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ABSTRACT

Heterogeneous catalysts have been widely applied for reactions at solid/liquid
interfaces in electrochemistry. This research has scientific aims focused on two important
electrochemical reactions: oxygen reduction and nitrate/nitrite reduction. A series of rhodium
(Rh) deposited on gold nanorods (Au NRs) and gold nanoparticles (Au NPs) were synthesised
by wet chemical reduction. The growth of Rh on Au was initially investigated on Au NRs.
The scanning transmission electron microscopy (STEM) showed that Rh has a preferential
deposition and epitaxial growth at the end of Au NRs. Cyclic voltammetry and rotating disc
electrode (RDE) measurements were performed to study the oxygen reduction at these
Au:Rh/C catalysts. The composition of the Rh on Au surface enables control of the selectivity
of the reaction. Diluted Rh atoms on a Au surface give rise to a high H,O; selectivity, similar

to that of pure Au, while a Rh-rich phase on a Au surface give rise to a high H,O selectivity.

Pyrolysed cobalt triethylenetetraamine on a carbon substrate (Co/TETA/C) was
employed to produce H,O, from the ORR. The results from the rotating ring disc electrode
(RRDE) reveal that the heat treatment influences the H,0, selectivity. The Co/TETA/C heated
at 1000 °C yields the highest H,O; selectivity while the Co/TETA/C heated at 700 °C vyields

the lowest H,0, selectivity.

Rh/C, Au:Rh/C nanoparticles and Sn modified Rh/C nanoparticles were employed for
nitrate/nitrite reduction in acidic media. The catalytic activity of Rh/C and the selectivity
towards N, can be enhanced by Sn modification. Results from on-line electrochemical mass
spectrometry (OLEMS) reveal that the modified electrode generates N, from further reduction
of the nitrous oxide (N2O) intermediate. lon chromatography (IC) shows that ammonium is

the main product at Rh/C. Hydroxylamine can also be detected after Sn modification on Rh/C.
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CHAPTER 1
INTRODUCTION

1.1 Preface
This thesis focuses on the preparations and the electrochemical analysis of catalysts for
oxygen reduction and nitrate reduction. Gold nanoparticles (Au NPs) have been used for
much research. The properties of Au NPs are significantly size- and shape- dependent. Au
nanorods (Au NRs) are used in many applications, such as medical imaging® and sensors?
owing to their tunable optical properties. Au NPs present a catalytic activity towards the
oxygen reduction reaction (ORR) in acidic or alkaline media via 2-electron or 4-electron
pathways. Rhodium (Rh), which is in the Pt group, can also be used as a catalyst for the ORR.
The catalytic activity of Rh nanoparticles is size- and shape- sensitive. The first objective of
this work was to study the feasibility of Rh coated on Au NRs and Au NPs as an
electrocatalyst for the ORR and to study the electrocatalytic activity of Rh-coated Au NPs
from different methods of Rh deposition: co-reduction and sequential reduction.

As a result of the high cost of precious metals, non-precious metals, such as Fe* and
Co”, have been studied for over decades as catalysts for the ORR. Co alone is a relatively
ineffective catalyst for the ORR. Its activity is enhanced after forming a metal complex with
N-ligands. Its stability during the ORR is obtained after a heat treatment is introduced during
catalyst preparation. Although most examples have contained aromatic N-ligands,
triethylenetetraamine (TETA), an aliphatic source of nitrogen, can also be used to form a Co-
N complex.® The electrocatalytic activity of Co/TETA/C towards the ORR depends on the
heat treatment during catalyst preparation. The second objective of this work was to
investigate the formation of active sites of Co/TETA/C catalysts during heat treatment and the

selectivity and the kinetics of the ORR for each catalyst.



Nitrate reduction is part of the nitrogen cycle. Nitrate conversion is usually catalysed
by enzymes in the environment. Nitrate becomes an environmental issue as a result of its
reduction into harmful species, which threaten human life. Rh also presents promising
catalytic activity for nitrate reduction. One of the main objectives of this work was to
investigate the electrocatalytic activities of Rh/C, Au:Rh/C and Sn-modified Rh/C for nitrate
reduction and nitrite reduction by using electrochemical techniques combined with more
direct analytical techniques: mass spectrometry and ion chromatography.

In this chapter, an overview of electrocatalysis will introduce some important aspects
of electrocatalytic reactions. Secondly, an introduction to the synthesis of Au NRs and Au
NPs in surfactants containing aqueous solution is given. The description and the mechanism
of the ORR both precious metals and non-precious metals will be described. At the end of this

chapter, a description of nitrate reduction will be given.

1.2 Catalysis

Catalysis is a chemical reaction in which the chemical reaction rate is increased by the
participation of a substrate called a catalyst. A catalysed reaction has a lower activation
energy than an uncatalysed reaction, resulting in a higher reaction rate compared at the same
temperature.® The catalyst is involved in multiple steps of chemical reactions. The activity of
the catalyst is influenced by several factors, such as temperature, concentration, inhibitor,
promoter, electronic effect, support effect etc. In terms of Kinetics, the rate of chemical
reaction is related to the frequency of collision of reactants. The catalyst is generally involved
in the slowest step. Catalysts can be classified into 2 main types: heterogeneous catalysts and

homogeneous catalysts.



A heterogeneous catalyst functions in a different phase from the reactant. Most
heterogeneous catalysts are in the solid phase and react with the reactants in either a liquid or
a gas phase.” Many transition metals, such as Pt, Rh, Pd, Au etc., have been used for several
reactions. The reaction takes place when the reactants are adsorbed on the active sites of
catalysts. The surface area of the catalyst has an effect on the rate of the reaction. With
heterogeneous catalysts, the catalysts are typically deposited in another substrate in order to
enhance their efficiency and reduce the cost. A homogeneous catalyst acts in the same phase
as the reactant.® The reaction and the catalyst are generally in a gas or liquid phase. The

catalyst is typically dissolved by the solvent and introduced into the reactant.

1.3 Electrocatalysis

In an electrochemical reaction, many chemical reactions do not take place or take place with
slow rate at the metal/electrolyte interface at the potential near their thermodynamically
favourable potential.® In the absence of catalyst, the electrochemical reaction may occur with
a high overpotential and yield a low current density because of poor kinetics. The aim of
electrocatalysis is therefore, to seek the alternative: lower activation energy pathways and to
catalyse the electrode reaction at the potential near the equilibrium potential with high current
density. The activity of the catalyst can be varied by the structure of the electrode surface,
such as crystal planes, clusters, alloys and surface defects and also varied by the electrolyte.
Electrocatalysis is important for many applications of electrochemistry. The energy efficiency
is necessary. This is taken into account by overpotential on both the anode and the cathode.
Eq. (1.1) shows that the overpotential depends on both a Tafel slope and an exchange current

density. ™

n= 23R [logI —logI,] (1.2)

aAnF




The electrochemical reaction involves a transfer of electric charges between the
electrode surface and species dissolved in the electrolyte. The charge carrier can be an ion or
an electron.’* The additive to the electrolyte can either increase or decrease the rate of the
reaction. The term “eletrocatalysis” is generally applied to the systems where reduction or
oxidation requires bond formation or interaction between reactant, intermediate or product
with the electrode surface. The driving force of an electrode reaction is controlled by
parameters, such as temperature, concentration and pressure but also the external electric
force characterised by the electrode potential, which was altered by the external applied
potential. The catalyst can be the electrode material itself or the substrate adsorbed on the
electrode surface. There are a number of electrode reactions that involve adsorbed species,
such as hydrogen evolution, oxygen reduction and evolution, methanol oxidation, nitrate
reduction etc.

In order to understand the electrochemical reaction, the first step is to distinguish
between the thermodynamics and kinetics of the electrochemical reaction. Thermodynamics
only describe the changes in energy and entropy during the electrochemical reaction at
equilibrium or at least very near to the equilibrium.’®® The two fundamental states can
determine to what extent a reaction will proceed and the equilibrium constant. Nothing can be
expressed about a rate constant and a mechanism of the reaction. For Kinetics, either a
galvanic or electrolytic cell is involved with a charge transfer across the interface of two
adjacent phases. The reaction rate is a strong function of potential. The rate of the reaction is
determined by the slowest step and the overall rate is related to the unit area of the interface.
The electrode reaction involves all processes accompanying by charge transfer step. These are
called “Electrode Processes”.*® The electrode processes comprise electrode reaction and mass

transport processes. Mass transport processes include diffusion, migration and convection.



These must be considered to determine the kinetics of the reaction and are discussed in more

detail in chapter 2.

1.4 The Synthesis of Au Nanoparticles and Au Nanorods

1.4.1 Overview of Au nanoparticles and Au nanorods

Metal nanoparticles have been extensively investigated over decades, especially Au
nanoparticles (Au NPs) owing to their properties and activities. Gold has been used since the
ancient Roman times. Colloidal gold was used for colouring glass and ceramics. In 1857,
Faraday reported the formation of pure Au colloids by chemical reduction of AuCl, reagent
with phosphorus in CS,.** He investigated the optical properties. Several methods for the
synthesis of Au colloids were reported and revealed in the 20" century.®**" Schmid reported
that metal colloids can be generated by 2 typical methods: dispersion method and reduction
method." The metal particles from the former method are not stable and present a distribution
of size and shape compared with the latter method. The most widely used method for
preparing Au NPs is wet chemical synthesis, which can yield uniform size and shape of Au
NPs.*® This method requires a reducing agent and a stabiliser. The effective reducing agents
are citrate salts,® NaBH42>* and polyols??. The two-phase reduction introduced by Brust et
al. also became a popular procedure for preparing Au NPs. The reduction of AuCl, salt was
reduced by borohydride in thiol-containing organic compound.’® Due to their high surface
energy, Au NPs are active and tend to aggregate together in the solution. A stabiliser or a
protecting agent is used to prevent an aggregation and precipitation of nanoparticles.

1.4.2 Synthesis of Au nanorods

The fundamental aims of many researches are the synthesis and the design of particle size and

shape. The properties of Au NPs are significantly size- and shape- dependent. Here we focus



on a rod-like particle, especially Au nanorods (Au NRs). In several procedures for Au NR
formation, the seed-mediated method has been the most efficient and useful procedure.”**
This method required the soft template formation of cationic surfactant micelles to induce the
growth of Au NRs. Likewise, the surfactants provide a colloidal stability.?® In this work, we
used CTAB, a cationic surfactant, for synthesis of Au NRs. The seed-mediated method
involves the reduction of AuCly. Initially, Au seeds of 1-5 nm, capped with CTAB, are
formed in the first nucleation stage by using NaBH, as a strong reducing agent. The growth
step is typically carried out in an aqueous solution of concentrated CTAB, AgNO3, HAuUCI,
and ascorbic acid. Ascorbic acid is a weak reducing agent, which cannot reduce Au salt to Au
NRs in the presence of surfactant micelles without seed addition. In this stage, Au® ions are

only reduced to Au” ions. The secondary nucleation in the growth step takes place by addition

of Au seeds, an electron-rich particle, which reduces Au* to Au’. The interactions between

CTAB and HAUCI, in aqueous solution are represented by the following equations.>?’

[AuCls] +4CTAB « CTA—[AuBr4] + 4Cl + 3CTA" (1.2)
First reduction Au®* to Au’

CTA—[AuBry] + CeHgOs < CTA—[AuBry] + CeHgOs + 2H" + 2Br (1.3
Second reduction Au* to Au’

2CTA—[AuBr;] + CeHgOs © 2Au + CeHgOs + 2CTA" + 2H" + 4Br (1.4)

Overall reaction

2CTA-[AuBry] + 3CgHgOg < 2AuU + 3C¢HgOs + 2CTA" + 6H" +8Br  (1.5)

CTAB coats Au NRs by forming a bilayer; this is based on the mechanism where the
head groups of CTAB adsorbs onto the first layer on the surface of Au NRs, as shown in
Figure 1.1. The adsorptions of head groups of CTAB are crystallographic facet-sensitive with

a preferential adsorption along the sides rather than at the ends of Au NRs.?*?® The head



groups, counter ions and length of hydrocarbon tails have effects on the formation of Au NRs.
Keeping the headgroups and counter ions constant, the longer hydrocarbon chain length yields
and leads to the longer Au NRs.?® Br counter ions are necessary for Au NR formation.
Comparing the same hydrophilic head with Br and CI, such as CTAB and CTAC, CTAB
yields short Au NRs, while CTAC only yield spherical Au NPs. This may relate to the
electrostatic interaction between the counter ion and the headgroup of surfactant or to

adsorption strength of CI or Br on Au facets.

Figure 1.1 The adsorption of CTAB bilayer on Au NRs.

The presence of AgNOs in the solution is essential in order to obtain high yield of Au
NRs; however, there is a critical concentration of Ag” ion, where above this concentration the
formation of Au NRs is decreased.”* The high yield of Au NRs may be explained by one
mechanism of the soft template, in which it proposed that Ag® ions are in between the
headgroups of CTAB in the form of AgBr pairs. The AgBr pairs can reduce the charge density
of Br, resulting in reducing the repulsion between headgroups and so stabilising the
template.** The effect of Ag* on Au NR aspect ratio is still unclear. It may be that Ag* ions
form AgBr pairs with Br ion (counter ion from CTAB) and restrict the growth of the AgBr
passivated crystal facet. In the absence of Ag" ion, Au NRs with longer aspect ratio are

obtained, which indicates that the length of Au NRs increases when Au precursor is still



available. In the presence of Ag” ion, the aspect ratio of Au NRs increases until it reaches the
critical concentration and then decreases after that concentration, indicating that excess AgBr
pairs restrict the preferential growth at the tips.®

The structure of Au NRs prepared by the seed-mediated method has been basically
investigated a crystal structure by using TEM and STEM combines with a field emission gun.
The atomic crystallography was analysed. There were several models which were introduced.
One of the most common models suggested that Au NRs composed of the twin defect
structures on the {110} crystal face along with [100] direction connected with {111}
surfaces.**** Recently, the surface facets of Au NRs were determined by atomic-scale 3D
reconstruction technique and HAADF-STEM images.** The Au NRs prepared from CTAB
mainly comprises (110) and (100) facets on the side, corresponding with previous reports.
This revealed that the cross-section of Au NRs is formed by alternating {110} and {100}

planes.

1.5 The Structure of Surfactant
A surfactant is a substance that, when dissolved in liquid, can lower the surface tension of
liquid or an interfacial tension between two phases. A surfactant is an amphiphilic molecule.
It can be classified as a nonionic, cationic, anionic or amphoteric surfactant. Cetyltrimethyl
ammonium bromide (CTAB) is one of the cationic surfactants widely used in nanoparticle
synthesis. The CTAB structure comprises a hydrophilic head group, which is trimethyl
ammonium with bromide counter ion and a hydrophobic tail, which is a hydrocarbon chain of
Ci6H33, as shown in Figure 1.2.
Br
VA VA VAVAV ANV AN
| N

Figure 1.2 Structure of hexadecyl-trimethyl-ammonium bromide (C,TAB).



In bulk solution, the molecules of CTAB at low concentration are present in the
aqueous solution as solvated polymers. The surface tension of aqueous solution typically
changes with the concentration of CTAB. After reaching a critical micelle concentration
(CMC)®, the surface tension becomes constant and the concentration of the surfactants is
sufficient to form a micelle. The additional surfactants added to the aqueous solution go
towards the micelles.®® In typical aqueous solutions, the hydrophobic tails segregate from the
aqueous solution and aggregate into colloidal micelles, which have a hydrophobic interior and
a hydrophilic surface®, as shown in Figure 1.3. Thermodynamically, micelle formations are
spontaneously formed in order to balance entropy and enthalpy. The assembling of surfactants

reduces their entropy.*’

(@) (b)

Figure 1.3 (a) micelle structure in aqueous solution and (b) different types of surfactants.

The adsorption of ionic surfactants on the solid surface involves several forces, such as
covalent bonding, electrostatic attraction, hydrogen bonding and non-polar interactions
between the adsorbed species.®® At low surfactant concentrations, the electrostatic force
between charged species and oppositely charged solid surface induces the surfactant

adsorption. On increasing surfactant concentrations, the interactions of hydrocarbon tails



increase and induce hemi-micelles or admicelles. The adsorption sharply increases at this
region due to the interactions of hydrocarbon tails and the electrostatic interactions. When the
solid surfaces are neutralized by charged species, the increase of adsorption decreases because
the electrostatic interactions are no longer operative and only interactions between
hydrocarbon tails are present. When the concentration reaches the CMC, the surfactant
monoactivity becomes constant and it does not change the adsorption activity. The CTAB

concentration increase only contributes to the micellisation.*

1.6 Rhodium Nanoparticles

Rhodium is one of the platinum group metals. Despite its expensive nature, Rh is used
as a catalyst for several reactions, such as oxygen reduction, nitrate reduction, CO oxidation,
hydrogenation, hydroformylation,*® hydrocarbonylation** and combustion reactions*. In this
work, we utilise Rh for oxygen reduction, nitrate reduction and nitrite reduction. There are
fewer reports on Rh nanoparticles than other precious metals. The catalytic activity of Rh
particles is size- and shape- sensitive. Somorjai et al. reported a number of papers on the size
and shape control of Rh, such as multipods, cubes, horns and cuboctahedra, prepared by seed
mediation in a polyol system.*** The different shaped Rh particles exhibited different optical
properties.

Rh yields high electrocatalytic activity on oxygen reduction. The volcano plot in
Figure 1.4 shows the trends of oxygen reduction for each metal according to the oxygen
binding energy obtained from the literature.* There is some room for improvement of the
catalytic activity of each metal by forming an alloy with another metal. Rh is also an
important catalyst for nitrate and nitrite reduction. Wasberg and Horanyi showed that Rh has

high catalytic activity on nitrate reduction.*® These agree well with the report from Brylev et

10



al. that the main product of nitrate reduction on Rh electrode is ammonium without gaseous

product.*’ The high catalytic activity of Rh is due to its high affinity for anions.

0.0

Activity

_2.5 Il i I i i Il
-3 -2 -1 0 1 2 3 4

AEQ (eV)

Figure 1.4 Trends in oxygen reduction activity plotted as a function of the oxygen binding energy.*

1.7 The Oxygen Reduction Reaction (ORR)

1.7.1 Molecular orbital of oxygen Molecule

The electronic structure of an oxygen molecule can be described by a molecular orbital
diagram, as shown in Figure 1.5. In the ground state, a molecule of O, forms an O—O bond by
a m bond between 2p atomic orbitals. There are 2 unpaired electrons in the anti-bonding
orbital. In the oxygen reduction reaction (ORR), the electrons added occupy anti-bonding
orbitals, decreasing the bond order for O—O. This increases the O—O bond distance,

weakening the O—O bond. The excess of bonding electrons over antibonding electrons causes

11



the high stability of the O, molecule, with low reactivity, resulting in a high overpotential for
its reduction.

o) 0, 0
Atomic Orbital Molecular Orbital Atomic Orbital

Energy
A

S u “>4+4—4—zp

Figure 1.5 Molecular orbital diagram of the oxygen molecule in the ground state.*®

1.7.2 Mechanism of the oxygen reduction reaction

The oxygen reduction reaction (ORR) is the key reaction at the cathode in a fuel cell. The
ORR has been intensively studied because its reaction is slow, with a high overpotential,
which impacts on the energy efficiency of fuel cells.* This limitation can be overcome by the
application of an effective electrocatalyst. The overall scheme, valid for both acid and base

and all the electrode materials discussed here, is given in Figure 1.6.° The ORR in aqueous
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solution takes place mainly via two parallel pathways: the direct 4-electron reduction of O,

pathway to produce H,O (or to OH in base) and the indirect 2-electron reduction of O, to

produce hydrogen peroxide (H,O,) as a product or an intermediate.

k,
) l
0,,—>0,———>H,0,,— >H,0
k,
HEOE b

Figure 1.6 Pathways for the oxygen reduction reaction in both acid and in base. The subscripts b and

o refer to species located in the bulk and at the surface, respectively.®

The reaction pathways strongly depend on some conditions in an experiment, such as pH and

electrode material. The reactions proceed in the following forms.

