observed in MACC/tetraglyme
electrolyte. However, we found that the coulombic efficiency can be improved
significantly by increasing the upper limiting potential to the electrolyte decomposition

region.

By the observation of STM in MACC/tetraglyme electrolyte, the particle-like deposits
were observed on Au(111) electrode surface and almost all of these deposits could be
dissolved reversibly in a strictly controlled argon atmosphere system. These deposits are
probably Mg particles. However, it also exhibited that an irreversible deposition
phenomenon when some impurities such as water, oxygen, etc. from air were introduced
into electrolyte. This irreversible phenomenon could be due to the presence of these
impurities, which could be reduced before or during Mg deposition to form the products
(such as magnesium/aluminum oxide and hydroxide, etc.), which could not be oxidized
at the positive potential. Furthermore, a small amount of air (probably, water) would

lead to gel-like film formation in these two types of electrolytes.
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Summary

Metal air batteries are the energy storage devices, which possess the advantages of low
cost, non-toxic, non-polluting, high theoretical specific energy, etc. Consequently, they
received extensive attention and are considered as a special kind of fuel cell (FC) and
one of the representatives of a new generation of the green secondary batteries. In this
field, most of the works are focused on the study of oxygen reduction reaction and
oxygen evolution reaction at the cathode and the selection and optimization of
electrolyte composition. However, it is still far from satisfactory for commercialization,
because the most efficient catalysts still consist of noble metals, such as platinum, gold,
palladium, etc. and there are still many problems in nonaqueous electrolyte, such as the
instability of the electrolytes, uncontrollable side reactions, poor reversibility of the
ORR/OER, etc. Therefore, it is necessary and vital to make a further study and

exploration to promote their development.

In aqueous electrolyte, Co3O4 nanoparticles modified Ag electrode was prepared as a
bimetallic and bifunctional catalyst for oxygen reduction and evolution reactions in
alkaline solution. By comparison with pure Ag and CosO4 nanoparticles respectively,
the Co304/Ag catalyst demonstrated a synergistic effect that the catalytic activity of Ag
and Co304 for ORR and OER, respectively, is enhanced by each other. By the optimal
experiments, it is also found that the 800 pg cm CosO4/Ag possesses the best catalytic
activity and stability for both ORR and OER. The mechanisms of both reactions were
examed by RRDE technique. The yield of peroxide species (H202) were found to be
less than 2%, suggesting that this catalyst promoted the ORR via 4e" transfer process,
which is comparable to the commercial Pt/C catalyst. Moreover, only one Tafel slope of
60 mV dec? for OER was observed, suggesting that the mechanism of OER was not

changed.

In addition, the Co/Ag bimetallic catalyst prepared by the electrochemical modification
also showed the high catalytic activity and stability for both ORR and OER. The Co
deposited on Ag electrode with a coverage of 0.7 showed the highest catalytic activity
for both ORR and OER comparing to other coverages. In this case, the onset potential
of ORR is 0.91 V vs. RHE more positive than pure silver and the ORR process follows
the 4e” pathway. And also the onset potential of OER is more negative than that

observed on Co30Os which is one of the most active catalysts for OER. Interestingly,
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SEM results showed that these Co/Ag catalysts possess a flower-like structure.
Furthermore, the growth mechanism of Co on Ag was investigated by EC-STM. All
these results suggest that the Co/Ag bimetallic catalyst possesses a bifunctional catalytic
activity and higher stability for both ORR and OER in alkaline electrolyte and it could
be an excellent catalyst for ORR and OER in metal-air batteries.