In acidic media:

Direct reduction

0, + 4H* + 4e~ - 2H,0 E° =1.23V vs RHE
Indirect reduction

0, + 2H* 4+ 2e~ - H,0, E° = 0.682 V vs RHE
H,0, + 2H* + 2e~ - 2H,0 E® =1.77 Vvs RHE
In alkaline media:

Direct reduction

0, + 2H,0 + 4e~ - 40H" E° = 0.401 V vs RHE
Indirect reduction

0, + H,0+ 2¢™ - HO; + OH™ E® = —0.076 V vs RHE

HO; + H,0+ 2e~ - 30H~ E° = 0.88 V vs RHE
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H,0, can decompose either homogeneously or heterogeneously (also yielding an overall 4-
electron reduction)

2H,0, » 0, + 2H,0 (1.12)
The ORR in non-aqueous solution takes place via 1-electron reduction to superoxide in the
following form.

O,+ e - 03 (1.13)

The ORR is a multiple-electron process, which leads to different products,
intermediates and reaction steps. The various possible intermediates and potential of chemical
reactions in acidic electrolyte is shown in Figure 1.7. The diagram shows that the oxygen
reduction can operate via many different routes. It also shows that the intermediates will react
with an electrode surface. Therefore, their chemical potential will depend on the nature of the
electrode surface at the site of the intermediate’s adsorption, as well as the influence of
neighbouring adsorbates and the electrolyte; however, the diagram does not show the
activation energy from one intermediate to another. The parallel path, involving the
dissociation of the oxygen and its subsequent reduction to water in the diagram, shows that a
parallel path involving an atomic oxygen type intermediate would require an electrode surface

that could significantly reduce the chemical potential of the intermediate.

300

. c Q
'Tm C . ‘e
e 200 - . /}4 The
- S
2 100 - e .
= F o Hoo* 7 T HO
= r L .
E oE ot 1 1 1 |}‘:=|~. 1 1
15} = +e +e a 7 o
;: C +H+ +H+ /f +H+
£ ook HOOH Sy \.,
§ y T e - \
S r +H+ T
200 HOH
: L]
—a00k

Figure 1.7 The chemical potentials of various oxygen reduction intermediates in acidic water. (Note
the pk, of H,0, is 11.6 and of HO, is 7.3.)™
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Figure 1.8 presents the mechanism for the 4e” reduction of oxygen reduction. The O,
moves towards the metal surface and forms a n-bond complex between the O, molecule and
the metal surface, resulting in weakening the O—O bond.*® The O—O bond is then cleaved via
a concerted mechanism. The M—OH bond is formed by the protonation and reduction of Ogg;s
atom.’® The M—OH bond is then reduced further to form H,O. The formation of m-bond
complex depends on suitable energy levels to receive the donated electron. The mechanism of

the direct 4e” pathway would be:

O2 2 200445 (1.14)
2004 + 2H + 2 > 20H4s (1.15)
20Hygs + 2H +2e" > 2H,0 (1.16)

The dissociation of O, is relatively high (498.3 kJ mol™).>® The direct 4e” reduction requires
dissociation of the O, molecule prior to the first electron transfer. Hence, a metal with high O,
adsorption is needed to form strong enough M—O bonds. However, metals with very strong
M—O bond strengths exhibit poor catalytic activity for the oxygen reduction reaction because
the reaction stops at the surface OH formation step.

The reduction of O, to H,O via the peroxide intermediate is energetically more
favourable because during this mechanism the first electron is transferred to the O, molecule
before it dissociates. The mechanism for the reduction of O, to H,O via an H;O2 ags

intermediate is:>

02 2 Oz.ads (1.17)
Opads + € + H" > HO2 55 (1.18)
HOg,a05 + € + H" > Hz02 a0 (1.19)
H2O0z.005 + € + H™ > HyO + HOqqs (1.20)
HOus + & + H' > H,0 (1.21)
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A rotating disc electrode (RDE) and a rotating ring-disc electrode (RRDE) are employed to
detect the intermediates. The RDE was first applied to the ORR by Mueller and Nekrasov®*
and it still can be used. The ring of the electrode can monitor the amount of hydrogen
peroxide formed at the disc. The 2e” and 4e ORR can occur at the disc and the H,O; is re-

oxidised to O, at the ring.>

0=0 O= 0=0
— s ! |
—M—M—M—M— —M—M—M—M— —M—M—M—M—
| l 1T
H+ H+
2e 2e 0_/;

H,0 H? ?H
M—M—

—M—M—M—M—  2H* —M—M— —M—M—NM—M—

Figure 1.8 One mechanism for the 4e” reaction of oxygen in a sequence involving the formation of a
n-complex between O, and the surface I, cleavage of the O—O bond with concerted formation of M—O
bands (11), and protonation and reduction to form water.*?

1.7.3 Oxygen reduction on precious metal catalysts

Several transition metals have been used to catalyse the ORR. The predominantly used
catalysts for 2-electron reduction are Hg, Au (except Au(100) in alkaline solution)®®, carbon,
most metal oxides, oxide-covered metal and non-precious metals>"*®. The predominantly used
catalysts for 4e” reduction are Pt>, Pt group metals: Rh, Pd, Au, Pt alloys®, Au (100) in
alkaline solution®®, Ag and metallic iron in neutral solution®. The catalytic activity towards
the ORR of the other precious metals is still lower than that of Pt. The catalytic activity
decreases in the order Pt > Pd > Ir > Rh.* The catalytic activity of a metal can be enhanced by
forming an alloy with a second metal, resulting in a change of catalyst structure, geometry and

electronic structure.
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The ORR on a Pt electrode is widely studied. In the presence of oxygen, the Pt surface
is a mixture of Pt, PtO and its hydroxide compound. The catalytic activity has been influenced
by the electronic structure of the Pt catalyst (Pt d-band vacancy) and the Pt-Pt interatomic
distance (geometric effect).” Pt is the metal surface on which the direct 4e” reduction is
possible: it forms a bond with the oxygen strong enough for O, dissociation to occur, but not
too strong, for it allows OH,gs to be reduced further to H,O. Figure 1.9 presents the models
that have been proposed for the chemisorptions of O, molecules: (a) is on-top end-on
adsorption, where a single oxygen atom from the O, molecule is adsorbed onto a single Pt
atom (Pauling model); (b) is bridge end-on adsorption where one oxygen atom is adsorbed
onto two or more Pt atoms; (c) shows on-top side-on adsorption (Griffiths model) and (d)
shows hollow adsorption (bridge model).®*

(a) (b) (c) (d)

o o
I I

~

° o P =

Figure 1.9 Adsorption of O, on Pt via the following configurations: (a) on-top end-on, (b) bridge end-
on, (c) on-top side-on and (d) hollow.

Zinola et al. analysed the O, adsorption on Pt (100) and Pt (111) by semi-empirical
quantum calculations. They suggested that the bridge adsorption of O, molecule on two or
more Pt atoms, in Figure 1.19b, is the most stable on both Pt (100) and Pt (111) surfaces.®?
The type of bonding on the Pt surface determines the rate of the oxygen reduction reaction.
The more stable Pt—O interaction results in H,O formation. The rate of the oxygen reduction

is less when the ad-atoms, such as surface oxide®® or halides®, are present because the stable
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bridge bonding of O, on Pt atoms is less to occur on a partial partially blocked Pt surface.
Markovic et al. concluded that this observed decrease in the oxygen reduction activity on the
Pt surface arises from the ad-atoms’ adsorption, which results in the loss of adsorption sites
capable of breaking the O—O bond.*® The bridge end-on bonding could facilitate the 2e
oxygen reduction pathway via the H,O, intermediate. The direct four-electron reduction is
more feasible if the oxygen is side-on or hollow-adsorbed because the O—O bond can be
weakened by electron transfer from the Pt surface to the © antibonding orbitals of Oy.

The oxygen reduction on Pt in acidic electrolyte is structure-sensitive to the adsorption
of anions from the electrolyte, such as (bi)sulphate or halide anions.®® The oxygen reduction
on Pt (111), (110) and (100) in H,SO4 has lower activity than in HCIO,, suggesting that the
adsorption of (bi)sulphate ions strongly influences the Kinetics of the reaction; this is
particular strong on Pt (111). The oxygen reduction was fastest at the (110) plane and slowest
at the (111) plane in sulphuric acid.®® The (bi)sulphate adsorption onto Pt surface inhibits the
reduction of O, molecules by a site-blocking effect. OH,¢s formation can also takes place on Pt
surface. The OHaqs has a different inhibiting effect on each crystal face. OH,gs IS also present
when is used in KOH. In KOH, the variation in kinetics rate with crystal face is significant but
much smaller than that in sulphuric acid. In the same study, it was shown that in perchloric
acid, there was a small dependence of the oxygen reduction reaction rate on surface
morphology and in potassium hydroxide, it was much larger, with the (100) plane the least
active and the (111) plane the most active. This was attributed to the effect of a greater degree
of OH adsorption on the (100) plane.®”®® This is because the very open surface adsorbed
OHags more strongly, significantly blocking O, adsorption sites and consequently reducing the

rate of electron transfer to O,.
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For an Au surface, the difference in activity could qualitatively be attributed to the
much weaker interaction of OHay and Oy on the Au surface. Therefore the transfer of protons
and electrons to oxygen from an Au surface would happen less easily than it would to oxygen
from a Pt surface. The weak binding of oxygen on an Au surface would indicate that the
barrier for oxygen dissociation is large because it has been shown that there is a linear
dependence between oxygen binding energy and the barrier for oxygen dissociation.”® In
alkaline electrolyte, the oxygen reduction is sensitive to Au surface structure. Au (100) in
alkaline electrolyte is the exception because it shows Pt-like activity at potentials above 0.8 V,
where the formation of H,O, does not appear in the solution.® In acidic electrolyte, the
activity of Au is less sensitive to the surface structure. The onset potential of the oxygen

reduction is shifted to more negative potential than that of Pt, due to weaker adsorption of O..

1.7.4 Oxygen reduction on non-precious metal catalysts

The replacement of Pt as a catalyst for the ORR in fuel cells by non-precious metals is
intensively investigated. Metal-N, chelates, such as Fe—N; and Co—Ny chelates, present
remarkable catalytic activity toward the ORR.” In this work, we focus on Co—Ny chelates.
Their electrocatalytic activity enhancement and stability can be improved by a heat treatment
in an inert atmosphere; however, it is more effective for Co—Nj chelates than on Fe—Njy
chelates. The Co—N chelates yield hydrogen peroxide as the main product of the reaction.
Interactions between oxygen molecules and the metal centre in Co—Ny chelates take place in
the redox mechanism where electrons are partially transferred from the orbitals of the metal to
the orbitals of the oxygen molecule, resulting in a further reduction to yield an intermediate,
48,71

such as hydrogen peroxide or water, as follows:

M-NJIINOH+e& < M-Ny(ll) + OH" (1.22)

19



M-Ng4(I1) + O, = M-N4(I1) — O3~ (1.23)

M-N4(IIl) = O+ e~ < M-Ny4(I1) + intermediates (1.24)
Hydrogen peroxide can be the product of a reaction or can be an intermediate, where it can be
decomposed or reduced further to yield water. The increase of hydrogen peroxide
decomposition rate constant increases the ORR in acid solution on metal-N, chelates.* The
metal centre with the lower electron density contributes to the higher catalytic activity of the
ORR.” Both 2+ and 3+ oxidation states of the metal centre require stability in order to
activate the ORR. The mechanism of the ORR on Co—N, chelates is similar to the ORR
mechanism described above. The interaction of the oxygen molecule with Co—N, chelates
depends on the orientation of the oxygen molecule and the N, metal plane, involving different
orbitals.*® Triethylenetetraamine (TETA), a simple and cheap N-ligand, can be used to prepare
the Co/TETA/C for the ORR. The electrocatalytic activity of Co/TETA/C on the ORR is in

the range of 2-electron and 4-electron, depending on the heat treatment.

1.8 Nitrate Reduction

Nitrate reduction and nitrite reduction have been attractive in liquid-phase heterogeneous
catalyst and electrocatalysis due to concerns over contamination in groundwater.
Electrochemical techniques have been applied for the conversion of nitrate and nitrite to
harmless species with a view to utilizing them in environmental remediation. There are
several N—compounds involved in nitrate reduction, such as nitrite (NO, ), nitric oxide (NO),
nitrous oxide (N,O), nitrous acid (HNO,), ammonia (NHs) and hydroxylamine (NH,OH)."
The complexity of nitrate reduction is due to the wide range of intermediates. The mechanism

of nitrate reduction can be considered in 2 different operations: one is the mechanism

operating at the moderate nitrate concentration and acidity, which is a practical condition in
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laboratory; another one is the mechanism operating in high nitrate concentration (>1 M) and
acidity (pH<0).”*™ The Tafel slope of nitrate reduction at Rh catalyst is close to 120 mV dec’
! suggesting that the rate-determining step is the step of nitrate reduction reduced to nitrite, as
follows.*®"®

NO; + 2e” + 2H* - NO; + H,0 (1.25)
Nitrate reduction is sensitive to the adsorption of the other species, such as hydrogen and
anions. These impact less on Rh than on Pt.”

Bimetallic system can accelerate nitrate reduction. The activity of transition metals on
nitrate reduction can be enhanced by: (i) metals in Pt group itself, such as PtRh’’, PtPd"®,
PdCu (overlayers)®, PdCu (alloys)® or Cuzn®: (ii) p-block metals, such as Sn (overlayers
SnRh, SnPt, SnPd)*®, In (bimetallic PdIn, adatoms PtIn)®**® or Ge (adatoms GePt, GePd)®®.
The promoting mechanisms of these modifiers appear to be varied. Cu is a good catalyst for
nitrate reduction® so it is applied to the pure metal as a modifier.”® Cu adatoms on Pt(111)
accelerate nitrate reduction in sulfuric and perchloric acid, where NO and ammonia were
found to be the main products.®” PdCu alloys is also the promising heterogeneous for nitrate
reduction. Sn has been introduced as an effective promoter on Pt, Pd, Rh for nitrate
reduction.®®% The selectivity towards dinitrogen is enhanced. It seems like Sn modification
enhances nitrate adsorption on catalyst surface; however, the product is dependent of the
electrode itself. The gaseous products during electrochemical nitrate reduction can be detected
by on-line Differential Electrochemical Mass Spectrometry (DEMS)* or On-line
Electrochemical Mass Spectrometry (OLEMS)™. In this work Rh and Au:Rh nanoparticles
were used for nitrate and nitrite reduction due to their promising catalytic activity. In order to
enhance the activity and improve the selectivity of Rh, Sn modification was applied by

electrodepostion on Rh nanoparticles.
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CHAPTER 2

THEORY AND TECHNIQUES

The aim of this chapter is to introduce the fundamental concepts of electrochemistry and the
methodology of the techniques used in this study. The electrochemical techniques were used
for electrochemical analysis in association with other techniques, such as mass spectrometry
(MS) and ion chromatography (IC), in order to study the electrochemical reactions and to
detect the intermediates and the products of the reactions. Transmission electron microscopy
(TEM) and scanning transmission electron microscopy (STEM) were used to examine the
morphology and the distribution of the metal nanoparticles. The existence of metallic
nanoparticles was confirmed by X-ray photoelectron spectroscopy (XPS) and energy
dispersive spectroscopy (EDS). Thermal analysis (TA), such as thermo gravimetric analysis
(TGA) and differential thermal analysis (DTA), were used to analyse thermal properties of

some samples.

2.1 Electrical Double Layer

In order to understand the electron transfer process in heterogeneous electrocatalysis, the
electrode/electrolyte interface needs to be explained. When an electrode is immersed into an
electrolyte, a specific interface is formed. This region is called the Electrical Double Layer
(EDL).' An applied potential causes characteristic charges on an electrode surface. The excess
charge on the electrode surface must be balanced by the opposite charge in the electrolyte.
The applied potential from the external source generates a charge on the metal electrode (om)
and a charge in the solution (os). The potential where the surface charge is zero is called the

potential of zero charge (Epzc).1 An ideal polarised electrode is commonly analysed by a
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measurement of interfacial capacity or capacitance (C), following a change of charge on the

electrode (om) and a change in potential, as shown in Eq. (2.1).2

¢ =%m 2.1)

dE

The double layer model was first proposed in 1879 by Helmholtz*® as shown in
Figure 2.1(a). The theoretical model assumes that all charges on the metal electrode are
neutralised by a compact monolayer of opposite charges in the solution, resulting in potential
difference between the metal surface and the solution, (@ — @), which changes steeply and
linearly with the thickness of this layer (xg).}* Outside this layer, cations and anions
randomly move in the solution. This model does not consider a structural dependence on the
applied potential or concentration of electrolyte. The second model was introduced by Gouy

and Chapman,?*”

as seen in Figure 2.1(b). Known as a diffuse double layer, the model takes
into account the assumption that the charges in the solution are free to move, and thus, retains
the concept of electrostatic theory. The double layer is not compact as it is in Helmholtz’s
model. The potential smoothly decreases until it reaches the bulk solution. The model was
further developed by Stern,*®° who suggested a model that combined the compact monolayer
of ions and the diffuse double layer, as shown in Figure 2.1(c). The potential difference
gradually changes with the distance in the bulk solution and steeply changes with the distance
in the compact layer. The expression of the capacitance in this model is presented in Eq.
(2.2).}

1 1 1

~ = + (2.2)

Cq Ccompact Caiffuse

where Cg, Ccompact and Cyiryse are the measured capacitance, the capacitance of the compact

layer and of the diffuse double layer, respectively.
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Figure 2.1 The schematic of the electrical double layer of (a) the Helmholz model, (b) the Gouy-
Chapman model and (c) the Stern model with the potential drop across the interface.*

The more recent models take into account several facts, particularly the specific
adsorption of ions on the metal surface that was pointed out by Grahame.*®** The model was
consequently developed by Bockris.'? The solvent solvation has been taken into account. The
ions are hydrated and can freely move in the diffuse layer. Contact made between hydrated
ions and the surface of the metal electrode results in the Outer Helmholtz Plane (OHP). When
the hydration shells are partially or fully stripped from the ion, a bond between the ion and
metal surface is formed closer to the metal surface, resulting in an Inner Helmholtz Plane

(IHP). This model proposed is a triple layer model, as shown in Figure 2.2.
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Figure 2.2 The schematic of Bockris model for electrical double layer.*

2.2 Kinetics of Electron Transfer
An electrode reaction is a heterogeneous process that involves a charge transfer step across
the electrical double layer. The rate of reaction is determined by the rate-determining step.
The reaction rate can be determined by measuring the current in the electrical circuit,
following Eq. (2.3). 2

j=nFv (2.3)
where j is current density, n is the number of electrons and v is the reaction rate normalised to
surface area.

The potential applied to a working electrode is a driving force for an electrode
reaction, controlling the energy of electrons within the working electrode. The electron energy
of both the electrode and the molecule in the solution are influential the electron transfer.
Metals contain a lattice closely packed atoms which have strong overlapping between each
atomic orbital. This behaviour makes the electrons in the metals can move freely. The
electrons occupy an effective continuum of energy states in the metal. The behaviour of

electron in metal can be explained by the Fermi Level which it corresponds to the energy of
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the highest occupied molecular orbital (HOMO). The applied potential influences the Fermi
level of metal. The reduction and oxidation processes are presented in Figure 2.3. Driving the
electrode to more negative potential raises the highest occupied energy level of an electron in
the metal, which, once it reaches a certain level, allows an electron to be transferred to the
lowest unoccupied molecular orbital (LUMO) of a species in the solution. Likewise, driving
the electrode to more positive potential decreases the highest occupied energy level of
electrons in the metal until it is lowered enough to transfer an electron from the molecule in
the solution to the electrode.

potential potential

LUMO \\‘ \A(L

Fermi level Fermi level
er \

lef 3‘ A n 3\ K T
0 %Homo % > %HOMO ; #

\ N
L\ D

LUMO —_—

+ Metal Solution Metal Solution + Metal Solution Metal Solution
O+e —R R——0+e¢e
(a) Reduction (b) Oxidation

Figure 2.3 Representation of (a) the reduction and (b) the oxidation processes, where O and R are the
oxidized and reduced forms.*®

The charge transfer relates to a potential difference, which can be evaluated by the Nernst

equation, Eq. (2.4).%3
2.303RT C_o

E. = EQ+ o

log (2.4)

The simple thermodynamics and kinetics of the electrode reaction are considered.
kred

0 + ne~ k: R (2.5)
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where O and R are the oxidised and reduced forms, respectively. krq and kox are the rate
constants of reduction and oxidation reactions, respectively. The net conversion rate of O to R
in the non-equilibrium system is:*

J

V = Vred — Vox = kredCO(O’ t) - koxcR(O’ t) = F (26)

n

From Eq. (2.3) and (2.6), the overall current is:*

J = Je— Ja =nFlkreqCo — KoxCr] (2.7)
where j is the net current. j. and j, are the current densities during the reduction and oxidation
reactions. cg and cg are the concentrations of oxidised and reduced forms.

Arrhenius recognised that the rate constant varies with temperature, as expressed in
Eq. (2.8)."® Further consideration based on Arrhenius’ equation took into account the energy

unit Ea, which corresponds to the standard free energy of activation AG, expressed in the Eq.

(2.9).1413
EaA
k = Ae ®r (2.8)
Keeq = Ae("8Gea/RT) ang = pe(-2G5x/RT) (2.9)

Figure 2.4 presents the effect of the potential changes on the standard free energy. If the
potential is changed by AE to a new value, E, the relative value of the electron resident on the
electrode becomes: —FAE = —F(E — E®). A transfer coefficient a is introduced as the
fraction of applied potential which drives the reaction. The value of « is in between 0 and 1.

This value depends on the shape of the energy barrier. Thus:*?

AGEy = AGE .4+ anF(E, —EQ) (2.10)
AGE, = AGE, — (1 — a)nF(E, — EQ) (2.11)
From Eq. (2.9)
_AG?) red) 0
_— —anF(Ee—Eg)
Kreq = Ae< K e< ) (2.12)
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Figure 2.4 The effect of potential change on the standard free energies if activation for reduction and
oxidation. The lower figure is a magnification of the boxed area in the upper figure.™

The first two terms in Eq. (2.12) and (2.13) are independent of the potential. When E = E°, the

rate constants for the forward and reverse reactions are equal, resulting in the standard rate

constant k.

<—anF(Ee—Eg)>
kreq = koe RT (2.14)
(1—a)nF<Ee—E2))

Koy = k0e< RT (2.15)
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The term E-E° is referred to the overpoential (). The Butler-Volmer formulation Eq. (2.16),"

which widely used in electrode kinetics, was derived from Eq. (2.7) — (2.15).
—an (1-a)n
j =nFk, [e(TFn) — e(%) ] (2.16)

At equilibrium potential, the anodic and cathodic current densities are equal to the exchange

current density j,, which leads to the Butler-VVolmer equation in the form of Eq. (2.17).

i=J, [e('ﬁ”) Cs ) | (2.17)

A general plot of j, vs n respected to Eq. (2.17) is presented in Figure 2.5. The overpotential
increases when decreasing the exchange current density.

current density, §

(a)
j/{m

overpotential, 7

Figure 2.5 The variation of current density as a function of overpotential, corresponding to the Butler-
Volmer equation for an exchange current density of (a) a high exchange current density and (b) a low
exchange current density."

Eq. (2.17) representing the oxidation and reaction reactions can also be written in the form of

Eqg. (2.18) and (2.19), respectively. They are known as Tafel equations.

agnF

logj =logj, + S5 -1 (2.18)
. , cnF
log — j = logjo — 75 (2.19)
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Figure 2.6 shows a Tafel plot of current density vs overpotential for both oxidation and
reduction reactions. The transfer coefficient can be obtained from the slope of the plot,

whereas the exchange current density is obtained from the intercept of the plot.

log |j |
Tafel region Tafel region
_a nF o nF
23RT 23RT
Jo
\Y
Y

Overpotential

Figure 2.6 Tafel plot for anodic and cathodic current densities.*®

2.3 Cyclic Voltammetry

Cyclic voltammetry is a frequently used technique, which provides both the thermodynamic
and kinetic details of many chemical systems. The current flowing is measured as a function
of applied potential. The experiment is conducted using a three-electrode cell, which is
connected to a potentiostat. The potential of a working electrode is held with respect to a
stable reference electrode. The current only flows between the working electrode and a
counter electrode to avoid potential changing of the reference electrode and to minimise
ohmic (IR) drop. Figure 2.7 presents a simplified potentiostatic circuit. Figure 2.8(a) shows
the variation of the applied potential vs time in the cyclic voltammertry experiment. The

potential starts from E; and reaches E, for the forward scan and the electrode potential is
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scanned reversely back to the potential of E;. The response of the cell to the applied potential

is normally presented in a current vs potential plot, as shown and detailed in Figure 2.8(b).

IOUt

-

-l

POTENTIOSTAT

Figure 2.7 Illustration of a simplified circuit diagram for the three-electrode system.

—>E/V

Figure 2.8 (a) Variation of the applied potential as a function of time in a cyclic voltammetry, (b)
cyclic voltammogram for reversible electron transfer reaction with defined peak potentials and peak
currents for reduction and oxidation.®
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2.3.1 Reversible Electron Transfer

This system is also called the Nernstian system. Considering the reaction O + ne~ < R, the
electron transfer reaction of this system is rapid. The Nernst equation written with the
concentration of oxidised and reduced forms is shown in Eq. (2.20). For the reversible system,

the formal potential is in the form of Eq. (2.21)."

Co(0,t) _ nF(Ej+ vt—EQ)
Cr(0) RT (2.20)
Eo=2"% (2.21)

2

At 25 °C, the diffusion coefficient is included and the Randlles-Sevoik equation is formed to
evaluate the peak current density j,:**

Jp = 2.69 x 105n3/2D/? Cv1/2 (2.22)
When the peak is somewhat broad, the peak potential E, is difficult to determine. The half-
peak potential E,, is more convenient to determine the number of electrons transferred in the

reaction n, using Eq. (2.23).%2

RT 565 °
|Ep — Epje| = 2.20— === mVat25°C (2.23)

The scan rate influences the current density of voltammogram, as seen from Eq. (2.22), which

shows that the current density is proportionate to v*/2. An increase in the scan rate reduces the

time to change the surface concentration, resulting in a thinner diffusion layer.

2.3.2 Irreversible Electron Transfer
When the electron transfer is insufficiently fast to maintain the equilibrium, the reaction
becomes irreversible. Thus, the surface kinetics needs to be considered. The voltammogram

peak of the irreversible system is slightly lower and less steep than that of the reversible
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system because it takes longer time for the surface concentration to reach zero. The expression

for the peak current density of the irreversible process is presented in Eq. (2.24)."
i = (3 5 1/2n1/2 1/2 o
Jp = (3% 10°)(nya)*/“Dy’“Cov at25°C (2.24)
The current density is proportional to v/2; however, the slope of a plot of the irreversible

process is different from that of the reversible process. The peak potential of the irreversible

system varies with the scan rate according to Eq. (2.25).

1/2

P RT D angFv 1/2
Ep = E° — M [0780 + 11’1( ISO ) +In (?) ] (225)

Where

RT 47.7 °
|Ep — Epjz| = 1.857 —— = — mVat 25 °C (2.26)

angF ang
The transfer coefficient may be obtained from the peak shape. The kinetics of the electron-

transfer reaction can thus be evaluated from the voltammogram.

2.3.3 Surface processes

For solution processes, we assumed that all the reactants and products are freely to move in
the solution. The balance between kinetics and mass transport produced the voltammetric
profiles of reversible and irreversible reaction given in the previous sections. When surface
processes, such as reactant or product adsorption, phase formation and removal, are taken into
account, the voltammetric profiles have different shapes from those discussed so far and the
shape depends on potential scan rates. These changes indicate that the surface processes
involve in the reaction. Cyclic voltammetry is suitable for providing the information of

surface processes involving adsorption processes.

38



2.3.3.1 Cyclic voltammetry: Only adsorbed O and R electroactive (Nernstian Reaction)

The simplest case for an adsorption process is that where only the adsorbed forms of O and R,
not dissolved O, are electroactive in the potential range under investigation.* This can be
found in the case that the scan rate is so large that the dissolved O does not have time to
diffuse to electrode surface. The peak of adsorbed O is at a more positive potential than that of
dissolved O. If the electron transfer is reversible and the diffuse layer is thin, the mass
transport effect can be neglected in both cases. The i-E curve is similar to that shown in

Figure 2.9. The peak current is given by:*"

. 2F? N
ip = ——VAIg (2.27)

where I is the surface excess of O before the start of the sweep. The peak potential by: 3

E,= E” - (5)In(:2) = E (2.28)

nF br

Ep

(N2F2/RT)VAI

ip AEp,1/2

(N2FRT)VAly

n(E-Ep)

Figure 2.9 Cyclic voltammetric curve for reduction and subsequent reoxidation of adsorbed O.
Current is given in normalized form and the potential axis is shown for the case at 25 °C.**



If the reaction is ideal Nerstian reaction under Langmuir isotherm conditions, Ep, = Epc and

the total width at half-height of either the cathodic or anodic wave is given by."

90.6

AE,1/; =353 = Z2mV (25 °C) (2.29)

2.3.3.2 Cyclic voltammetry: Only adsorbed O electroactive (Irreversible reaction)

The irreversible reaction is the case where adsorbed O is reduced in a totally irreversible one-
step reaction. The shape of the cyclic voltammogram changes by the forward ceases to be
symmetric and there is no reverse peak. The Langmuirian-Nerstian boundary condition is
replaced by a kinetic one, similar to that used for dissolved reactants. It is assumed that the
sweep rate starts at sufficiently positive potential. The potential dependence of the current
obtained is shown in Figure 2.10. The shape does not depend on v and rate constant. The peak

values are given by:

_ aF%vAL} (2.30)

L =
p 2.718RT

— 50 o (BTN, (BT K2 = por
Ep=E7+ (aF) In (aF v) = k3 (2.31)
B,/ =2447 = =2 mV (25°C) (2.32)
0.4
0.3
i
(FART)avAr, 0.2
0.1
| | | |
+150 +100 +50 -50
a(E-Ep), mV

Figure 2.10 Theoretical linear sweep voltammograms for a system where adsorbed O is irreversibly
reduced.
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2.4 Rotating Disc Electrode (RDE)

A rotating disc electrode (RDE) is a hydrodynamic electrode, in which the mass transport is
forced by convection. It is employed to study the Kinetics of irreversible processes with high
overpotential, such as the oxygen reduction reaction (ORR). The RDE comprises a small
metallic disc, which serves as working electrode, embedded in a larger insulating material
cylinder. The electrode is connected to a potentiostat and placed into an electrochemical cell.
The electrode is rotated at a constant speed. The electrode acts as a pump enabling fresh
solution to be drawn vertically up towards the disc of electrode. This technique is designed to
allow laminar flow, as seen in Figure 2.11. The limiting current increases with the rotation
rate of the disc since the velocity of the solution towards the disc of the electrode is larger at
higher rotation rates. Likewise, an increase in the rotation rate enhances the convection, as

well as decreasing the diffusion layer thickness.

1
: ce s
T ]
N 2
m =
Insulating material_| AWE %
1 s RE (W

Solution

—

Flow lines Rotating disc electrode

Figure 2.11 Schematic of the rotating disc electrode with the insulating sheet in the electrolyte. The
lower green arrows indicate the laminar flow lines at the rotating disc electrode.™
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At potentials where the reaction is mass transport-controlled, it can be assumed that
the concentration of electroactive species on the electrode surface is zero. Thus, the limiting
current density is expressed by Eq. (2.33), which is called the Levich equation.

ju = 0.62222 172 (2.33)
where j; is a limiting current density, F is the Faraday constant (96,485 C mol™), n is the
number of electrons, D is the diffusion coefficient, C is the concentration of species in the
bulk, w is the rotation rate of disc electrode (rad s™), k is the rate constant of the reaction and
v is the kinematic viscosity of the solution. The mass transport control in a RDE experiment is
independent to the potential and a plot of jT* vs w~*/2 is linear and passes through the origin.
On a plot of j vs E at potentials close to the equilibrium potential (j = 0), the current density is
under kinetics control. At higher overpotentials, the current density is in a mixed control

region and progressively depends on the rotation rate at more negative potentials. When the

current density reaches the limiting current, the mass transport control region is observed.*®

2.5 Rotating Ring Disc Electrode (RRDE)

The rotating ring disc electrode (RRDE) is developed from the RDE in order to investigate the
species formed during the reaction at the disc electrode. An additional ring is added to
surround the disc electrode with a thin insulating layer between them. The disc and the ring
are separately controlled by a bipotentiostat. Most experiments for the RRDE are collection
experiments. The solution is drawn to the disc of the electrode, where it generates species, and
is then thrown out to the ring, where a different potential is maintained. Figure 2.12 presents

the view of the RRDE and solution flow profile.
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disc ring

insulator
Ring

Figure 2.12 (a) view of the rotating ring disc electrode (RRDE) and (b) the pattern of solution flow at
the RRDE.

It is noteworthy that not all species produced at the disc will be detected at the ring. In order
to know the fraction of species transported to the ring, the collection efficiency N is calculated
by the fraction of species formed at the disc that is detected at the ring, as shown in Eq. (2.34).
N is normally evaluated from a standard experiment, such as the oxidation of ferrocyanide and
the reduction of ferricyanide. ORR is a good candidate for investigation with a RRDE
experiment. Oxygen is reduced at the disc and the hydrogen peroxide intermediate is oxidised

at the ring.

N=_R (2.34)

ip

2.6 Ultraviolet/Visible (UV-Vis) Spectroscopy
2.6.1 The UV-visible spectrophotometer
UV-visible spectroscopy is a technique that applies the method of an absorption or reflectance

spectroscopy in an ultraviolet-visible spectra region. The absorption of visible light causes the
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colour of an object emission. Figure 2.13 shows a diagram of the electromagnetic spectrum.
The visible light lies in a range of 400-700 nm. During absorption, the electrons in the
molecules can absorb the energy in the ultraviolet or visible region. The electrons are excited

to a different level.

Radic  Microwave Infrared Visible Ultraviolet X-Ray GammaRay

] ]

Wavelengih (m) 405 102 105 106 108 {0% {07

A AN

Frequency (Hz) [

104 108 j012 1015 1016 1018 1020

Figure 2.13 Regions of the electromagnetic spectrum.®

According to Beer’s law'?, the absorption is proportional to the number of absorbing
species, which are related to the concentration of species in dilute solution. Lambert’s law
shows that the fraction of radiation absorbed is independent of the intensity of the radiation.
These two laws are combined together and expressed as the Beer-Lambert law,*® Eq. (2.35),
which is the often used to determine quantitatively concentration absorbing species in the

solution.

A= logloi = e&lc (2.35)
where A is the measured absorbance, I, and I are the intensity of the incident radiation and the
intensity of transmitted radiation, respectively, ¢ is a constant for each absorbing material, or

also called the molar absorption coefficient (mol™dm®cm™), [ is the length of the absorbing

solution (cm) and ¢ is the concentration of the absorbing species in mol dm™. The other useful
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value is the wavelength (1max), Where the maximum absorption takes place. The Amax IS a
characteristic value and is strongly influenced by surroundings.*

Figure 2.14 presents diagrams of a typical spectrometer. A beam of the visible or
ultraviolet light source is separated into its components by the prism or diffraction grating.
The beam then travels to the narrow slit to ensure that it is a monochromatic wavelength. The
rotating segment mirror splits the beam into two equal intensity beams; one beam is reflected
to the sample cell (cuvette) and another beam is reflected to the reference cell. The intensity of
the beam from the sample cell (1) is measured by the detector and is compared with the
intensity of the beam from the reference cell (lp), which should have no light absorption. The
spectrometer measures this for all the component wavelength and reports the values of

absorbance vs wavelength.

Rotating disc

Diffraction l] )
grating I—I \MIHD[

|
Sample cell
|
Slit ‘

|
Light source | )

|
\ H Detecto

Mirror Reference cell

Data analysis

Rotating disc

Figure 2.14 Diagram of the ultraviolet/visible spectrometer.” (The colours of the light beams are not
identical to the beams. The colours are used in order to distinguish the different beams.)
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2.6.2 Surface Plasmon Resonance (SPR)
Surface Plasmon Resonance (SPR) is a coherent oscillation of free electrons on a metal
surface stimulated by electromagnetic incident light. The resonance condition takes place
when the frequency of oscillation of conduction electrons matches with the frequency of
incident light.'® This causes the electrons on metal surface to move away from their
equilibrium position to a charge separation region.*” The intensity and the position of SPR are
influenced by shape, size, structure and dielectric properties of metals. The optical property of
precious metals begins from the SPR. The study of SPR provides a better understanding of the
optical properties of nanostructured materials.'” The resonances of spherical Au, Ag and Cu
nanoparticles occur in the visible region of the spectrum, while the resonances of most of the
other metals are in the ultraviolet region.

Au nanoparticles (Au NPs) absorb light to give the peak of SPR. For Au nanorods (Au
NRs), the SPR is separated into bands, which are transverse plasmon resonance (TSPR) and
longitudinal surface plasmon resonance (LSPR), corresponding to the oscillation of the free
electrons perpendicular to and along with the long axis of Au NRs, as shown in Figure 2.15.
The LSPR of Au NRs is at a higher wavelength than the TSPR due to a lower frequency of
oscillation of free electrons. The increase in aspect ratio has a strong effect on the LSPR since
the free electrons have decreased in frequency, suggesting a positive shift in the wavelength.

(@ b)

N %

Figure 2.15 Surface plasmon resonance (SRR) of (a) transverse surface plasmon resonance (TSPR)
and (b) longitudinal surface plasmon resonance (LSPR).*
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2.7 X-Ray Photoelectron Spectroscopy (XPS)

XPS is a versatile non-destructive technique that provides surface analysis information. The
XPS technique was pioneered by Siegbahn and co-workers in the mid-1960’s using Einstein’s
explanation about the photoelectric effect."® Photoelectron spectroscopy is based on the
principle of a “single photon in, an electron out” procedure. The photon energy is related to
the following equation:*®

E=hv (2.36)

where h is the Planck constant (6.62x10% J s) and v is the frequency of the radiation (Hz).
In XPS, a monochromatic X-ray beam is incident on the sample surface, where a photon is
absorbed by an atom of the sample. Electrons will be ejected from both the core and valence
levels of the surface atom into its surrounding vacuum when the photon energy is higher than
the work function in the solid. The kinetic energy of electron is measured in the vacuum level.
The kinetic energy of an electron can be measured using an appropriate analyser. Following
the principle of energy conservation, the energy of the photon must be conserved and can be

separated into three terms:*®

KE =hv—BE + & (2.37)

where KE is the kinetic energy of the photo electron, 4v is the energy of the photon, BE is the
binding energy of the electron in the solid and @ is the spectrometer work function.

Each electron of every element has a characteristic binding energy, depending on its
atomic orbital. The presence of a peak at a specific binding energy is indicative of the specific
element. The exact binding energy of an electron depends not only upon the level from which

the electrons of the atoms are photoemitted, but also upon the formal oxidation state of the
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atom and the local chemical and physical environment. These cause changes in the binding
energy of a core electron of an element in the chemical bonding of that element, creating
“chemical shift”.'® The specific chemical shift is the difference in BE values of one
specific chemical state versus the BE of the pure element. The chemical shift is another
fingerprint of the compounds. For instance, the carbon atom of a carboxyl group will behave
slightly differently from that of a carbon atom in a methyl group.*® The chemical shift in XPS
is observable because the technique is of high intrinsic resolution.

XPS provides a quantitative analysis of surface composition. The intensity of the peak
is related to the concentration of the element, in which the sensitivity factor of that particular
element needs to be accounted for during calculation. For the XPS spectra, it is noticeable that
the background intensity at high binding energies increases as a result of inelastically
scattered electrons. In addition, a spin-orbit splitting is observed on all the core levels, which
have an orbital angular momentum quantum number, I, > 1 (p, d, f,...). This behaviour is due
to the spin-orbit coupling with higher angular momentum state, for example the d-orbital has
the angular momentum quantum number 2 and a spin quantum number (s) that equals to 2 a
vector, giving a coupling constant (j) value of 3/2 and 5/2. The one with the maximum j gives

the lowest energy final state. Figure 2.16 illustrates the signal of a Au 4f XPS spectrum.

Au 4f Au af,,,
Au 4f,,

Orbital = f
=3
s=X,-%
Is=5/2,7/2

N(E)/E
Thousands

91 i 87 i 83 ' 79
Binding Energy (eV)

Figure 2.16 XPS spectrum of Au 4f.
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An X-ray photoelectron spectrometer is composed of an X-ray source, electron energy
analyser, Ar ion gun, neutraliser, vacuum system, electrical controls and a computer system.
The experiment is operated under an ultrahigh vacuum system (<10 Torr or <107 Pa) in
order to detect the electrons and to prevent surface reaction and contamination. The system

setup of instruments is shown in Figure 2.17.
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Figure 2.17 Schematic of X-ray photoelectron spectrometer.