In order to understand the effect of the solvents (acetonitrile, tetranydrofuran, propylene
carbonate and tetraglyme) which were used for batteries on the electrochemical
reactions, the electrochemical deposition behavior of metals (Cu, Pb and Ag) on Au
electrode in the electrolytes based on these solvents was examed. First, copper
deposition on Au electrode in acetonitrile based electrolyte was carried out. A redox
peak appeared at ~1.1 V (vs. Cu/Cu?") which probably is related to Cu?*/Cu* redox
couple, two gentle peaks appeared in UPD region and the bulk deposition starts below 0
V. The UPD peaks are not as sharp as the peaks observed in aqueous solution,
suggesting that the process of Cu deposition in this case is probably sluggish. Moreover,
when the electrolyte was exposed to air, the characteristic polarization curve of copper
deposition was distorted seriously or even disappeared. This probably is due to the
effect of ORR taking place at more positive potential. Second, the lead deposition
behavior was examed in tetrahydrofuran and its mixture with propylene carbonate or
tetraglyme based electrolytes. The highly distorted polarization curve of Pb UPD was
observed in tetrahydrofuran, which has a low dielectric constant and high donor number.
However, by adding propylene carbonate into tetrahydrofuran based electrolyte, the
UPD peaks would become sharper. This is probably due to the extensive ion pairing
formation both at the interface and in the bulk electrolyte in the solvent with low
dielectric constant. Furthermore, the unfeatured polarization curves of Pb deposition
was observed when these electrolytes were exposed to air. Third, Ag deposition was
carried out in acetonitrile, tetraglyme and tetrahydrofuran based electrolyte,
respectively. Similar results were found that the highly distorted polarization curve of
Ag deposition was observed in the solvent, which possesses low dielectric constant and
high donor number. However, the difference is that the stable polarization curve of Ag
deposition can be obtained as well in the case of exposing the electrolyte to air. Based
on this point, an in situ STM observation of Ag deposition process on Au(111) was
performed. It is observed that the first Ag layer was formed with some pre-adsorbed or
co-adsorbed species in the UPD region. Furthermore, a layer by layer growth up to only
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two monolayers and then starting 3D growth was observed.

ORR and OER were also investigated in nonaqueous electrolyte. The mechanism of
these reactions and the morphology of their products on Au and Pt electrodes in Li or
Mg-DMSO based electrolyte were studied by cycle voltammetry technique including
RRDE and EC-SPM technique, respectively.

For ORR and OER on Pt(pc) electrode in Mg?*-containing DMSO electrolyte with
water content of 55 ppm, the results showed that ORR is via a total two electron transfer
to form peroxide species. Part of the ORR products was detected at ring electrode at the
potential of +0.3 V. However, the collection efficiency was not constant when the
rotation rate was varied and it increased with the increase in rotation rate. The maximum
relative amount of detected product was 51%. Furthermore, the deactivation of
electrode was observed during ORR. It is probably due to the formation of some
insoluble products at the electrode. This deactivation layer may effect on the migration
of charge or the charged species. A Tafel slope of 123 mV dec™ was obtained for ORR,
indicating that the first electron transfer could be the rate determining step. The effect of
water on ORR in this electrolyte was also investigated. The results showed that water
has a large effect on the diffusion limiting current, collection efficency, and it may
promote the electrolyte decompsotion. Specifically, the limiting current initially
increased and then decreased but finally increased with the increase of the amount of
water. The collection efficency decreased with the increase of the amount of water. The
increase in Tafel slope was also observed, suggesting that the mechanism of ORR might
be changed by adding a certain amount of water in this electrolyte. Unfortunately, no

OER was observed in all cases.

The morphology of ORR products on Au(111) and Pt(111) was observed by EC-STM.
On Au(111) electrode, it seems that a thin film was formed on the electrode surface
during ORR. This kind of film may consist of gold (gold dissolution and re-deposition
was observed), ORR products, some species produced by electrolyte decomposition and
solvent and it can be decomposed at the positive potenial into fragments, which would
take part in the new film formation when the potential was scanned back to ORR region
again. The similar phenomen was observed on Pt(111) electrode, but the difference is
that the decomposition of this film was not clearly observed on Pt(111).
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ORR and OER on Au electrode were also studied in Li*-containing DMSO electrolyte.
Two peaks were observed only in initial two cycles and then overlapped into one peak
in ORR region. OER peak was also observed in this electrolyte. The charge densities of
ORR peaks (2575 uC cm?) and OER peak (685 puC cm) suggest that the reversibility
of ORR/OER is around 26.6% and only two monolayers of Li2O2 are formed on the
electrode surface (according to the charge density of OER peak). However, in air
saturated electrolyte, two ORR peaks were also observed at the initial two cycles, but
the peaks current were smaller and decreased rapidly compared to that in oxygen
saturated electrolyte, probably because of the low oxygen concentration or other factors.
Furthermore, the OER peak current decreased rapidly as well. The reversibility of
ORR/OER was calculated to be around 10% according to their charge densities. By
observation of AFM and STM, no trace of toroid-like Li2O2 was observed, but it seems
that a thin film was formed on the electrode surface during ORR. In addition, Au

dissolution and re-deposition probably were taken place in this potential range.