2.8 Electron Microscopy (EM)

Transmission electron microscopy (TEM) is a standard method that yields structural
information about topography and morphology of a material. The principle of TEM operation
is same as that of a light microscope but electrons are used as the light source. The much

lower wavelength of the electron beam results in a much higher resolution of TEM compared
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with that of the light microscope. The electron beams are formed in a high vacuum and they
are accelerated through a thin-section of specimen material. Metal apertures and magnetic lens
are employed in order to confine and focus the electron beams. The electron beams are
magnified by a system of electromagnetic lens. A three-lens system is commonly used in
TEM, as shown in Figure 2.18. There are three different interactions of electron beams:>%
transmission, diffraction and inelastic scattering. TEM can also be connected to another
analysis, such as an EDX (Energy Dispersive X-ray spectroscopy), EELS (Electron Energy
Loss Spectroscopy), EFTEM (Energy Filtered Transmission Electron Microscopy) etc.

The resolution of the microscope is defined by the closest spacing of two points, which

can be seen as two distinct entities represented by the formula:*°
D = 0.611/nsin « (2.38)

where D is the closest spacing of two points, which can be seen as two distinct entities. A is
the wavelength of the incident radiation, n is the refractive index and o is the half-angle

subtended by the aperture.

Focusedbeam

/] Specimen
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Projectorlens

Bright field

Figure 2.18 A three-lens system of TEM and ray paths in a reference transmission electron
microscope with high resolution magnification imaging mode.”
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Scanning transmission electron microscopy (STEM) employs the scanning principle of
scanning electron microscope (SEM) and the high-resolution of TEM. A fine electron beam is
scanned over the sample in a two-dimensional raster. STEM signals can be obtained by either
bright-field or dark-field signals derived from the elastic scattering of electrons in the

specimen.

Annular dark-field (ADF) imaging is an illumination technique used to observe
unstained samples. The unscattered beam is excluded from the image, resulting in a dark
background around the bright specimen. The particular detector geometry in STEM is
positioned in the optical far field beyond the specimen.?! First, light enters the microscope for
illumination of the sample. The condenser lens focuses the light towards the sample. Most
light is transmitted (unscattered) to the sample and some is scattered from the sample. The
scattered light is collected at an objective lens, while the transmitted light misses the objective
lens and is not collected. The image is formed by only the scattered light. The ADF is atomic
number (Z)-dependent, leading to a so-called Z-contrast in the image. ADF is used to detect
heavy-atom particles in a light-atom matrix. However, if the light-atom material is
microcrystalline, the variation of diffraction intensities causes large fluctuation in the ADF. It
is suggested that this effect can be avoided when a high-angle annular dark-field (HAADF) is

used. This results in good Z-contrast.?

2.9 Energy-Dispersive X-ray Spectroscopy (EDS)

X-ray microanalysis is a technique that used for analysing microscopic samples. There are

two kinds of X-ray analysis: one is wavelength-dispersive spectroscopy (WDS), which uses
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the wavelength of X-rays, the other is energy-dispersive spectroscopy (EDS), which uses the
energy of the X-rays. Wavelength and energy are related by the formula:*

E=—=— (2.39)
EDS analysis is based on the use of the x-ray spectrum emitted by a solid sample bombarded
with a focused beam of electrons to obtain a localised chemical analysis. It is commonly
equipped in analytical scanning electron microscopes (SEM). Better resolution is obtainable
with ultra-thin (~100 nm) specimens, which can be analysed with a scanning transmission

electron microscope (STEM). The process of X-ray emission is shown in Figure 2.19.

Characteristic X-ray

Incident electron beam .

Ejected electron

Auger electron

Figure 2.19 The process of X-ray and Auger electron emission and.?®

First the primary electron beam of the electron microscope ejects an electron from the
inner shell of the sample atom, resulting in a vacancy. The vacancy is then filled by another
electron from a higher energy shell in the atom. The dropping of this electron to the lower
energy shell means that some energy must be emitted. This can be in the form of

electromagnetic radiation known as X-rays.?* The atom excited by the primary electron beam



canalso be relaxed by an alternative procedure. Instead of X-ray emission, the X-ray is
reabsorbed by a third electron from a further outer shell in the same atom, ejecting a lower-
energy electron and creating an outer vacancy. This ejected electron is called an Auger
electron and it contains specific chemical information about the atom from which it
originated. Hence, the original X-ray cannot be detected. Instead, a secondary X-ray may be
emitted because the outer vacancy is filled. The fluorescent yield is a measurement of the
relative quantity of x-ray and Auger electrons produced by excitation. The deexcitation of an
ionized atom may occur by either the emission of an Auger electron or the emission of a
characteristic x-ray. This fact is reflected in the fluorescent yield, which depends primarily on
the atomic number of the excited atom. For low atomic numbers, the process of Auger
emission is favoured and the fluorescent yield is low. Conversely, atoms with higher atomic
numbers favour the emission of characteristic x-rays. The dispersion of the X-ray occurs by
using a pulse-height amplification, pile-up rejection of possible coincidence of pulses and
sorting by a multichannel analyser. The analyser analyses the measured pulse height to the
energy of the incoming photon.?® X-ray lines can be identified with a capital Roman letter (K,
L or M) which it representing the shell containing the inner vacancy. A Greek letter refers to
the group of the lines in an order of decreasing importance (a, B etc.). A number represents the
intensity of the line in the same group in an order of (1, 2 etc.).” Thus, the most intense K line
1s Kay.

An electron is held in the atom by its binding energy. In order to eject an electron, the
energy of the electron beam must be greater than that binding energy. The critical excitation
energy E. is the minimum energy which the electron beam must have to eject the orbital
electron.?>® The incident light (Eo) must exceed E. and should be twice as higher as E; to

provide sufficiently high excitation efficiency. The qualitative analysis of EDS consists of
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identifying the lines in the spectrum acquired from a measurement by using tables of energies
or wavelengths. The quantitative analysis involves measuring the line intensities
corresponding to each element in the samples and making a calibration from the standards of
known composition. The line intensities are measured by counting the pulses generated in the
X-ray detector. The EDS spectra are presented by in a digitised form where the x-axis
represents X-ray energy and the y-axis represents the number of count per channel. This

technique can be called by either EDS or EDX.

2.10 Thermo Gravimetric/Differential Thermal Analysis (TG/DTA)

Thermal Analysis (TA) is a group of techniques that studies the change of material properties
as a function of temperature. TA provides informative data on enthalpy, thermal capacity,
mass changes, the coefficient of heat expansion, thermal degradation etc.”® TA includes
several different methods, which can be separated based on properties measured.

Thermo gravimetric/Differential Thermal Analysis (TG/DTA) is a technique which
combines the methods of Differential Thermal Analysis (DTA) and Thermo Gravimetric
Analysis (TGA). The temperature difference and mass changes are measured at the same time.
TGA relies on a high precision measurement of weight loss, temperature and temperature
change. Thus, a highly precise balance equipped with a sample pan and a programmable
furnace are required. A derivative or weight loss is used to show the temperature point, where
the weight loss is most apparent. The TGA curve is influenced by several factors, such as
heating rate, sample size, sample particle size, gas flow rate, crucible shape etc. DTA
measures an identical thermal cycle of the sample with respect to an inert reference. The
temperature difference between the sample and reference is recorded as a function of

temperature. Figure 2.20 shows a model of a TG/DTA instrument.
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Figure 2.20 Schematic of TG/DTA.%

2.11 On-line Electrochemical Mass Spectrometry (OLEMS)
On-line Electrochemical Mass Spectrometry (OLEMS) can be used to identify volatile species
and intermediates during an electrochemical reaction by combining the principle of
electrochemistry and mass spectrometry. This technique is based on the common procedure of
Differential Electrochemical Mass Spectrometry (DEMS), which was first introduced by
Bruckenstein and Gadde in 1971.%° The gaseous products are collected in a vacuum system
prior to being analysed by mass spectrometry (MS). MS was the first technique, which could
detect and analyse a relative small amount of volatile products produced from electrode
surfaces. This technique was then further developed to obtain an on-line detection and to be
applied to a small surface area electrode. The DEMS has been widely used in several
reactions.””

In this study, the OLEMS system based on the system of Wonders et al.*, as shown in
Figure 2.21. Teflon-base tip is employed to collect gaseous products by placing it very close
to the electrode surface (10-20 pm). Due to its hydrophobic properties, only gaseous products

can penetrate through it to the MS. The ultra high vacuum (UHV) system is necessary for the

performance of OLEMS, both in terms of efficiency and sensitivity. The MS consists of three
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major parts: ion source, the mass analyser and the detector. The MS works by changing the
molecules to ions so that the ions can be manipulated by an external electric and magnetic
field. The charged molecules are measured according to their mass to charge ratio. The MS
determines ion intensity (I;) as represented by Eq. (2.40). The I; value is directly proportional
to the incoming flow J; given by Faradaic current. K° contains all settings of the mass

spectrometer and the ionization probability of the corresponding species.”®

Ii = Koji (240)
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Figure 2.21 Schematic of (a) on-line electrochemical mass spectrometry (OLEMS) set up and (a)
OLEMS tip.*
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2.12 lon Chromatography (IC)

lon Chromatography (IC) is another technique that can be combined with electrochemistry. IC
is one of the members of the chromatographic methods used to separate mixtures of
substances. The separation is based on the contribution of a stationary phase and a mobile
phase. IC retains analyte molecules in the column based on electrostatic forces between ions
and functional groups on solid substances.* The most widely application of IC is the
investigation of an aqueous system, such as an analysis of drinking water and analysis of
species contaminated in the environment. IC can be carried out as cationic exchange ion
chromatography or with anionic exchange ion chromatography.® The cationic exchange ion
chromatography retains the positive charge analytes due to negative charge functional groups
in the stationary phase, while the opposite occurs for the anion exchange ion chromatography,
as shown in Eq. (2.41) and (2.42).

Cation exchange chromatography

R—XCt+ M*B- € R—X"M*t+ Ct+B~ (2.41)
Anion exchange chromatography

R—X*A"4+ M*B~ € R—X*B™+ M* + A" (2.42)
where the ionic compound consists of the cationic species M* and the anionic species B~.
R —X~C* and R — X* A~ are the stationary phase with functional groups.

The separation is based on the differences in the electrostatic forces of individual
analytes. The separation clearly demonstrates when the distribution coefficients (D) of each
component can be sufficiently distinguished from one another. The value of D can be defined
as the ratio of the concentration of analyte A in the stationary phase to that of in mobile phase,
as shown in Eq. (2.43). The analyte with higher values of D are retained strongly in the

stationary phase.
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D, = LA (2.43)

A chromatogram is recorded in the form of a detection signal or a concentration as a function

of time. The residence time or gross retention time tg of a substance on the stationary phase is

obtained by adding the net retention time tg, which corresponds to the actual residence time

on the migration path, and the flow time of the mobile phase without any interaction, the dead

time ty, as shown in Eq. (2.44).

tR = ts + tM (244)
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CHAPTER 3
THE OXYGEN REDUCTION OF

RHODIUM COATED GOLD NANORODS AND NANOPARTICLES

3.1 Introduction

The development of alternative energy sources is an issue of worldwide importance. The
projected decline in fossil fuel resources means that renewable energy sources are needed,
many of which are not in continuous supply (e.g. wind power, solar energy). A means to store
energy is thus desirable. Renewable energy could be used to generate hydrogen, which could
be stored and used as required. The fuel cell is a device that produces electrical energy from a
fuel, such as hydrogen. A fuel cell can be used to synthesise chemicals, if the appropriate
reactions are chosen. The basic reactions for a hydrogen-powered fuel cell are the hydrogen
oxidation reaction (HOR) on the anode, which is the reverse of the hydrogen evolution
reaction (HER), and the oxygen reduction reaction (ORR) on the cathode. Both the HOR and
the ORR have been extensively investigated, with platinum (Pt) being the most widely used
catalyst. There has been particular interest in the ORR over the past decades because of its
efficiency-limiting reaction compared with the HOR. The ORR results in the formation of
water (H,O) via a 4-electron pathway or hydrogen peroxide (H,O;) via a 2-electron pathway,
depending on the catalyst. Pt and Pt alloys are currently the most active catalysts for the ORR
since they catalyse the reaction almost completely to water in both acidic media and alkaline
media;'> however, even with the most promising catalysts there is a large overpotential,
which results in a decrease in the fuel cell output.’ Due to the high cost and scarcity of Pt,
alternative transition metals and metallic alloys have long been investigated in a search for a

cheaper catalyst.
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Among the transition metals, Au is a possible electrocatalyst for the ORR as it
supports both 2-electron and 4-electron pathways, depending on the orientation of the surface®
and experimental conditions.”” Au exhibits less activity for the ORR in acidic media than in
alkaline media. El Deab et al. published a number of papers on Au substrates for the ORR.*"*
They reported that electrodeposited Au nanoparticles on Au electrodes present two well-
defined reduction peaks for the ORR in sulphuric acid, while bulk Au electrodes present only
one peak located at more negative potentials. The two peaks result from two steps of the
ORR, which have been assigned to the reduction of O, to H,O, and the reduction of H,0, to
H,0.* The numbers of electron transferred per oxygen molecule were calculated at 4 for the
Au particle electrodeposited on a Au electrode and 3 for the bulk Au electrode. This suggests
that more H,0, is reduced to H,O on the Au nanoparticle electrode.’ The catalytic activity of
the Au nanoparticles was found to decrease as the Au nanoparticle size increased to
micrometres.® It is known that the ORR is highly sensitive to the crystallographic orientation
of the Au electrode, particularly in alkaline media. The oriented Au particles were
electrodeposited on a glassy carbon electrode.'’ The oriented Au (100)-like nanoparticles
showed a high electrocatalytic activity for the ORR, corresponding to previous reports of the
reaction at Au (100) facets."> The effect of substrate nature and the effect of electrodeposition
condition on catalytic activity of Au nanoparticles have also been studied.'> The particles
deposited on glassy carbon electrodes in the presence of cysteine showed a high catalytic
activity. The Au particles deposited on electro-oxidised highly oriented pyrolytic graphite

(HOPC) yielded higher current density than those deposited on untreated HOPG.'?

Sarapuu et al. prepared Au thin-films on a GC electrode and studied the ORR in both
acidic and alkaline media.” The catalytic activities of thin-film electrodes were found to be

similar to the catalytic activity of a bulk Au electrode. The specific activities (SA) of the Au
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films in acidic media were independent of the film thicknesses, while the SA in alkaline
media decreased as the film thickness decreased. Erikson et al. studied the effect of a Au/C
catalyst layer thickness on the kinetics of O, reduction and compared the kinetics with that on
a bulk Au electrode in both acidic media and alkaline media.® It was found that the diffusion
of O, was effective when the layer thickness was between 1.5-10 pm. Jirkovsky et al. studied
the kinetics of the ORR on Au/C nanoparticles.'® The H,0, selectivities of Au/C catalysts
obtained from RDE and RRDE techniques are in good agreement, suggesting that both
techniques are suitable for measuring the H,O, selectivity. The increase of Au loading
decreases the selectivity towards H,O,, as a result of the further reduction of H,O, to H,O.
The ORR depends on Au particle size with a size of 5.7 nm being found to give the highest

electrocatalytic activity.

The size and structure of catalyst can be controlled during preparation using defined
methods, to learn more about any influence of morphology on catalytic activity. Much
research has been carried out on spherical Au particles (Au NPs),*'® Au nanorods (Au

26

1723 24,25 . 27,28
NRs), nanocubes,” " nanowires™ etc.”" Several methods have been proposed for the

29,30 . 31
=" electrochemical methods,

synthesis of well-defined Au NRs, such as template methods,
seeded growth methods®®*?. The seeded growth method uses metal seeds to induce the
nucleation and growth of larger metal particles. Jana et al. developed this method by varying
reducing agents and conditions; however, a low uniformity of rod-shaped particles was
obtained.”’ They found that additional nucleation can be avoided by controlling the rate of
reducing agent addition and the chemical reduction potential of the reducing agent. They were
then able to synthesis Au NRs by using sodium borohydride as a reducing agent to obtain 3-5

nm Au seeds and preparing the growth stage solution of an optimum concentration of a

cationic surfactant, hexadecyltrimethylammonium bromide (CTAB).** It was found that the

62



addition of AgNOj; affects the yield, aspect ratio and crystal structure of Au NRs. Nikoobakht
et al. prepared Au NRs which had a higher aspect ratio by using a binary surfactant mixture of

CTAB and benzyldimethylhexadecylammonium chloride (BDAC)."®

Due to its relative inertness in acidic media, Au can be used as a support for other
metals, such as Pt,32'3 4 Pd,3 338 and Rh***! to form alloy or core-shell structures. This idea has

been extended to study the deposition of other transition metals such as, Pt,42'45 Pd,46’47

or
Ag®™ onto Au NRs form core/shell structures. He et al. prepared Pt—Ag nanoislands on Au
NRs and studied methanol oxidation on the resulting catalysts.** Pt deposited on Au NRs can
guide Pt—Ag nanoalloy formation since Pt has a strong catalytic activity, which can control
the reduction of Ag" by ascorbic acid. Wang et al. reported that Pt was successfully deposited
on Au NRs and exhibited a high catalytic activity for formic acid oxidation.* In addition to
Au alloy NRs, smaller alloy particles have also been widely researched; for example,
Jirkovsky et al. studied the ORR on metal nanoalloys, with the aim of forming H,O, rather
than H,0.”” DFT modelling suggested that alloy formation of Pd, Pt and Rh on Au surfaces

can improve the selectivity of H,O, production compared with carrying out the ORR on pure

Au.

Rhodium is one of the transition metals that have been studied for the ORR.>*> The
kinetics of the ORR on Rh over a wide pH range was studied by Martinovic ez al.”' However,

%41 and deposition of

Rh is an expensive metal. Therefore, electrodeposition of Rh thin films
Rh on other metals’®” have been made and investigated their catalytic properties in order to
find a way to reduce the loading of Rh whilst maintaining activity. Arbib et al. studied the
nucleation and growth of Rh on Au (100) substrates and polycrystalline Au electrodes.™ It

was found that the nucleation and growth of 3D Rh clusters proceeded on the top of a 2D Rh

phase. Zelenay et al. studied sulphate/bisulphate anion adsorption on a single crystal Rh
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electrode and a polycrystalline Rh electrode.”® It was revealed that the adsorption of sulphate
on Rh (111) is more stable than on other Rh surfaces. The strong adsorption of sulphate on Rh
(111) not only prevents the adsorption of the other ions but also shifts hydrogen adsorption to
more negative potentials. Thus, sulphate/bisulphate adsorption is undesirable in catalysis. The
surface oxide formation and reduction of Rh have been investigated by many authors.’*>*>">*"
62 Jerkiewicz et al. studied the formation and the reduction of surface oxide films at
polycrystalline Rh electrodes and the oxygen evolution reaction (OER) at these surfaces.””®
The anodic polarisation of Rh in sulphuric acid produces the thin Rh oxide film of nominal
composition Rh(OH); at high potential. The thickness of the film is not in excess of three
monolayers. There are two linear regions for Tafel slopes, which are 60 mV at low current
density and 120 mV at high current density. The oxide film on Rh electrode markedly affects
the OER in several ways, (a) the reaction energetic at the double layer region is affected, (b)
the electronic properties of the metal surface are affected, (c) a barrier to charge transfer
through the surface oxide film is formed, (d) the adsorption of reaction intermediates and/or
products at the catalyst surface is affected. Lukaszewski et al. studied the electrochemical
behaviour of polycrystalline Rh layers on Au electrodes with cyclic voltammetry and a quartz
crystal microbalance (EQCM).”” The desorption of hydrogen takes place along with the

simultaneous adsorption of HSO4 ions. Dissolution of Rh increases with increasing positive

potential limit and decreasing scan rate.

In this present work, the electrochemical reduction reaction of oxygen for Rh on
differently shaped Au supports and different methods of Rh deposition has been studied. Au
NRs have been used because they provide a well-defined surface crystallographic orientation,
therefore allowing the growth of Rh on the Au substrate to be investigated. The smaller

particles have been compared to study the size and shape-dependent catalytic activities of Au
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and Rh nanoparticles. The different types of synthesis have been compared in order to study
the formation of Au—Rh alloys and Rh-rich phases and the effect of Au-Rh distribution on

catalytic activities.

3.2 Experimental
3.2.1 Chemicals and Reagents

All reagents used were analytical grade or better and were used as received.
Cetyltrimethylammonium bromide (CTAB) and L-ascorbic acid were purchased from Acros.
Sodium borohydride (NaBH,4) was obtained from Riedel-de Haén. Silver nitrate (AgNOs) and
Nafion solution (5% wt) were purchased from Sigma Aldrich. Hydrogen tetrachloroauric acid
(HAuCl4:3H,0) and sodium hexachlororhodate (Na;RhClg-12H,0), both Premion grade, were
obtained from Alfa Aesar. Sulphuric acid, 96% suprapur, was from VWR. Copper (II)
sulphate pentahydrate, 99.99% were from Fluka. Ultrapure water (purified with a Milli-Q
tandem Elix-Gradient A10 system: resistivity 18.2 MQ cm, TOC < 5 ppb) was used
throughout. All glassware used was first cleaned by heating in a mixture of concentrated nitric
and sulphuric acids for 1.5 h, followed by rinsing with copious quantities of ultrapure water

and soaking overnight in ultrapure water.

3.2.2 Preparation of Au NRs

The Au NRs were synthesised using a seed-mediated, sequential growth method, following
the method of Nikoobakht ez al.'®, as modified by He et al.** A brief description is provided

below.
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Seed Solution

7.5 mL 0.1 M CTAB aqueous solution was mixed with 100 uL 0.025 M HAuCls-3H,0 and
diluted with water to 9.4 mL. 0.6 mL ice-cold 0.01 M NaBH, was then added all at once into
the solution and sonicated for 1 min. The solution was kept at 25 °C for 2-5 h until it became

brownish in colour. The solution was used immediately as seed solution.

Growth Solution

100 mL 0.1 M CTAB was mixed with 2.0 mL 0.025 M HAuCl43H,0. 0.5 mL 0.5 M H,SOy,
I mL 10 mM AgNO; and 0.8 mL 0.1 M ascorbic acid were then added dropwise and the
mixture was sonicated for 1 min. The solution changed from yellow to colourless. 240 pL
freshly prepared seed solution was then added dropwise. The solution was kept at 25 °C
without sonication or agitation for 24 h. The colour of the solution changed from colourless to

purple-red.

3.2.3 Deposition of Rh on Au NRs by varying molar ratio of Au NRs:Rh (10:1, 7:3, 1:1

and 1:2)

9 mL of the growth solution (4.5 x 10 mol Au) was centrifuged at 6000 rpm for 1 h to
remove excess CTAB and nanospheres. The supernatant was carefully removed with a
pipette. The Au NRs precipitate was redispersed in ultrapure water and made up to 3 mL. The
centrifuging step was repeated to complete the removal of surfactant from Au NRs surfaces.
The Au NRs precipitate was redispersed in 0.5 mL ultrapure water. To study the effect of
different amounts of Rh on Au, the same amount of Au was used for each preparation. The

molar ratio of Au NRs:Rh was varied by mixing 0.5 mL Au NRs solution with different
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volumes of 0.002 M Na;RhCls 12H,0O reagent (0.225, 0.965, 2.25, and 4.5 mL), giving
samples with molar ratios Au NRs:Rh of 10:1, 7:3, 1:1 and 1:2. 1 mL 0.2 M ascorbic acid was
added, and the total volume of each sample was adjusted to 6.0 mL. The mixture was

sonicated for 2 h at 40 °C. After sonication, the mixture was kept at 25 °C for 24 h.

The catalyst suspension was prepared by mixing 1 mL of the obtained Au NRs—Rh
mixture with 0.35 mg cleaned carbon black (Vulcan XC-72R, refluxed in HNOs for 2 h and
washed by Milli-Q water until neutral pH) under sonication for 2 h, whilst keeping the loading

of Au on carbon black at 30 wt%.

3.2.4 Au—Rh nanoparticles prepared by sequential reduction and by co-reduction

Au—Rh nanoparticles were prepared by sequential reduction of Au followed by Rh,
“sequentially reduced particles”, and by co-reduction of Au and Rh salts, “co-reduced
particles”. Sequentially reduced and co-reduced Au—Rh nanoparticles were prepared in the
same concentration and molar ratio as Au NRs:Rh. To prepare sequentially reduced particles,
HAuCl, aqueous solution was added into 3 mL 0.1 M CTAB and the Au salt was reduced by
adding 1.5 mL 0.1 M NaBH,4. The particles were sonicated for 2 h at room temperature and
left for 24 h. The obtained Au particles were mixed with 0.02 M Na3;RhCl¢-12H,0 (0.0225,
0.0965, 0.225 and 0.45 mL) and the Rh salt was reduced with ascorbic acid at 40 °C with 2 h
sonication. The sample was then kept at 25 °C for 24 h. To synthesise co-reduced particles,
HAuCly and NazRhClg 12H,0 were added together into CTAB in the same quantities as for
sequentially reduced particles. 1.5 mL 0.1 M NaBH,4 was used as a reducing agent. The total

volume of each sample was adjusted to 6.0 mL.
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In order to obtain the catalyst suspensions of co-reduced and sequentially reduced Au—
Rh nanoparticles, 1 mL catalyst suspension was mixed with cleaned carbon powder under
sonication for 2 h (The carbon powder was cleaned by refluxing in nitric acid for 1.5 h and
thorough rinsing in Milli-Q water). 1 mL ethanol was added to remove the excess CTAB.*
The catalyst was then centrifuged at 6000 rpm for 1 h. The supernatant was carefully
removed. The Au:Rh/C precipitates were redispersed in ultrapure water and made up to 3 mL.
The centrifuging step was repeated to complete the removal of surfactant from catalyst

surfaces. The precipitates were redispersed in 1 mL of H,O to form a catalyst ink.

3.2.5 Nanoparticle and Nanorod characterisation

UV-visible absorption measurements were carried out with a Camspec M550 double-beam
spectrophotometer with wavelength resolution 0.1 nm. Scanning transmission electron
microscopy (STEM) images were obtained with a Jeol 2100F STEM, fitted with a CEOS
spherical aberration corrector and a high-angle annular dark field (HAADF) detector, operated
at an accelerating voltage of 200 kV. The microscope is also equipped with a Bruker XFlash
4030 SDD detector enabling EDX measurements. Samples for STEM were prepared by
dropping the aqueous samples onto carbon-coated copper grids and leaving to dry under
ambient conditions for at least 24 h prior to imaging. STEM measurements were performed by
Ruth Chantry (School of Physics). Some additional TEM measurements were made by Dr Zoe
Schnepp on a JEOL 2100 with 200keV acceleration voltage and a CCD camera. X-ray
photoelectron spectroscopy (XPS) was employed using an Escalab 250 system (Thermo VG
Scientific, UK) and a custom-built instrument with an Al Ka X-ray source to provide a
monochromatic X-ray beam. The Au NRs—Rh aqueous mixture was deposited on Si substrates

and the sample was then measured in ultrahigh vacuum at a pressure of 1 x 10 mbar.
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3.2.6 Electrochemical measurement for oxygen reduction reaction (ORR)

Cyclic voltammetry and rotating disk electrode (RDE) measurements were performed for
oxygen reduction in a three-electrode glass cell at room temperature with an Autolab
PGStatl2 potentiostat (Ecochemie, NL) that was controlled with General Purpose
Elecrochemical System (GPES) software. The glassy carbon working electrode (0.071 cm?,
Radiometer, Copenhagen) was polished using aqueous alumina slurries of increasingly finer
grain size (1.0, 0.3 and 0.05 um, Buehler, USA), followed by sonication in ultrapure water for
5 min. 20 pL of catalyst suspension was pipetted on to the glassy carbon electrode surface and
dried in air. The Au loading on the glassy carbon electrode was 41 pg cm™. After drying the
catalyst, 3 pL of Nafion solution (5% wt, Aldrich) was dropped on to the catalyst layer and
the electrode was dried in air. The counter and reference electrodes were a Pt wire and a
saturated calomel electrode (SCE), respectively. The potentials in this work are presented vs
SCE. Cyclic voltammetry (CV) was used to investigate the electrochemical surface properties
of each catalyst. The electrode was activated in 0.5 M H,SOy4 saturated with Ar by scanning

the potential from -0.24 and 1.3 V at scan rate of 0.1 V s™ for 10 scans.

All samples were subjected to copper under potential deposition (Cu upd) to remove
the surfactant on the catalyst surface. The activated electrode was immersed into the
electrochemical cell containing Ar-saturated 1 mM CuSO4 in 0.5 M H,SO4 electrolyte under
potential control at -0.165 V (vs SCE) for 10 min. After 10 min, the electrode was rinsed and
protected with a droplet of Milli-Q water during transfer to another cell containing Ar-
saturated 0.5 M H,SO, electrolyte. The electrode was immersed into the electrolyte and the
potential was maintained at 0.45 V for 10 min to ensure the removal of Cu. After 10 min at
this potential, the electrode was transferred to Ar-saturated clean electrolyte and CV was

performed between limits of -0.24 and 0.6 V, at a scan rate of 0.05 V s so that the real
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surface area of the Rh could be calculated from the hydrogen desorption waves. The cyclic

voltammograms presented in this study is the tenth scan.

ORR measurements were performed in oxygen-saturated 0.5 M H,SOy electrolyte at a
scan rate of 0.01 V s'l, with rotation rates 400, 900, 1600 and 2500 rpm. The background
currents measured in Ar-saturated electrolyte were subtracted from single-wave polarisation

curves acquired for oxygen reduction.

3.3 Results and Discussion
3.3.1 Characterisation of Au NRs:Rh and Au:Rh nanoparticles

3.3.1.1 Transmission electron microscopy (TEM) and scanning transmission electron

microscopy (STEM)

The TEM and STEM images were kindly provided by Ruth Chantry, School of Physics and
Astronomy, University of Birmingham and Dr Zoe Schnepp, School of Chemistry, University
of Birmingham. Figure 3.1 shows representative scanning transmission electron microscopy
(STEM) and high angle annular dark field (HAADF) images of Au NRs. The average length
and width of the Au NRs are 35 nm and 10 nm, respectively. A relatively uniform size
distribution and high monodispersity of Au NRs are obtained although a small proportion of
other shapes is also observed. The Au NRs exhibit smooth surfaces with rounded-end
appearance. Au NRs obtained from the seeded growth method are single crystalline structures,
which are composed of low Miller index facets. Atomic scale characterisation was performed
in order to investigate the detailed structure of the Au NRs. Different structures are observed

for the ends of the NRs, perhaps as a result of different orientation of NRs on the grid. The
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ends appear as “more-rounded” or “less-rounded”, with angles between facets of 135° and
125°, corresponding to {110} and {111} facets, respectively, as shown in Figure 3.2.° The
rod end terminates with a (001) face. The bodies of the Au NRs are composed of alternate
{100} and {110} facets. The facet structure of Au NRs in this study is consistent with the Au
NRs model of Wang et al., whose model consists of four {110} and four {100} facets at the

body of the rods, suggesting a cylindrical shape.®*

Figure 3.1 STEM-HAADF images of Au NRs.

=1
2 nm

Figure 3.2 STEM-HAADF images of two Au nanorods: (a) the more-rounded end and (b) the less-
rounded end.”
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The structure of Au NRs is sensitive to several factors. In this work, the temperature of
the growth solution was controlled at 25 °C. At temperatures lower than 25 °C, the formation
of spherical-shaped particles occurs because the temperature is not high enough to induce a
sufficient collision of Au seeds and the recrystallisation of CTAB at low temperature hinders
the formation of a soft template to form rod-shaped particles. At temperatures higher than 25
°C, the aspect ratio of Au NRs decreases because the growth rate of the length is slower than
the growth rate of the diameter. This suggests that the diameter growth is confined at low
temperatures.”’ The concentration of ascorbic acid (AA) also has an effect on the structure of
Au NRs. The molar ratio of AA:Au in the growth solution is 1.6:1 in this work. A high
concentration of AA decreases the aspect ratio of Au NRs and increases the number of

spherical-shaped particles formed.”

The nanorod solution was centrifuged in order to separate the Au NRs from the
spherical-shaped particles and in order to stop the progress of the reaction. Centrifugation of
the Au NRs solution also removes the CTAB excess before Rh deposition on Au NRs. Figure
3.3 compares STEM images of Au NRs:Rh of 10:1 ratio, for two situations, one in which Au
NRs were centrifuged once to remove excess CTAB and one in which Au NRs were
centrifuged twice to remove and wash CTAB on the Au NRs surface before Rh deposition.
The deposition of Rh on Au NRs is clearly seen, with a contrast between the Au NRs core and
the Rh outer layer consistent with the sequential reduction procedure.*®® This contrast arises
from the difference between the atomic numbers of Au and Rh.* On the once-centrifuged Au
NRs in Figure 3.3(a) and (b), a little Rh has deposited with uneven morphology on the Au
NRs surface. Rh nanoislands can be observed on the rod-side and Rh overgrowth is mostly
seen at rod-ends. The Rh deposited on twice-centrifuged Au NRs appears as a thicker and

smoother Rh shell with less rounded ends, suggesting that CTAB removal increases the
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collision frequency between Rh’" and Au NRs surfaces, while without CTAB removal, Rh**

forms micelles with CTAB, which slows the collision frequency.

—
0.1 pm

(b)

Figure 3.3 STEM-HAADF images of (a) once-centrifuged Au NRs:Rh 10:1 ratio and (b) bright
field”, STEM-HAADF images of (c) and (d) twice-centrifuged Au NRs:Rh 10:1 ratio.

After the Au NR solution has been centrifuged, it is possible that the presence of Ag"
ions has an effect on Rh deposition. Ag" residues are observed on the once centrifuged Au
NRs and to a lesser extent on the twice centrifuged Au NRs, as confirmed by EDX results in
Figure 3.4.° This may explain the preferential growth of Rh on the ends of Au NRs in the
presence of Ag’, while Rh can cover the sides of the Au NRs surface in the absence of Ag".
The surface energy of Au-Ag at the tip is lower than on the side.****% Also, Ag” stabilises the
soft template of CTAB at the rod-sides,'® which reduces the collision rate of Rh*" on Au NRs,

resulting in preferential coating of the ends. These results are consistent with those observed
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for Pt deposition on Au NRs in the presence and absence of Ag".>*% It is noteworthy that Ag”

. . . . Cq . . g .. 67.68
ions in bulk solution are not able to be reduced by ascorbic acid in acidic conditions.®”

In this work, the Rh deposited on twice-centrifuged Au NRs have been chosen for
further characterisation and electrochemical measurement because they displayed higher

catalytic activity than the once-centrifuged Au NRs.

Figure 3.4 EDX maps of (a) Au, (b) Rh, and (c) Ag, with (d) an overlay of panels a and b, showing the
relative locations of the Au and Rh signals, with corresponding STEM-HAADF image inset of once-
centrifuged Au NRs."

Figure 3.5 presents TEM images of Au—Rh NRs of 10:1, 7:3, 1:1 and 1:2 Au:Rh
ratios. The successful deposition of Rh on Au NRs is visible from the surface roughness
compared with the smooth surface of Au NRs. Rh deposition starts from the stage that Rh>"
ions are reduced by ascorbic acid on the Au NRs surface. At 10:1 ratio, Rh dispersed on the
Au NRs and forms nanoislands. This 10:1 ratio have a dumbbell shape. The Au NRs are not
completely coated by Rh. At 7:3 ratio, Rh starts to growth on Au NR surface and continue to
overgrowth at 1:1 ratio. At 1:2 ratio, the Au NR surface is completely coated by Rh. Au

NRs:Rh of 1:2 ratio appear to be more cylindrical with less rounded ends. The Rh overgrowth
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on Au NRs increases with increasing Rh content. When Rh salt content increases, the
collision frequency of Rh*" with Au NRs surface increases, resulting in either overgrowth or

complete overcoating with smooth coverage.*

(a)

Figure 3.5 TEM images of Au NRs:Rh (a) 10:1, (b) 7:3, (c) 1:1 and (d) 1:2 ratios.
N.B. (a) and (d) were provided by Ruth Chantry, (b) and (c) were provided by Dr Zoe Schnepp.

There is preferential deposition of Rh on the tips compared to the sides because the
different curvature on Au NRs presents faster potential decays and mass transport at rod-ends
than rod-sides.”’ The uneven surface at the high content of Rh can be influenced by several
factors. The different Rh growth rates depend on the atomic facets. The surface energy and
cohesive energy of Rh are higher than those of Au, which causes a tendency for Rh to cluster
on Au surfaces at room temperature in order to minimise their surface energy.’’ The key

parameters of Au and Rh are compared in Table 3.1.
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Table 3.1 Comparison of the key parameters of Au and Rh elements.**"

Au Rh Au vs Rh (%)
Atomic number 79 45
Lattice spacing (nm) 0.288 0.269 7%
Surface energy (J/m?) 1.626 2.828 -74%
Cohesive energy (eV/atom) 3.8 5.8 -53%

The miscibility of bimetallic particles has been taken into account in order to derive
the possibility to combine the properties of two constituent metals and to control their
properties. AuRh nanoparticles have been primarily studied by surface science techniques on
systems formed via thermal evaporation.”"””> Au and Rh are immiscible in the bulk under
equilibrium conditions because of the large lattice mismatch between Au and Rh.”>” Kibler
et al., using scanning tunnelling microscopy, reported that Rh deposited on Au followed an
island mode after initial formation of bilayers.”’ It was reported that AuRh systems on TiO»,
formed by sequential deposition of Rh and then Au, results in a Rhegre Aughen structure which is
consistent with their relative surface energy.72 In contrast, in our study, the AucoreRhghen
structure is able to be prepared by chemical synthesis. This difference may because of the
effect of TiO, support and the temperature during Rh vapour deposition.”” The AucereRhgne
NRs are stable in solution stored in the dark and in ambient conditions.® There is no clear
sign of degradation of these particles when kept for more than 1 year. The AucoreRhghen NRs
deposited on thin carbon films also retained their core-shell structure, even after annealing at

120 °C. These results demonstrate the long-term stability of AucoreRhgpen NRS.

The details of deposition and growth pattern were studied at the atomic level for the

AuRh nanoparticles prepared in this work. Aberration-corrected scanning transmission
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electron microscopy (AC-STEM), together with energy dispersive X-ray spectroscopy (EDX)
can provide atomically resolved elemental and structural information. These results were
provided by Ruth L. Chantry, School of Physics, University of Birmingham. Figure 3.6 shows
HAADF and BF images of Au NRs:Rh of 10:1 ratio. Figure 3.6 (a) and (b) show a random of
intensity variation through the interfacial region, indicated by arrows in Figure 3.6 (a). Figure
3.6 (c) presents the line intensity profiles of two regions in Figure 3.6 (a). The profiles taken
over four atomic columns show a progressive change in intensity because of the averaging of
random column to column. The randomness in imaging intensity apparent is typical of this
RhAu NRs. This behaviour is different from that of PdAu NRs, whose line intensity profiles
clearly change, suggesting phase segregation in this core-shell structure.”® The randomness
intensity of Rh Au NRs indicates a randomly mixed interfacial alloy layer in this AugreRhshen
system. The mixed alloy layer, some 4-5 atomic layers thick between completely bulk
immiscible Au and Rh, facilitates fully epitaxial overgrowth for the first few atomic layers of
Rh. At the area where the Rh deposition is thicker, a smaller lattice spacing, similar to the Rh

bulk value, is observed because of the extensive Rh outgrowth.”
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Figure 3.6 Simultaneously acquired (a) HAADF-STEM and (b) BF-STEM images of an
AuoeRhgper nanorod, with (c) line intensity profiles taken as indicated in (a) over a width 16 pixels, or
one atomic column (solid line) and over 70 pixels, or approximately 4 atomic columns (dotted line).”
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Molecular dynamics simulations were carried out to investigate the initial step of Rh
growth on Au (111) and Au (100) surfaces at temperature between 300 K and 500 K. These
simulations were performed by Dr Ivailo Itanasov, School of Chemistry, University of
Birmingham. The simulations do not show a mixed AuRh interface in the initial stage of
overgrowth. This may because the formation of Rh clusters is critical to the formation of a
mixed interface. It was found that at the initial stage mobile Au atoms from the exposed Au
regions of substrate can migrate to the surface of a Rh cluster. These can then be buried by

further Rh deposition.

Figure 3.7 presents STEM-HAADF images of co-reduced Au:Rh particles of 10:1,
7:3, 1:1 and 1:2 ratios. The co-reduced particles were prepared by borohydride reduction at
room temperature in aqueous solution containing metal salts and CTAB. The images show
some small particles and a few much larger particles. The small particles have average size 3-
5 nm and the EDX data indicate that they contain both Au and Rh with Rh-rich phase. The

large particles, however, appear to contain only Au.