Insertion of Mg into Sb in 0.5 M MgClz2 + 0.5 M AIClIs was studied in tetraglyme based
electrolyte. It was found that the insertion of Mg into Sb starts 320 mV earlier than Mg
deposition. The formed component was determined to be MgsShz according to the mole
ratio of the Sb pre-deposited on Au electrode and the inserted Mg (~3:2). The diffusion
coefficient of Mg in Sb layer was calculated to be 4.7x10** cm? s, which is two orders
of magnitude lower than the value for Li* ions. Furthermore, the electrochemical
deposition behavior of Sb on Au(111) was studied by cyclic voltammetry and EC-STM.
Two UPD peaks were observed at 0.26 V and 0.24 V, where are related to the reduction
of the irreversible adsorbed oxygenous Sb(lll) species and the reduction of the
oxygenous Sb(lll) species from bulk solution, respectively. The total charge of UPD
peaks suggests that the coverage of the deposited Sb in UPD region is around 0.48
monolayer, whereas 66.7% are from the reduction of the irreversible adsorption species.
The STM results showed that the initial deposition of Sb starts preferentially at the
active sites on the terrace, and then epitaxial growth in two-dimensional to form some
regularly ordered rectangular arrays with the widths of ~2.4 and ~3.2 nm, a height of
0.35 nm and an angle of ~120° two different oriented arrays which are probably aligned
along the (111) plane. Meanwhile, some vacancies appeared between two parallel
arrays. A local certain structure (0.48 ML) of Sb was observed. The coverage of Sb
UPD adlayer obtained from STM results is in a good agreement with that from the CV
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Summary

results. Three-dimensional growth started immediately at the overpotential. A double
row structure was observed on the Sb bulk adlayers formed on the smooth Au(111)
surface. However, this bulk adlayer structure is dependent on the roughness of the

surface and it will tend to particle-like structure formation on the rough surface.

In Mg batteries, a lot of work was focused on the Mg deposition and dissolution in
nonaqueous electrolyte. In this work, we are also focused on this topic. The results show
that the Mg deposition and dissolution at Au electrode can be obtained successfully in a
Grignard-based and magnesium aluminum chloride complex (MACC)/tetraglyme
electrolytes. However, the electrochemical behavior of Mg deposition and dissolution is
not stable and the Coulombic efficiency is very poor at initial cycles in both
electrolytes. The increase of Coulombic efficiency with the cycle number was also
observed and attributed to the electrolyte conditioning process, in which water
reduction, Al co-deposition and electrolyte decomposition should also be taken into
account. In addition, in MACC/tetraglyme the particle-like deposits on Au(111) surface
was observed by EC-STM and these deposits could be dissolved almost completely
under a strictly controlled argon atmosphere condition. These deposits are probably Mg
particles. However, once a small amount of air was introduced into the electrolyte, the
deposits can not be dissolved again. These deposits are probably magnesium/aluminum
oxide or hydroxide. Furthermore, gel-like film was formed on the electrolyte surface in
the presence of air. All these results suggest that to get better electrochemical behavior
of Mg deposition and dissolution, very strict conditions (absence of water and oxygen)

are necessary.
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Appendix A: Determination of thermal drift and calibration for atomic resolution images

Appendix A: Determination of thermal drift and calibration for atomic

resolution images

Thermal drift is a common phenomenon in SPM techniques and it is especially visible
in the atomically resolved images which are acquired in liquid and under potential
control. To obtain accurate parameters, it is necessary to determine the thermal drift.

Determination is based on the assumptions as seen below.

a'
y
a is actual vector, however, due to drift
a' (up scan) and a" (down scan) are Simple trigonometric principles were
visualised and the distances vary in x used to determine drift.

and y directions in consecutive scans.

a', b' and a", b" are the lattice vectors appeared on the images along scan 'up' and scan

'down', respectively.

Drift velocity ¢)=(v,,0,)

Scan velocity, C'y = (Scan size x Scan rate)/No. of lines of the scan image along Y-

direction
For Vector a': For Vector b':
ato 'a'y/c'y:a' b+U'b'y/va:b' Al

After rearrangement
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Appendix A: Determination of thermal drift and calibration for atomic resolution images

a=a'-v-2,/C, b=b'-vb,/C, A2
For Vector a'': For Vector b'":
a- v 'a”y/cvy = a" b -V 'b"y/c'y = b" A3

After rearrangement

N

a=a"+tv -2, /C, b=b"+vb",/C, Ad

Combining A.2 with A.4 gives the drift velocity.

a'-v 'aly/c'y =a"tv 'aly/c'y b'_U'b"y/C'y:b"+U'b"y/C'y A5
L@+l )/va =(a@'-a" U (b'y+b"y)/c'y =(b'-b" A6
v=@'-a"-C,/@,+a",) v =b'-b"-C,/b,+b") A7

Atomic Vector calculations for SO4> on Au(111)

Cyclic voltammogram of Au(111) in 0.1 M H2SO4 in STM cell (see. below)

b7

in STM cell

I/uA

-10 4 u

ot -
08 -07 -06 -05 -04 03 -02 -01 00 01 02

E/V vs. Pt/PtO

Calculations for Image 35 (scan down, zan100216x_00035) for SO4%> adsorption on
Au(111) surface at the potential of 0.1 V vs. Pt/PtO.

Atomic distance Vector a' = 0.445 nm,
Atomic distance Vector b' = 0.673 nm
Two atoms taken along Vectora'  0.890 Vector a'
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Appendix A: Determination of thermal drift and calibration for atomic resolution images

Two atoms taken along Vector b' 1.345 Vector b'
Calculation for a'x & a'y using Phythagorus theorem
Angle for Vector a along Perpendicular = 50°

a'y = Sin50° x magnitude of Vector a' = 0.682 nm,

a'x = Cos50° x magnitude Vector a' = -0.572 nm

Vector a' = (a'y, a'y) = (-0.572, 0.682)

Calculation for b'x & b'y using Phythagorus theorem
Angle for Vector a along Perpendicular = 15°

b'y = Sin15° - magnitude Vector b' = 0.348 nm,

b'x = Cos15° - magnitude Vector b' = 1.299 nm

Vector b' = (b'x, b'y) = (1.299, 0.348)
Calculations for Image 36 (scan up, zan100216x_00036) for SO4% adsorption on
Au(111) surface at the potential of 0.1 V vs. Pt/PtO.

Atom distance Vector a" = 0.688 nm,
Atom distance Vector b" = 0.660 nm
Two atoms taken along Vector a" = 1.375  Vector a"
Two atoms taken along Vector b" =1.319  Vector b"

Calculation for a"x & a"y using Phythagorus theorem

Angle determined for Vector a along Perpendicular = 23°
a"y = Sin23° - magnitude Vector a" = 0.537 nm,

a"x = Cos23° - magnitude Vector a" = -1.266 nm

Vector a'"' = (a''x, a''y) = (-1.266, 0.537)

Calculation for b"x & b"y using Phythagorus theorem
Angle determined for Vector a along Perpendicular = 59°
b"y = Sin59° - magnitude Vector b" = 1.131 nm,

b"x = C0s59° - magnitude Vector b" = 0.679 nm

Vector b'"' = (b''x, b"'y) = (0.679, 1.131)
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Appendix A: Determination of thermal drift and calibration for atomic resolution images

Drift velocity ¢)=(v,,v,)

Scan velocity, C'y = (Scan Size x Scan Rate)/No. of lines of the scan image along Y-dir.
C'y=0.705 (nm/s)

Thus, the drift velocities were calculated by eq. A.7

For Vector a': For Vector b':
U= (0.401, 0.083) L= (0.295, -0.373)

The components of vector a & b can be obtained by using eq. A.2 and A.4

a=a'-v-a,/C, b=b'-v-b,/C, A2
a=a"+tp -a,/C, b=b"+v-b"/C, A4

Vector a = (ay, ay) = (-0.960, 0.601) & Vector b = (by, by) = (1.154, 0.533)
Calculations of the Vector a and vector b from its components vectors
|a| =Sqrt(a + a,%) |b| = Sqrt (bx>+ by?)

|a| =1.13 |b| =127

As both vectors compose of two lattice vectors, one lattice would be

4/=0.565 bl =0.635
0,=tan"(a,/a ) =32’ 0, =tan" (b, /b,) =24.8’

Therefore, the angle between vector a & b is 123.2°.
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Appendix A: Determination of thermal drift and calibration for atomic resolution images

Calibration of the scanner by the SO4* adlayer structure

Drift Corrected Vectors a & b

—

a

N

b

=0.565 =0.635

Actual (theoretical) sulfate adlayer vectors are

—

A

—

=0.50 B

=0.76

Vector components of a, A and b, B can be written as

(Ax BXJ [ax be
A: a=
Ay By ay by

A calibration matrix M can be defined as following,

A=M.-a=M=A-a"" A.8

M, M B b, -b
Thus, M =| ' "7 1= AB Y “1/(a,b, -ba,)
M M,, Ay By -a, 3

21

Component Vector for the theoretical sulfate adlayer (for the orientation as drawn in the
figure)

Vector A

Ay =A-Sin40.1° = 0.322
Ax=A-Cos40.1° =-0.382
A (Ax, Ay) = (-0.382, 0.322)
Vector B

By =B-Sin30.8°=0.389
Bx =B:C0s30.8° = 0.653

B (Bx, By) = (0.653, 0.389)

Similarly, drift corrected vectors a & b for sulfate adlayer
Vector a = (ayx, ay) = (-0.960, 0.601) & Vector b = (bx, by) = (1.154, 0.533)
ax=-0.480 ay=0.301 bx=0.577 by=0.267

By substituting these values, the vector a™! can be calculated.