Figure 3.8(a) presents an EDX spectrum of a bare Au particle sample. The sharp peak
at 2.16 keV arises from the signal of Au element. In Figure 3.8(b), only a Au signal can be
detected for particles of Au:Rh of 10:1 ratio. Figure 3.8(c), (d) and (e) show the EDX spectra
of Au:Rh of 7:3, 1:1 and 1:2 ratios, respectively. Signals of both Au and Rh are observed. The
spectra show that the area containing agglomerated particles are Au and Rh particles; the
signals show Au at 2.160 keV and Rh at 2.696 keV. The relative strength of the Rh:Au signals
increases as Rh content in the synthesis increases. The signal of Na and Cl are from residual
reagents in the synthesis. After addition of NaBHy, it is likely that the nucleation of Au takes
place first, followed by the formation of Rh, because the redox potential of Au is at more

positive potential than that of Rh, as shown in Eq. (3.1) and (3.2).
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Figure 3.7 STEM-HDAAF images and EDX of co-reduced Au:Rh nanoparticles (a)-(c) 10:1, (d)-(f)
7:3, (g)-(1) 1:1 and (j)-(1) 1:2 ratios.

AuCly +3e < Au(s) +4Cl E'=+1.002V (3.1

RhCls® + 3¢ < Rh(s) + 6CI E'=+044V  (3.2)
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Au has a larger affinity to gain electrons, resulting the faster formation of Au seeds.”® A Au-
rich phase is formed and, on increasing Rh content, more Rh is diffused and incorporated into

the particles to form Rh cluster on Au surface, as seen in the sample of Au:Rh 1:2 ratio.
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Figure 3.8 EDX spectra of (a) Au particles, co-reduced Au:Rh particles (b) 10:1, (¢) 7:3, (d) 1:1 and
(e) 1:2 ratios.
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In the synthesis of sequentially reduced particles, Au seeds were reduced by
borohydride, followed by the reduction of Rh by ascorbic acid. Figure 3.9 displays the STEM-
HAADF images and EDX maps of sequentially reduced Au:Rh particles of 10:1 ratio. Most of
the particles are small and a small proportion of the particles are large. The average diameter
of the small particles is 3 nm and the average diameter of the larger particles is greater than 10
nm. The EDX signals in Figure 3.9(d) are very weak; however, they could suggest that the
particles are mostly Au particles with a small number of Rh particles. It is possible that Rh

particles are incorporated and diffused into Au surfaces.
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Figure 3.9 STEM-HAADF of sequentially reduced Au:Rh 10:1 nanoparticles with size distribution of
(a) large particles, (b) small particles, (¢) and (d) image and EDX map of this sample.
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Figure 3.10 presents TEM images of sequentially reduced Au:Rh nanopaticles of 10:1,
7:3, 1:1 and 1:2 ratio. The atomically resolved imaging of Au:Rh of 7:3 ratio does not clearly
indicate a core-shell structure but the uneven contrast of the particles indicate that they
include both Au and Rh and that there is some degree of segregation. In the sample of Au:Rh
of 1:2 ratio, the average size of the particles has a range of 10 — 15 nm, which is larger than
those of the lower Au:Rh ratios. Some particles appear to be Rh clusters deposited on Au and
some core-shell structures, although the Au seeds are not completely coated by Rh. A large

degree of particle agglomeration has been observed.

Figure 3.10 STEM-HDAAF images and EDX of sequentially reduced Au:Rh nanoparticles (a)-(c)
10:1, (d)-(f) 7:3, (g)-(i) 1:1 and (j)-(1) 1:2 ratios.
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3.3.1.2 UV-visible spectroscopy

The surface plasmon resonance (SPR) of Au NRs is in the visible and near-infrared (vis-NIR)
part of the spectrum. Most metals display a SPR absorbance in the ultraviolet (UV). The UV-
visible absorption spectrum of Au NRs is presented in Figure 3.11. Au NRs show 2 absorption
peaks at 793 nm and 520 nm, corresponding to the longitudinal surface plasmon resonance
(LSPR) and the transverse surface plasmon resonance (TSPR), respectively.'*** The LSPR of
Au NRs embedded in a dielectic medium is more sensitive to the change of aspect ratio
(length/width) than the TSPR because the longitudinal peak displays a blue shift (lower
wavelength shift) or a red shift (higher wavelength shift), which is not typically seen in the
TSPR.***"” The increase of the Au NRs aspect ratio leads to a red shift of the LSPR.>** The
TSPR is related to the width of Au NRs.
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Figure 3.11 UV-visible absorption spectrum of Au NRs presented in Figure 3.1.

The colour of colloidal Au NRs is likely to be size- and shape- dependent; however,

the change of absorption spectra cannot be detected by the human eye when the LSPR is
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above 700 nm (aspect ratio ~3).” It has been reported that the absorption of Au NRs in the

23,80

visible region of the spectrum is quite sensitive to by-products. When there is a large

quantity of spherical particles, an additional adsorption peak will appear between 500-600

1,82
IlI’l’l.8 8

It is known that the deposition of foreign metals on Au NRs results in a change of
optical properties. The SPR of Rh nanoparticles is not in the visible range. Figure 3.12 and
3.13 present the UV-visible absorption spectra of Rh deposited on once-centrifuged Au NRs
and on twice-centrifuged Au NRs, respectively. In both cases, the TSPR of Au NRs does not
display a red shift; however, the intensity of the TSPR slightly decreases with increasing Rh
content. The LSPR of Rh deposited on twice-centrifuged Au NRs is strongly attenuated and
has a larger red shift compared with that measured for once-centrifuged Au NRs. This effect

begins at lower Rh content for the twice-centrifuged NRs.

Focusing on Rh deposited on twice-centrifuged Au NRs, the Au NRs:Rh 10:1 sample
displays a large reduction of LSPR, with a concomitant broadening. At the higher molar ratios
of Au NRs:Rh, the LSPR is slightly decreased until it is only weakly observed for Au—Rh
NRs of 1:2 Au:Rh ratio. On increasing Rh content, the peak position of the LSPR is gradually
shifted to higher wavelength. The tendency of Rh to deposit preferentially on the ends of NRs
increases the aspect ratio, which leads to the red shift in the LSPR observed in Figure
3.12.3*4%% These results are consistent with our previous report of Rh overgrowth on once-
centrifuged Au NRs.*” The experimental and simulation results presented in that report agree
well, demonstrating that the trend in red shift can be attributed to increase of aspect ratio of
Au NRs on increasing the amount of Rh. It has also been shown recently that coating an entire
Au rod with Pt results in almost complete quenching of both TSPR and LSPR.* Rh and Pt

have similar absorption behaviour in this wavelength range and so it can be inferred that the
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quenching observed in Figure 3.13 for the sample of Au:Rh 1:2 ratio is a consequence of the

close to complete coverage of the Au NR, in agreement with the STEM data.

0.25
Au NRs
| —— Au NRs:Rh 10:1
020+ —— Au NRs:Rh 7:3
—— Au NRs:Rh 1:1

| —— Au NRs:Rh 1:2

o
-
(3.}

Absorbance (a.u.)
(=] =]
& >

000 L 1 L 1 L 1 L 1 L 1 L 1
400 500 600 700 800 900 1000

Wavelength (nm)

Figure 3.12 UV-visible absorption spectra of once-centrifuged Au NRs and Au NRs:Rh 10:1,7:3, 1:1
and 1:2 ratios.
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Figure 3.13 UV-visible absorption spectra of twice-centrifuged Au NRs and Au NRs:Rh 10:1,7:3, 1:1
and 1:2 ratios.
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Returning to the comparison between once-centrifuged and twice-centrifuged Au NRs,
it is possible to use similar arguments to rationalise the different in optical properties. The
more even deposition of Rh on twice-centrifuged particles, as seen in STEM images, would at

first red shift and broaden the LSPR at low Rh content and then quench it at high Rh content.

The light-scattered colour and the optical properties of nanoparticles are shape- and
size-dependent.**™® In the present work, the colour of Au nanoparticles in aqueous CTAB
solution is ruby red. The wavelength of absorption of spherical Au nanoparticles can appear
over a wide range of the visible spectrum, depending on the particles size.*® Spherical Au

nanoparticles (Au NPs) of size 3-5 nm display a single SPR at 535 nm, %’

as shown in Figure
3.14.
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Figure 3.14 UV-visible absorption spectrum of aqueous Au nanoparticles.

The formation of Rh supported on Au also influences the Au SPR. Figure 3.15
presents the absorption spectra of co-reduced Au:Rh nanoparticles. The intensity of the peak

arising from Au NPs is decreased from a Au:Rh ratio of 10:1 until 1:2 Au:Rh. Although the
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peak is still present for the sample of higher Rh content it is strongly attenuated, which
indicating some quenching of the SPR. This observation can be explained by the presence of
both Au and Rh in the NPs (dispersed particles or Rh-rich surface of the NPs) of this sample.
A red shift is not observed when increasing Rh content, which suggest that most particles are
in the form of separated Au and Rh particles in the other samples. This observation is
consistent with the STEM results, in which only the highest ratio of Au:Rh appeared to

contain particles with a partial core-shell formation.

Au NPs
0.3 —— co-reduced Au:Rh 10:1
—— co-reduced Au:Rh 7:3
- —— co-reduced Au:Rh 1:1
=) co-reduced Au:Rh 1:2
. 0.2 -
©
'
Q
=
© 0.1
0
-
%
.Q 0-0 I~
<
-0.1 . L . L .
400 500 600 700

Wavelength (nm)

Figure 3.15 UV-visible absorption spectra of Au NPs and co-reduced Au:Rh nanoparticles of
10:1,7:3, 1:1 and 1:2 ratios.

In the spectra acquired for sequentially reduced Au:Rh particles in Figure 3.16, the
plasmon band of Au is red shifted and broadened on increasing Rh content of the particles.
The red shift may result from either the formation of alloy and core-shell structure or from an
increase of Au—Rh particle size. The presence of Au is still observed at the highest ratio of

Au:Rh, indicating that some of the Au particles are not completely coated by Rh to form a
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core-shell structure. These results are in good agreement with the STEM results of these

sequentially reduced nanoparticles.
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Figure 3.16 UV-visible absorption spectra of Au NPs and sequentially reduced Au:Rh nanoparticles
of 10:1,7:3, 1:1 and 1:2 ratios.

3.3.1.3 X-ray photoelectron spectroscopy (XPS)

XPS was used to determine the prsence of Au and Rh on the surface. The XPS survey spectra
of Au NRs along with AuRh NRs samples are presented in Figure 3.17. The survey-scan
showed signals from Au 4f, Rh 3d, C Is and O 1s. The C 1s peaks result from the residues of
surfactant molecules and from the atmosphere in the chamber. The small peak at 183.4 eV
arises from the Si substrate. Au NRs show a strong spin-doublet at 83.8 eV (Au4f;,) and 87.5

44,87

eV (Au 4fs;), which can be assigned to metallic Au. In addition, a Au 3d signal is also

visible at higher binding energy.
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Figure 3.17 XPS spectra of Au NRs on Si substrate.

Figure 3.18 shows the XPS spectra of AuRh NRs of Au 4f, Au 3d, Rh 3d and C 1s.
The signals at 307 and 312 eV verify the existence of metallic Rh.***° At a Au:Rh ratio of
10:1, Au spectra and Rh spectra are weakly detected. Au spectra are barely visible and Rh
spectra are noticeable on Au NRs:Rh of 7:3 and the higher ratios. The intensity of the signals
corresponding to Rh nanoparticles is similar to that of Au NRs:Rh of 1:1 ratio, which has an
equal Rh content. The intensities of Au 4f and Au 3d significantly decrease on increasing Rh
concentration, indicating the successful deposition of Rh onto the surface of Au NRs. Also the
decrease of Au signal on increasing Rh may be according to the diffusion of Rh into the Au
surface. These XPS results suggest that Rh surface area increases at the expense of the Au
surface area as Rh concentration is increased during the reaction. This observation is
consistent with the deposition of Rh on Au inferred from the UV-visible spectra and STEM

images.
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Figure 3.18 XPS spectra of (a) Au NRs, (b) Au NRs:Rh 10:1, (c)7:3, (d) 1:1, (e) 1:2 and (f) Rh
nanoparticles.

Figure 3.19 displays the Rh3d features of Au NRs:Rh with different Au:Rh ratios. The data
show that the binding energy of Rh3d signals shift to lower binding energy with decreasing
Rh content. A chemical shift arises from the change in chemical bonding of elements and
electron transfer between elements. The Pauling electronegativities of Au and Rh are 2.54 and
2.28, respectively, indicating that a slight electron transfer should occur from Rh to Au.
According to the peak shift to lower binding energy; however, it seems that Rh is an electron
acceptor and Au is an electron donor.”’ This may caused by the environment of the particle
and the nature of the support. A similar effect, where Rh 3d shifted to lower binding energy,
was found by Rasko et al., when Rh was introduced onto a Au surface, which was supported
on TiO,.”” Possibly the Si substrate has an influence on the binding energy observed in the

present study.”” The chemical shift may also be due to the alloy formation. The Rh3d signal of
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Au NRs:Rh 1:2 is similar to position that of Rh particles, as a result of Rh enrichment on Au

surface at high Rh content.
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Figure 3.19 The Rh3d features of Au NRs:Rh at different Au:Rh ratios.

3.3.2 Electrochemical characterisation of Au NRs:Rh and Au:Rh nanoparticles
The catalyst suspensions were prepared by the procedure described in section 3.2. It should be
noted that the current in this work was normalised by the geometric surface area of the
electrode not the real surface area, and the potential is reported vs SCE.
3.3.2.1 Cyclic voltammetry

Figure 3.20 compares cyclic voltammograms (CVs) of a polycrystalline Au electrode,
Au NRs/C and Au NPs/C electrodes. The CV of the polycrystalline Au electrode has two
anodic peaks at > 1.1 V, corresponding to the formation of Au oxide. The cathodic peak at
0.85 V arises from the reduction of Au oxide.’ Peaks relating to hydrogen

adsorption/desorption are not detectable because hydrogen adsorbs too weakly on Au. The
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CVs of Au NRs/C and Au/C nanoparticles are different from that of the polycrystalline Au
electrode because there is a large capacitance from the carbon support. A pair of redox peaks
centred at 0.3 V can be attributed to quinoidal groups on carbon surfaces.® Au oxide formation
and Au oxide reduction peaks are also present for Au NRs/C and Au/C nanoparticles. The Au
oxide reduction peaks of Au NRs/C and Au/C nanoparticles are slightly shifted to more
negative potentials compared with that observed for the bulk Au electrode. The Au oxide
formation and Au oxide reduction peaks of Au/C nanoparticles are larger than those of Au
NRs/C because the surface area of the smaller nanoparticles is greater than that of the larger
nanorods at the same loading. It is noticeable that the peaks of quinoidal groups in Au/C
particles are smaller than those of Au NRs/C, suggesting that the Au nanoparticles are well

distributed and deposited on most of the carbon surface.
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Figure 3.20 Cyclic voltammograms of polycrystalline Au electrode, Au NRs/C and Au NPs/C
electrodes in Ar-saturated 0.5 M H,SO,. Scan rate 0.05 V s™.
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Figure 3.21 presents an assignment of the features in the CV of Rh/C nanoparticles in
Ar-saturated 0.5 M H,SOs. On the anodic scan, the hydrogen desorption peak (A) is observed
at negative potentials and Rh oxide formation (C and D) occurs at positive potentials. The
double layer region (B) is between hydrogen desorption and surface oxide formation. On the
cathodic scan, Rh oxide reduction (E) and hydrogen adsorption (F) are shown without the

%02 The peaks corresponding to the redox of

presence of double layer region between.
quinoidal species are close to the onset of Rh oxide reduction. In this Rh/C sample, the
quinoidal peaks are weak because Rh is well dispersed on the carbon support. The CV
features of Rh have some similarity to those of a polycrystalline Pt electrode.” The only
difference is the smaller double-layer region, especially in the cathodic scan, because of the

379495 The large separation

overlap between hydrogen desorption and Rh oxide reduction.
between Rh oxide formation (D) and Rh oxide reduction indicates irreversible oxide

formation. !
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Figure 3.21 Cyclic voltammogram of Rh/C nanoparticles in Ar-saturated 0.5 M H,SO,. Scan rate 0.05
Vs
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The overlap of the Rh oxide electroreduction process and the initial stage of the H
electroadsorption reaction typically occur when the upper potential limit is increased because
the irreversibility of the oxide formation is extensively enhanced.’””®”” The hydrogen
evolution starts at potentials negative of 0.1 V (vs RHE). The (A) and (F) regions in Figure
321 are nearly at the same potential, suggesting reversibility of hydrogen
adsorption/desorption. The reversibility occurs since the sulphate adsorption is rapidly
decreases from 0.25 V (vs RHE) to 0 V (vs RHE), thus hydrogen can be adsorbed on the Rh
surface.”®”

The oxide formation of Rh is related to the electrochemisorption of OH.® The
oxidation of bulk Rh in 0.5 M H,SO4 occurs in the potential range between 0.55 V (vs RHE)
and 1.40 V, forming Rh(OH) and Rh(OH);, respectively. The reduction of RhO(OH) is not
detectable, suggesting that RhO(OH) is hardly formed at potentials positive of that where

Rh(OH); is formed. The reactions corresponding to the oxidation and reduction processes are

as follows:*°

Formation

Rh + H,O & Rh(OH) + H" + ¢ 0.55-0.95V (vsRHE) (3.3)
Rh(OH) + 2H,0 = Rh(OH); + 2H" + 2e 0.94—1.40 V (vsRHE) (3.4)
2Rh(OH); + Rh = 3RhO(OH) + 3H" + 3e >1.40 V (vs RHE) (3.5)
Reduction

3RhO(OH) + 3H" + 3e - 2Rh(OH); + Rh (3.6)
Rh(OH); + 3H" + 3¢ = Rh +3H,0 (3.7)

The reaction schemes show that there are three sequential stages for Rh oxide

formation and two stages for reduction. Rh in the anodic scan preferentially forms oxide

59,60

species in the +3 oxidation state. The reaction scheme of Rh is different from that of the
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polycrystalline Pt electrode, which forms two different oxidation states differing in their
hydration.”””®” Also, there are two hydrogen desorption peaks on the polycrystalline Pt
electrode but there is only one hydrogen desorption peak on the Rh electrode. A typical CV of

a Pt polycrystalline electrode is shown in Figure 3.22.
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Figure 3.22 Cyclic voltammogram of polycrystalline Pt electrode in Ar-saturated 0.5 M H,SO,. Scan
rate 0.05 mV s™.

Cyclic voltammetry (CV) has been used to investigate the surface electrochemical
properties of Au NRs:Rh/C and Au:Rh/C nanoparticle electrodes. Figures 3.23 and 3.24
compare CVs of Au NRs/C and Au NRs:Rh/C electrodes in Ar-saturated 0.5 M H,SOy4 at high
and low upper potential limit, respectively. The oxide formation and reduction peaks of Au
and Rh are distinguishable. The peaks of quinoidal groups are slightly suppressed with
increasing Rh content on Au NRs. The Au oxide formation and Au oxide reduction peaks
decrease in size with increasing Rh content of the catalyst. These peaks are still visible for the
Au NRs:Rh of 10:1, 7:3 and 1:1 ratios but not for the 1:2 ratio. The Rh oxide formation peak,

located at 0.5 V, is not visible for Au NRs:Rh of 10:1 and 7:3 ratios but it is clearly observed
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for Au NRs:Rh of 1:1 and 1:2 ratios. The Rh oxide reduction peak at 0.03 V is also only
observed for Au NRs:Rh of 1:1 and 1:2 ratios. The hydrogen adsorption/desorption current of
the under potentially deposited hydrogen (Hupp) (shown also in Figure 3.24) is just

discernible for 10:1 and 7:3 ratios and significantly increased for 1:1 and 1:2 ratios.
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Figure 3.23 Cyclic voltammograms of Au NRs/C and Au NRs:Rh/C in Ar-saturated 0.5 M H,SO,.
Scan rate 0.05 Vs~

The absence of Rh oxide reduction and H adsorption/desorption peaks in CVs
acquired for Au NRs:Rh/C of 10:1 and 7:3 ratios suggests that the exposed catalyst surface is
composed mainly of Au. The Rh atoms may be dispersed on the Au NR surface or beginning
to form an alloy. The surface energy of Rh is higher than that of Au, indicating that metal
clusters can be formed and covered by Au.” As a result, Rh particles could be incorporated
and diffused into Au surfaces to form homogenous Au-Rh alloys.’”**™ A recent study has
shown that Au is incorporated into Rh outgrowths of samples of 10:1 composition.”® The

presence of Rh oxide formation and Rh oxide reduction peaks for Au NRs:Rh of 1:1 and 1:2
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ratios suggest that Rh has coated the majority of the Au NR surfaces to form a core-shell
structure, with a Rh-rich phase. It is likely that Rh surface segregation takes place only at high
Rh content.”* Therefore, the samples containing less Rh may have electrochemical properties
of bare Au NRs and Au—Rh alloy formation, while the higher containing Rh samples may

have properties related to Rh-rich phase behaviour.”®
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Figure 3.24 Cyclic voltammograms of Au NRs:Rh/C in Ar-saturated 0.5 M H,SO, with upper
potential at 0.55 V. Scan rate 0.1 V s™.