L 0267 -0.577) (-0.884 1915
a’' =1/(-0.3013) =
~0.301 —0.480) | 0.997 1.593

Therefore, the calibration matrix can be obtained by using the eq. A.8.

M=A-a"
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Appendix A: Determination of thermal drift and calibration for atomic resolution images

M, M, B —-0.382 0.653)—-0.884 1.915
M, M, 10322 0389 0997 1.593
M, M, B 0.989 0.308

M, M,, ) (0.103 1.237

Control of the calculation of the calibration martix M

A=M -a
A B,
%)
A B,
%)

Finally, the matrix A is obtain again after multiplying matrix a with calibration matrix.

0.989 0.308)—0.480 0.577
0.103 1.237 | 0.301 0.267

-0.382 0.653
0.322  0.389
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Appendix A: Determination of thermal drift and calibration for atomic resolution images

Drift corrected vectors for Antimony (Sb) using images 056 & 057 (files name, sb-
231215x01 00056 & sb-231215x01_00057).
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Appendix A: Determination of thermal drift and calibration for atomic resolution images

Vector 11 = (lix, liy) = (-2.254, 0.939) and vector I = (I2x, l2y)) = (1.348, 0.467)
Calculations of vector a and vector b from its components vectors

|1 | = Sqrt(Lix + Liy?) |1 | = Sqrt (1 + Ly?)

|| =2.442 |12|=1.426

As both vectors compose of two lattice vectors, one lattice would be

|| =1.221 | 12| =0.713

0, =tan'1(11y/llx) =22.6 0, =tan“(12y/lzx) =19.1°

Therefore, the angle between vector 1y and 1> is 138.3°

Similarly, drift corrected vectors L; & L
lix=-1.127, liy = 0.470, Lx = 0.674, Ly = 0.233
with, L=M -1 A9

L, L) (0.989 0.308)-0.127 0.674

L, L, ) \0.103 1.237 { 0470 0.233

L L) (-0.971 0.738

L, L, ) (0464 0358

| Li| =1.076 |L2| =0.821

0, =tan"(L,, /L)) =25.6 6., =tan”(L,, /L, ) =25.9°

Therefore, the angle between vector L1 and L2 is 128.5°
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Appendix A: Determination of thermal drift and calibration for atomic resolution images

Evaluation of the adlayer structures in matrix notation
The two lattice vectors Zi and Z> are defined for the substrate (Au(111)) as a model.

The relationship between matrix Z (substrate vectors) and matrix A (sulfate vectors)
would be defined by the following equation.
A=S-Z A.10

Q@ sbisvor
@ svwren)

Substrate orientation

Vector Z1= (Zix, Z1y) = (-0.282, 0.060) and Z>= ( Zax, Z2y) = (0.193, 0.214)
So, the substrate Matrix would be

Zi, Zy) (-0.282 0.193

Z, Z,,) (0060 0214

The sulfate adlayer matrix A was determined before.

A. By| (-0.382 0.653

A, B, ) (0322 0389

By using eq. A.10 gives

S=Z"-A A1l

o_( 200 -0901) (2 -1
10944 2070 ) 1 2

Similarly, matrix is determined for Sb adlayer

L=T-ZoT=Z2"L A.12
o351 029 30
“1=1.09 265) (=13
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Appendix A: Determination of thermal drift and calibration for atomic resolution images

This structure is not the superlattice. The information of Sb structure on the images is
not sufficent because there is a regular arrangement of Sb atoms along the direction of
vector b but there is no regular arrangment along the direction of vector a (see. the

image number 60). The model shown above is just a suggested struture.
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Appendix B: Description of SPM images

Chapter 4: The STM images obtained from the new setup with the 1 um scanner

Chapter 5: The STM images obtained from the new setup with the 1 pum scanner

Chapter 6:

The STM images shown in Fig. 6.9-6.11 obtained from the old setup with
the 1 um scanner

The STM images shown in Fig. 6.13-6.16 obtained from the new setup with
the 1 um scanner

The AFM images shown in Fig. 6.18-6.21 obtained from the old setup with
the old AFM scanner

The STM images shown in Fig. 6.23-6.27 obtained from the new setup with

the 1 um scanner

Chapter 7: The STM images obtained from the new setup with the 1 pum scanner

Chapter 8: The STM images obtained from the old setup with the 1 um scanner

Appendix A: The STM images obtained from the new setup with the 1 um scanner
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