The real surface area of Au was quantified from the CVs by the integration of the
charge under the Au oxide reduction peak, as shown in Figure 3.23. The charge for the
reduction of the Au oxide monolayer is 400 pC cm™.>® The real surface area of Rh was
calculated by the integration of the hydrogen desorption peak of Hypp in Figure 3.24, using
the value of 220 pC cm™ for a full monolayer of Hypp *®' The hydrogen adsorption has not

been used to estimate the real surface area of Rh due to the influence of co-adsorption from
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electrolyte anions®!**!!

and the overlapping of H adsorption and Rh oxide reduction,
indicating that the real surface area is prone to systematic error.

Table 3.1 and 3.2 present the charges corresponding to the reduction of Au oxide and
H desorption for each sample. The Au oxide reduction is observed on Au NRs:Rh/C of 10:1,
7:3 and 1:1 ratios, while it is not observed on that of 1:2 ratio, suggesting full Rh coverage.
The charges attributed to Au oxide reduction decrease on increasing the amount of Rh,
suggesting the decrease of Au surface area. The charges from H desorption increase; however,
they only begin to be observed on Au NRs:Rh/C of 1:1 ratio, indicating the increase of Rh
real surface area. The charges due to hydrogen desorption on Au NRs:Rh of 1:2 ratio is
dramatically increased, indicating a Rh-rich phase on this sample. The surface area appears

low on AuRh NRs of 10:1 and 7:3 Au:Rh ratios perhaps because of the incorporation and

diffusion of Rh into the Au surface.”’

Table 3.1 The charge and the real surface area of Au NRs:Rh samples, corresponding to the reduction

of Au oxide.

Sample Position | Charge due to Au | Surface area of Au | % Area of Au on
(V) surface oxide on nanorod surface | nanorod surface

reduction (nC) (cm?)

Au NRs 0.88 20.6 0.052 100

Au NRs:Rh 10:1 0.88 15.0 0.038 73

Au NRs:Rh 7:3 0.89 11.0 0.028 54

Au NRs:Rh 1:1 0.89 6.94 0.017 32

Au NRs:Rh 1:2 - - - -

Table 3.2 The charge and the real surface area of Au NRs:Rh samples, corresponding to the hydrogen

desorption.
Sample Position Charge due to Surface area of | Metal (Au + Rh)
(V) hydrogen Rh (cm?) loading at
desorption (uC) electrode / ug cm™

Au NRs - - - 42

Au NRs:Rh 10:1 - - - 44

Au NRs:Rh 7:3 - - - 51

Au NRs:Rh 1:1 -0.18 3.15 0.014 64

Au NRs:Rh 1:2 -0.17 16.2 0.073 86
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The inability to quantify the Rh area for some of the samples means that the real
surface area cannot be calculated without large error, for this reason currents were normalised
to geometric surface area. The co-reduced and sequentially reduced Au:Rh/C nanoparticles
were also electrochemically characterised by cyclic voltammetry. Figure 3.25 compares CVs
of co-reduced Au:Rh/C nanoparticles. Au oxide formation decreases as the Rh content
increases. Au oxide formation disappears when the Au:Rh ratio is 1:1 and 1:2. The Au oxide
reduction is decreased on increasing Rh until it is hardly observed at the highest Rh:Au ratio.
The peaks corresponding to Rh oxide reduction and hydrogen desorption increase until the
Au:Rh 1:1 ratio and then decrease for the 1:2 ratio. Figure 3.26 compares CVs of co-reduced
Au:Rh/C nanoparticles measured with an upper potential at 0.5 V. The hydrogen desorption
and Rh oxide reduction peaks increase until the Au:Rh 1:1 ratio and decrease for the 1:2 ratio.
The decrease of Rh oxide reduction and hydrogen desorption current density on co-reduced
Au:Rh/C nanoparticles of 1:2 ratio may be explained by the formation of Au—Rh alloys, the
increase of particle size and the decrease of metal surface area.

The real surface area of co-reduced Au:Rh/C nanoparticles determined by the charge
integration in Figures 3.25 and 3.26 are presented in Table 3.3 and 3.4. The surface area of Au
nanoparticles decreases when increasing Rh content; however, the Au surface area decrease
may result from the incorporation of Au into a few large particles (of relatively low surface
area), instead of Au—Rh alloy formation, since most Au and Rh particles are separated
particles. The sharp Au surface area decrease at the highest Rh contents arises from the alloy
formation and the particles size increase, as observed with STEM. Interestingly, the Rh oxide
reduction peak in Figure 3.26 is at a more positive potential than that observed in Figure 3.25.
The negative shift of Rh oxide reduction peak of the higher upper potential limit is because of

the irreversibility of Rh oxide reduction.
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Figure 3.25 Cyclic voltammograms of Au/C nanoparticles and Au:Rh/C co-reduced nanoparticles in
Ar-saturated 0.5 M H,SO,. Scan rate 0.05 V s™.
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Figure 3.26 Cyclic voltammograms of co-reduced Au:Rh/C nanoparticles in Ar-saturated 0.5 M
H,SO, with upper potential at 0.5 V. Scan rate 0.1 Vs™.
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Table 3.3 The charge and the real surface area of co-reduced Au:Rh nanoparticle samples,
corresponding to the reduction of Au oxide.

Sample Position | Charge due to Au | Surface area of Au % Area of Au
(V) surface oxide on nanoparticle on nanoparticle
reduction (nC) surface (cm?) surface

Au nanoparticles 0.89 57.6 0.144 100
Au:Rh 10:1 0.90 36.5 0.091 63
Au:Rh 7:3 0.89 18.9 0.047 32
Au:Rh 1:1 0.88 6.49 0.016 11
Au:Rh 1:2 - - - -

Table 3.4 The charge and the real surface area of co-reduced Au:Rh nanoparticle samples,
corresponding to the hydrogen desorption.

Sample Position Charge due to Surface area of Rh
co-reduced V) hydrogen nanoparticle surface
nanoparticles desorption (LC) (cm?)
Au:Rh 10:1 -0.15 1.17 0.01
Au:Rh 7:3 -0.22 20.2 0.09
Auw:Rh 1:1 -0.16 88.0 0.40
Au:Rh 1:2 -0.16 61.3 0.28

Figure 3.27 and 3.28 present CVs of Au/C nanoparticles and sequentially reduced

Au:Rh/C nanoparticles with high and low upper potential limits, respectively. The Au oxide

reduction peak is diminished until a minimum is reached at a Au:Rh/C ratio of 1:1 and

increased for the 1:2 ratio. The Rh oxide reduction begins to appear from Au:Rh/C of 7:3 ratio

and increases until reaching a maximum at the 1:1 ratio, followed by a decrease for the 1:2

ratio. The hydrogen desorption can be observed for the 1:1 composition and decreases on that

of 1:2 ratios. The presence of Rh oxide reduction and hydrogen desorption for high Rh

content agree well with the results of Rh deposited on Au NRs and indicate that a Rh-rich

phase is formed for particles of high Rh content, while an alloy may be formed for particles of

low Rh content.

101




1.5

Au/C

12 L Au:Rh/C nanoparticles10:1

L Au:Rh/C nanoparticles 7:3

09 L Au:Rh/C nanoparticles 1:1

| Au:Rh/C nanoparticles1:2
(\.l 0.6
,_E;. 0.3
E 0.0
— L
t— -0.3 -
-0.6

-0.9 1 . 1 . 1 . 1 . 1 . 1 .
-0.3 0.0 0.3 0.6 0.9 1.2 1.5
E/V vs SCE

Figure 3.27 Cyclic voltammograms of Au/C nanoparticles and Au:Rh/C sequentially reduced
nanoparticles in Ar-saturated 0.5 M H,SOs. Scan rate 0.05 V st
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Figure 3.28 Cyclic voltammograms of sequentially reduced Au:Rh/C nanoparticles in Ar-

saturated 0.5 M H,SO4 with upper potential at 0.5 V. Scan rate 0.1 V's™.

The real surface areas of sequentially reduced Au:Rh nanoparticles determined by the
charge integration in Figure 3.27 and 3.28 are presented in Table 3.5 and 3.6., respectively.

The surface area of Au nanoparticles diminishes until reaching a minimum for Au:Rh of 1:1
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ratio, followed by a slight increase for the Au:Rh of 1:2 ratio. The surface area of Rh from
charge integration of hydrogen desorption enables the area of the Au:Rh of 1:1 and 1:2 ratios.
The smaller surface area of the 1:2 ratio sample is because the aggregation of particles at high
Rh content increases the average particle size and reduce surface area. It is noticeable that the
hydrogen desorption at sequentially reduced Au:Rh nanoparticles is lower than that of co-
reduced Au:Rh nanoparticles, suggesting that the Rh surface area of the particles is lower for
sequentially reduced nanoparticles. STEM images of sequentially reduced nanoparticles show
that the average particle size of sequentially reduced Au:Rh nanoparticles is larger than that of
co-reduced nanoparticles, which explains the decrease in surface area. The electrocatalytic
activity of the three types of samples toward oxygen reduction will be discussed in the next

section.

Table 3.5 The charge and the real surface area of sequentially reduced Au:Rh nanoparticles,
corresponding to the reduction of Au oxide.

Sample Position | Charge due to Au | Surface area of Au | % Area of Au on
(V) surface oxide on nanoparticle nanoparticle
reduction (nC) surface (cm?) surface

Au nanoparticles 0.89 57.6 0.144 100
Au:Rh 10:1 0.91 25.8 0.063 36
Au:Rh 7:3 0.92 18.1 0.045 31

Au:Rh 1:1 0.91 10.6 0.026 21

Au:Rh 1:2 0.91 15.3 0.038 27

Table 3.6 The charge and the real surface area of sequentially reduced Au:Rh nanoparticles.

Sample Position Charge due to Surface area of Rh
sequentially reduced (V) hydrogen desorption | nanoparticle surface
nanoparticles (nC) (cm?)
Au:Rh 10:1 - - -

Au:Rh 7:3 - - -

Auw:Rh 1:1 -0.17 10.95 0.050
Au:Rh 1:2 -0.16 4.13 0.019
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3.3.3 Oxygen reduction reaction in 0.5 M H,SOy4

The electrocatalytic activities toward the ORR of Au NRs, Au nanoparticles, co-reduced and
sequentially reduced Au:Rh nanoparticles were obtained using a rotating disc electrode (RDE)
in oxygen-saturated 0.5 M H,SO4. The anodic going sweep has been used for the data
analysis. The background current has been substracted from the RDE curves for the ORR on
each electrode.

The RDE polarisation curves (with 400, 900, 1600 and 2500 rpm) of the
polycrystalline Au electrode are presented in Figure 3.29. Figure 3.30 shows RDE polarisation
curves for Au NRs/C and Au NRs:Rh/C samples. The RDE curves of Au NRs/C are presented
in Figure 3.30 (a); the characteristics of the curves are identical to those of the curves acquired

for a typical Au electrode, as shown in Figure 3.29.%%!%

Both Au and carbon support have
low ORR electrocatalytic activity in acidic electrolyte. The onset potential of the ORR (the
starting potential of the ORR) for Au NRs/C is at 0.17 V. The diffusion-limited current
plateau was not found for this sample, suggesting a mixed control of diffusion and kinetic

8102 The reduction current of the ORR continued to increase at

limitations of the reaction.
cathodic potentials: the reduction current of the Au NRs/C commences at 0.2 V and increases
as the potential is negatively scanned to -0.3 V. The current densities of the polarisation
curves increase with increasing rotating rate of electrode, indicating that the ORR at the Au
NRs/C depends on rotation rate, whilst the polarisation curves of Au NRs/C in Ar-saturated
0.5 M H,SO4 (background, not shown here) are independent of electrode rotation rate. The
polarisation curves of Au NRs:Rh/C of 10:1, 7:3 and 1:1 ratios have onset potentials at 0.3 V,
0.45 V and 0.5 V, respectively, and also exhibit no limiting current, as shown in Figure

3.30(b), (c) and (d), respectively. The polarisation curves of those samples have similar

attributes to those of the Au NRs/C; however, the electrocatalytic activities and reduction
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currents of Au NRs:Rh samples in the kinetically controlled region are higher than for the Au
NRs/C sample. A well-defined limiting current is obtained only on Au NRs:Rh of 1:2 ratio
and the onset potential is 0.55 V, as shown in Figure 3.30(e), suggesting that the reaction
kinetics is faster for the sample containing a Rh-rich phase. Figure 3.30(f) compares the
polarisation curves acquired for Au NRs/C and Au NRs:Rh/C of different ratios, at a rotation
rate of 1600 rpm. It is clearly seen that the onset potential of the ORR is sequentially shifted
to more positive potential with increasing Rh content of Au NRs. It is likely the presence of
Rh on Au NRs dramatically increases the catalytic activity because the catalytic activity of Au
NRs for the ORR is lower than that of Rh. The ORR at the Au NRs/C starts at 0.2 V. The
ORR at potentials positive of 0.3 V is catalysed by Rh or alloyed Au—Rh.**** The presence of
additionally dispersed Rh small particles (apart from the Rh on Au NRs) was observed in
STEM images of the Au NRs:Rh 1:2 ratio. However, the catalytic activity of this sample
mostly shows from Rh on Au NRs because the catalytic activity of Rh small particles on the
ORR would be expected to be higher (even at low Rh content, as seen in co-reduced Au—Rh

particles).
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Figure 3.29 RDE polarisation curves for the ORR on a polycrystalline Au electrode in oxygen-
saturated 0.5 M H,SO,. Scan rate 0.01 V's™.

105



(a) (b)
0.0 - 0.0
N 041 je 0.3+ i
£
E : -0.6 o/rpm i
/
ERIEAY | E
- —~ 900
~ 1222 = 09} 1600 -
-1.2 + 2500 b 2500
1 1 1 1 1 1 1 1 1 = 2 ! ! ! ! ! ! ! !
04 03 -02 -01 00 01 02 0.3 0.4 05 0.6 03 0.2 -01 0'2_ IVVSOQCI%S 0.4 05 06
E/V vs SCE
0.0} (¢ 0.0 (d)
04}
04+
o “.‘E 0.8}
g 0.8} o/ tpm IT) 12 o/ rpm
< 400 < [ 40
£ 1.2+ €
= 900 = 16 900
~
1600
1.6+ 20k 1600
2500 2500
_20 1 1 1 1 1 1 1 1 _2_4 1 1 1 1 1 1 1 1
03 0.2 01 00 01 02 03 04 05 0.6 -0.3 0.2 01 00 01 02 03 04 05 0.6
E/V vs SCE E/V vs SCE
0.0 T T T T T T
-0.4
-0.8
o
£
o -1.2
<
~ -1.6
"~ —— Au NRs
—— Au NRs:Rh 10:1
-2.0 —— AUNRSRh7:3 T
—— Au NRs:Rh 1:1
2.4 ——AuNRs:Rh1:2 |
-03 0.2 01 00 01 02 03 04 0.5 0.6 01 0.0 01 0.2 0.3 0.4 0.5 0.6
E/V vs SCE E/V vs SCE

Figure 3.30 RDE polarisation curves for the ORR on (a) Au NRs/C, Au NRs:Rh/C (b) 10:1, (¢) 7:3,
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Figure 3.31 presents the RDE curves for Au/C, Rh/C and co-reduced Au:Rh/C nanoparticles.
The onset potential observed for Au/C particles in Figure 3.31(a) is at 0.24 V, which is slightly shifted

to more positive potential compared with Au NRs/C. This may be interpreted by not only shape
dependence but also by surface area dependence of catalytic activities. The RDE curve for
Rh/C nanoparticles displayed in Figure 3.31(b) has an onset potential at 0.57 V, indicating
that Rh/C particles are very active towards the ORR. The reduction current of the Rh/C
nanoparticles is dramatically higher than that of Au/C particles and the limiting current is
reached at ca 0.15 V. The onset potentials of Au:Rh of 10:1, 7:3 and 1:2 ratios are close to
potential at 0.55 V, while that of the 1:1 ratio is at 0.6 V. The limiting current is apparent for
Rh concentrations from Au:Rh 7:3 ratio. It is noticeable that there is a shallow peak at 0.15 V
for the Au:Rh/C 1:2 ratio, which may result from the reduction of hydroxyl (oxide) species
from the Rh>, as seen in Figure 3.31(f). This may suggest that Au—Rh alloy formation or
particle aggregation at high Rh content enables the reduction of hydroxyl species during the
ORR.

From the comparison in Figure 3.32, it can be seen that the limiting current of the
ORR on the Au:Rh 1:1 ratio sample is reached at a more positive potential than the other
samples. However, most of the Au and Rh in the co-reduced nanoparticle sample are in
separate nanoparticles, except for the 1:2 ratio. Thus, the increase of catalytic activities for co-
reduced Au:Rh samples may result from the increase of the amount of Rh nanoparticles
instead of the modification of surface structure.” The current decrease and the negatively
shifted onset potential of the co-reduced Au:Rh 1:2 sample occurs as a result of Au—Rh alloy

formation and decrease of surface area.
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Figure 3.31 RDE polarisation curves for the ORR on (a) Au/C, (b) Rh/C, co-reduced Au:Rh/C (c)
10:1, (d) 7:3, (e) 1:1and (f) 1:2 nanoparticles, all measured in oxygen-saturated 0.5 M H,SO,. Scan
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Figure 3.32 Comparison of Au/C, Rh/C and co-reduced Au:Rh/C nanoparticles at rotation rate of

1600 rpm in oxygen-saturated 0.5 M H,SO,. Scan rate 0.01 V s,

Figure 3.33 illustrates the corresponding RDE curves acquired for the ORR at
sequentially reduced Au:Rh/C nanoparticles. The polarisation curves of the Au:Rh/C 10:1
ratio sample have similar features as those of Au/C nanoparticles; however, the reduction
current is higher than that of Au/C and the onset potential is at a more positive potential. A
limiting current is observed at Au:Rh ratios of 7:3 and above. The data for the 7:3, 1:1 and 1:2
ratios reach limiting currents at -0.1 V, 0.2 V and 0.1 V, respectively. The reduction current is
decreased and the onset potential is negatively shifted for the highest Rh content. A
comparison of the data acquired for sequentially reduced Au:Rh nanoparticles is presented in
Figure 3.34. It is clearly observed that a decrease of overpotential is obtained when increasing
Rh content. The current density is drastically enhanced on Au:Rh for 7:3 and the above ratios.
It is likely that the lowest Rh content tends to display catalytic activity similar to the bare
Au/C nanoparticles because Rh is incorporated into the Au surface.’’ After this ratio, the
growth of Rh on Au nanoparticle is induced and a Rh-rich phase is formed on Au particles, as
shown in STEM images. However, the Au seeds have not been completely coated by Rh, as

the UV-vis spectra still show a SPR (corresponding to Au) and the Au oxide reduction peak

109



still can be observed in the CV. Some aggregation of the particles can be observed at high Rh

content, which may explain the decrease in ORR activity for this sample.
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Figure 3.33 RDE polarisation curves for ORR on sequentially reduced Au:Rh/C (a) 10:1, (b) 7:3, (¢)
1:1 and (d) 1:2 in oxygen-saturated 0.5 M H,SO,. Scan rate 10 mV s™.
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Figure 3.34 Comparison of Au/C, Rh/C and sequentially reduced Au:Rh/C nanoparticles at rotation
rate of 1600 rpm in oxygen-saturated 0.5 M H,SO,. Scan rate 0.01 V s,
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It is evident from the comparison of the three types of sample that the overpotentials of
co-reduced and sequentially reduced nanoparticles are smaller than those measured for rod-
shaped nanoparticles. These features can be attributed to shape dependence of catalytic
activity and to the difference in surface area of the particles. Comparing co-reduced and
sequentially reduced particles, the overpotential needed to drive the ORR on sequentially
reduced particles is higher than that with the former. The co-reduced nanoparticles mostly
consist of mixed Au and Rh particles, with some partial alloy formation at high Rh content,
whilst the sequentially reduced particles contain particles with an alloy phase and a Rh-rich
phase. This suggests that the catalytic activity of sequentially reduced Au:Rh nanoparticles is
more controllable by the composition of Rh on Au surfaces than that of co-reduced Au:Rh

nanoparticles.

It is clear that there is a major enhancement of Au catalytic activity toward the ORR
via the modification of Au nanorods and nanoparticles by sufficient Rh content, which is
higher than 10% of Rh on Au. The deposition of Rh starts on Au (111), as proposed on Au
NRs.* The diluted Rh alloy of 10% of Rh on Au NRs and Au particles shows similar catalytic
activity to that of the pure Au. Thus, it is proposed that a Au-rich surface with a minority of
Rh atoms results in behaviour similar to pure Au. A previous report on Au—Pd nanoalloys
revealed that a surface alloy of Au and Pd is formed for samples of Pd content below 15% and

present the catalytic activity on the ORR similar to that of Au nanoparticles.’’

3.3.4 Koutecky-Levich analysis of Au NRs:Rh and Au:Rh nanoparticles

The RDE data can be analysed to obtain the number of electrons transferred in the reaction

using the Koutecky-Levich (K-L) equation.'®
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where j is the measured current density, ji is the current density relating to kinetic limitation,
jq is the diffusion-limited current density, F is the Faraday constant (96,485 C mol™), n is the
number of electrons transferred per O, molecule, Do, is the diffusion coefficient of oxygen
(1.8 x 10° cm*s™),° Cop,1s the concentration of oxygen in the bulk (1.13 x 10 mol cm™).,’ @
is the rotation rate of the disc electrode (rad s™), k is the rate constant for O, reduction and v
is the kinematic viscosity of the solution (0.01 cm?® s™).° Plots of j =1 vs w~1/2 (K—L plots) can

be made and kinetic parametres determined using Eq. (3.8).

Figure 3.35(a) - (e) presents the KL plots derived from the RDE data of Au NRs/C
and Au NRs:Rh/C at various potentials. The linearity and parallelism of the plots indicate that
the number of electrons transferred per O, molecule does not significantly change over the
potential range of the experiment and confirm that the reaction is first order with respect to
oxygen.'™ Figure 3.35(f) compares the K-L plots obtained from data measured for Au NRs/C
and Au NRs:Rh/C samples at -0.1 V. It is noticeable that the slope of the plot for Au NRs/C is
lower than that of Au NRs:Rh/C of 10:1 ratio, while the slopes of the other samples decrease

with increasing Rh content.

Figure 3.36 and 3.37 display the K-L plots of co-reduced and sequentially reduced
Au:Rh/C nanoparticles, respectively. Linear and parallel lines are obtained for these samples,
similar to those of Au NRs:Rh/C samples. The K—L plot comparison of co-reduced
nanoparticles at 0.0 V in Figure 3.36(f) shows that the slope of the plot for Au/C is reasonably
higher than those co-reduced Au:Rh nanoparticles. The slope of the plot for Au/C is similar to

that for the sequentially reduced Au:Rh 10:1 nanoparticles, as seen in Figure 3.37(f),
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indicating that the catalytic selectivity of sequentially reduced Au:Rh nanoparticles of 10:1

ratio tends toward that of Au/C nanoparticles.
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The number of electrons transferred per oxygen molecule (n) was calculated from the
slopes of the K-L plots and Eq. (3.8). Figure 3.38(a) is a plot of n as a function of potential
for Au NRs/C and Au NRs:Rh/C at different ratios. The number of electrons transferred at Au
NRs catalysts increases as a function of potential and reaches a number close to 2 at the foot
of the polarisation curve, suggesting that H,O, is the main product at these potentials. The n
values tend to be higher than 2 at more negative potentials, indicating the further reduction of
H,0; to H,O. Interestingly, the n value obtained on Au NRs:Rh of 10:1 ratio is also close to 2;
however, the n values at potentials negative of 0.0 V are less than those of Au NRs, which
would indicate higher selectivity towards H,O,. The current densities and the n values on the
above Au NRs:Rh of 10:1 ratio gradually increases with increasing Rh content, indicating that

H,O0 is the main reduction product when a Rh-rich phase is present on Au NRs.

The decrease of n value for Rh loading up to 10% on Au NRs is a result of the
formation of Au—Rh alloys, which seems to enable suppression of the further reduction of
H,0, at more negative potentials and increases selectivity towards H,O, production. The
H,0, production enhancement is related to the incorporation of Rh atoms on Au surfaces. The
alloy formations inhibit the O—O bond breaking. This behaviour is similar to that in a previous
report on Au—Pd alloys, based on DFT modelling and surface composition analysis by CVs,
that Pd loading up to 10% on Au surface suppresses the further reduction of H,O,>” The DFT
modelling suggested that alloying formation of Pd, Pt and Rh on Au surface should improve
the selectivity of H>O, production compared with pure Au, although the effect of Rh was
predicted to be smaller than that of Pd and Pt. Figure 3.38(b) compares the n values obtained
for the ORR at Au/C nanoparticles and at co-reduced Au:Rh/C nanoparticles. The n value for

Au/C nanoparticles is ca 3, which is higher than that for Au NRs/C.
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electrodes (b) Au/C nanoparticles and different ratio of co-reduced Au:Rh/C nanoparticles and (c)
Au/C nanoparticles and different ratio of sequentially reduced Au:Rh/C nanoparticles.
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Values of 3 > n > 2 in acidic media have been reported for various thicknesses of Au

336 and for different loadings of Au on carbon substrates. 1637 A

film on glassy carbon electrode
value of n of ca 2 was obtained for Au (100) and Au (110) single crystal electrodes higher
than for Au (111).'” The higher number of electrons measured in the ORR on Au/C
nanoparticles compared with that for Au NRs/C may arise from the different surface
structures of Au. The n value increases on increasing Rh content until a maximum for the 1:1
ratio, decreasing for the 1:2 ratio, which is the only sample where partial alloy formation was
observed. It is seen that the n values obtained for the ORR at co-reduced Au:Rh/C of 10:1
ratio are considerably higher than those for Au NRs:Rh/C 10:1 samples because the
electrocatalytic activity of the co-reduced particles is mostly from separate Au and Rh
particles. Figure 3.38(c) shows that the n values measured for sequentially reduced Au:Rh/C
nanoparticles are drastically increased for the Au:Rh 7:3 sample and slightly increased after
that ratio. The Au:Rh 1:1 sample yields the highest n value. The n values determined for

sequentially reduced Au:Rh/C 10:1 are slightly lower than those for Au/C nanoparticles,

similar to the case for Au NRs.

3.3.5 Analysis of electrode kinetics by Koutecky-Levich and Tafel Equations
The rate of electron transfer or current density for a reaction depends on several parameters,
such as standard rate constant and concentration, transfer coefficient and applied

overpotential.

The kinetic current density, ji, can be estimated from an intercept of the K—L plot at

different potentials, in accordance with Eq. (3.8). From Eq. (3.8), the rate constant (k) can be
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expressed in terms of ji using Eq. (3.9).>° The results for each sample at -0.1 V are given in

Table 3.7.

= Jk (3.9)

nFCo,

It is known that the rate constant also can be expressed by Eq. (3.10). This equation describes

the rate constant as a function of potential measured vs a reference electrode.”
k = koexp (—ME) (3.10)

where k stands for a purely chemical rate constant, indicating the activity of the surface for
oxygen reduction in the absence of an electric field, a is the transfer coefficient (or symmetry
factor), n, is the number of electrons transferred in the rate-determining step (RDS), which is
the slowest step of the ORR, R is the gas constant (8.314 J K™ mol™), T is the absolute
temperature (K). The values k, and an, can be calculated from the intercept and the slope of
the log k vs E plot, respectively. Values of k were estimated from jj using Eq. (3.9) and log k
vs E was plotted for each sample. Values of k, and an, were estimated from the plots using
Eq. (3.10) and the results are shown in Table 3.7. The rate constant, k, calculated from the
intercept of the K—L plot at 0.0 V, increases with increasing Rh content, except for the highest
ratio of Rh for co-reduced and sequentially reduced nanoparticles, whose ORR rate constants
are decreased. The values of k, obtained for Au NRs:Rh samples are in similar sequence to
their k. The values of k calculated for co-reduced and sequentially reduced nanoparticles are

in similar trend to their k, although there is a fluctuation at the lowest Rh content.
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Table 3.7 Values of j, k, ky, an, and Tafel slope.

Samples Jk/ kcms™ kocms' | ang Tafel Tafel
mA at0.0 v slope lcd / slope
cm’ mV dec’! hcd/ mV
dec!
Au NRs/C 1.02 | 243 x 107 | 2.24 x10™ | 0.20 - 170
Au NRs:Rh/C 10:1 1.07 | 2.45% 107 | 537 x 10° | 0.18 - 183
Au NRs:Rh/C 7:3 231 [ 530%x 107 | 1.66 x 107 | 0.17 97 128
Au NRs:Rh/C 1:1 336 | 770 x 107 | 7.24 x 10 | 0.18 83 132
Au NRs:Rh/C 1:2 531 [ 1.22x 107 | 3.90 x 10° | 0.17 60 110
Au/C 092 [ 3.85x 107 | 6.92x 107 | 0.22 - 136
Rh/C 454 1 1.04%x 107 | 3.17x 107 | 0.14 86 126
Co-reduced Au:Rh/C 10:1 | 3.10 | 7.11 x 107 | 2.40 x 107" | 0.27 93 136
Co-reduced Au:Rh/C 7:3 | 3.34 | 7.66 x 10> | 9.77 x 10 | 0.23 80 137
Co-reduced Aw:Rh/C 1:1 | 4.11 | 942 x 107 | 2.57 x 10" | 0.24 71 134
Co-reduced Au:Rh/C 1:2 | 3.06 | 7.02 x 107 | 5.89 x 102 | 0.19 84 112
Sequentially reduced 3.10 | 7.11 x 107 | 1.07 x 10 | 0.16 - 158
Au:Rh/C 10:1
Sequentially reduced 330 | 7.57 x 107 | 3.09 x 107 | 0.24 87 135
Au:Rh/C 7:3
Sequentially reduced 3.96 | 9.08 x 10” | 7.08 x 10 | 0.18 67 117
Au:Rh/C 1:1
Sequentially reduced 335 | 7.68 x 107 | 2.34 x 10™ | 0.22 75 128
Au:Rh/C 1:2

The electrode kinetics can also be obtained with the Tafel equation in Eq. (3.12),

which is written as Eq. (3.11).>%'%'® The mass transport-corrected Tafel equation was

applied in order to analyse the kinetic current density. The value of ji is estimated by revising

Eq. (3.8) to Eq. (3.13). The Tafel equation can be rearranged in the form of Eq. (3.14).

__ 2.303RT

—angFn

Jxk = Jjo€ RT

angF

log jo —

2.303RT
angF

log jx

(3.11)

(3.12)

where j is the exchange current density and 7 is the overpotential (£ — E¢).

Jk =

jdj
Ja—1J

120

(3.13)




2.303RT

_ o P _J
n = (logjo logjq log jd—j) (3.14)

angF

From Eq. (3.11), it can be seen that the current density depends on the applied potential and

the electron-transfer activity at the equilibrium potential.

Figure 3.39, 3.40 and 3.41 present mass transfer-corrected Tafel plots obtained from

the RDE data of Au NRs/C, Au NRs:Rh/C, Au/C nanoparticles, co-reduced and sequentially

reduced Au:Rh nanoparticles. For the x-axis values of (];), j is taken from the current

density of the polarisation curve of each surface when the RDE is rotated at 1600 rpm. The
value of jq for each surface is calculated from the K-L equation. The Tafel slopes of each
sample are presented in Table 3.7. For Au NRs/C, Au/C nanoparticles, 10:1 Au NRs:Rh/C
and 10:1 sequentially reduced Au:Rh nanoparticles, one Tafel slope is obtained. For the Rh/C
nanoparticle, Au NRs:Rh/C, co-reduced and sequentially reduced Au:Rh/C nanoparticle at
high Rh content, two Tafel slopes are obtained, at the high current densities (hcd) and low
current densities (Icd). The Tafel slopes of Au NRs/C and Au/C are close to 170 mV dec™ and
136 mV dec”', respectively. These values depend on the morphology of nanoparticles.®”'*"
1425106107 The Tafel slopes of 10:1 Au NRs:Rh/C and 10:1 sequentially reduced Au:Rh
nanoparticles are close to those observed for the ORR at Au NRs/C and Au/C nanoparticles.
The values indicate that the first electron transfer from Au surface to oxygen is the rate-
determining step. Tafel slope values higher than 120 mV dec™ have been reported in the
literature for Au (111) electrode and Au nanoparticles.™® Tafel slopes higher than -120 mV
dec’ have been explained by a potential distribution at the interface affected by the

: : 108
accumulation of peroxide.

This could arise from a higher degree of sulphate adsorption on
Au (111). The high Tafel slope value for the Au NRs could be further evidence that there are

some Au (111) sites on the Au NR and Au NPs surfaces.

121



-0.12
-0.13
-0.14
-0.15
-0.16

EIV

-0.17
-0.18
-0.19
-0.20

0.56

0.54

0.52

0.50

EIV

0.48

0.46

0.44

y=-0.170 x - 0.7785

(

a)

-3.8 -3.7 -3

.6

log (/i)

y =-0.097x + 0.285

y=-0.128y + 0.214

28 26 -24

EIV

-2.2

0.60
0.58
0.56

0.54 -

0.52
0.50
0.48
0.46
0.44

-2.0 -1.8
log (/i)

0.27

0.26 |

0.25

0.24 |

EIV

0.22 -

0.21

0.20 |

'
-

0.56

0.52

0.48

EIV

0.44

0.40

0.23 -

.50 -1.45 -1.40 -1.35 -1.30 -1.25 -1.20 -1.15 -1.10

y =-0.183x - 0.0074

log (/G ori)

(d)

y =-0.083x + 0.338

y =-0.132x +0.266

26 24 22 20 18 46 14 12 1.0 08
log (/ig-in

y =-0.059x + 0.439

y =-0.111x + 0.3628

-2.6 -24 -

2.2 -2.0 1

8 16 14 1.2 1

.0 -0.8

log (/i)

Figure 3.39 Tafel plots for the ORR on (a) Au NRs/C, Au NRs:Rh/C (b) 10:1, (c) 7:3, (d) 1:1 and (e)

1:2.
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Figure 3.41 Tafel plots for the ORR on sequentially reduced Au:Rh/C (a) 10:1, (b) 7:3, (c) 1:1 and (d)
1:2 nanoparticles.

The Tafel slopes for Au:Rh samples tend to 60 mV dec™ and 120 mV dec” for led and
hed, respectively, similarly to the reports of Pt/Au®® and Pd/Au’®. It is likely that the Tafel
slope changes with the Rh loading, indicating that the Tafel slope is sensitive to Rh
composition on Au surface. The change of slope as a function of potential can be ascribed to
the potential dependence of surface oxides coverage, which changes the adsorption of O,
reaction mechanism and IR drop in the oxide layer. Similar effects have been reported for
Pt,>> Ru'” and Rh*™'” surfaces. The thin layer of Rh oxide can cause an increase of Tafel

slope at lcd. Thicker Rh oxide layers increase further the Tafel slope at hed. 1%
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In order to determine the dependence of electrocatalytic activity on Au—Rh
nanoparticle size and morphology, the specific activity (SA) and the mass activities (MA) of

O, was calculated using the Egs. (3.15) and (3.16).

= Kk
SA = A (3.15)
Ix
MA = .1
MAu+Rh (3 6)

where Iy is the kinetic current, A4, is the real surface area of Au and Rh and mp, 4Ry, 1s the mass
of Au and Rh in this catalyst layer. The SA and MA values acquired for Au—Rh catalysts at
0.4 V (vs SCE) are given in Table 3.8 and are presented graphically as a function of
composition in Figures 3.42 and 3.43. At this potential, the catalytic activity of the carbon
powder and the Au substrate is low and the reduction of O, is catalysed only by Rh or the
Rh—Au alloy. The specific activity and mass activities determined for Au—Rh catalysts are
largely dependent on Rh loadings, size and shape of nanoparticles. The SA values obtained
for the Au NRs:Rh catalyst increase upon increasing the Rh loadings. As the size of Au NRs-
Rh rods increases with increasing Rh, the specific surface area of rod-shaped catalysts
increases, resulting in the increase of specific activities, as shown in Figure 3.42(a). The mass
activities of Au—Rh NRs catalysts also increase with increasing Rh loading, suggesting that
the increase of catalytic activity depends on Rh loading, as seen in Figure 3.43(a). The
specific activity and mass activities of co-reduced Au:Rh nanoparticles are plotted in Figure
3.42(b) and 3.43(b). The specific activity slightly decreases for the samples of 10:1, 7:3 and
1:1 Au:Rh ratio and dramatically decreases for sample of 1:2 Au:Rh ratio, reflecting the fact
that the surfaces are Rh-rich for this sample. The mass activities also show a descending trend
similar to the trend of specific activity. The specific activity and mass activity of sequentially

reduced Au:Rh nanoparticles are plotted in Figure 3.42(c) and 3.43(c). Both SA and MA
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values increases until reach a maximum for the sample of 1:1 Au:Rh ratio, suggesting that SA
and MA values increase with increasing particle size. The decrease of activity on the sample
of 1:2 Au:Rh ratio may result from the increase of particle size and aggregation of particles.

The mole activities of the catalysts were also calculated and presented in Figure 3.43(d)-(f).

Table 3.8 Kinetic parameters of oxygen reduction on Au—Rh catalysts at 0.4 V (vs RHE).

Catalyst Ar (em?) | mayirs (ng) | SA (mA cm™) | MA (A g)
Au NRs 0.052 2.97 0.002 0.030
Au NRs:Rh 10:1 0.038 3.12 0.039 0.480
Au NRs:Rh 7:3 0.028 3.73 0.308 2.310
Au NRs:Rh 1:1 0.031 4.51 0.759 5.220
Au NRs:Rh 1:2 0.073 6.05 1.036 12.51
Au 0.144 2.97 0.015 0.710
Rh 0.500 1.54 0.195 63.16
Co-reduced Au:Rh 10:1 0.101 3.12 0.609 19.73
Co-reduced Au:Rh 7:3 0.137 3.73 0.526 19.30
Co-reduced Au:Rh 1:1 0.416 4.51 0.462 42.62
Co-reduced Au:Rh 1:2 0.280 6.05 0.240 11.10
Sequentially reduced Au:Rh 10:1 0.063 3.12 0.207 4.190
Sequentially reduced Au:Rh 7:3 0.045 3.73 1.131 15.82
Sequentially reduced Au:Rh 1:1 0.076 4.51 1.878 31.65
Sequentially reduced Au:Rh 1:2 0.057 6.05 0.994 9.370
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Figure 3.43 Mass activity measured at 0.4 V for (a) Au—Rh NRs (data from Figure3.30), (b) co-
reduced Au—Rh nanoparticles (data from Figure3.31) and (c) sequentially reduced Au—Rh
nanoparticles (data from Figure3.33). Mole activity measured at 0.4 V for (d) Au—Rh NRs, (e) co-
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Different and sometimes contrary observations of specific activity and mass activity
have been reported by different research groups. Kinoshita et al. attributed the specific
activity and mass activity dependency described in: (a) mass activity increase, reaches a
maximum and then decreases as the crystallite size increase, (b) specific activity increases as a
particle size increase.''’ Watanabe et al. reported that: (c) mass activity decreases as the
particles size increases, (d) specific activity is independent of the crystallize size.''' The
specific activity and mass activity of Au—Rh NRs and sequentially reduced Au—Rh
nanoparticles have similar trend. For Au NRs:Rh catalysts, the SA and MA values increase
with increasing Rh content. For sequentially reduced Au:Rh nanoparticles, the SA and MA
increase as Rh contents increase but the SA and MA values decrease when big particles
(lower surface area) appear. Both trends of Au NRs:Rh and sequentially reduced Au:Rh
nanoparticles are supported by the report of Kinoshita et al. For co-reduced Au:Rh
nanoparticles, the mole activity values is similar to the surface area trend but the trend of mole
activity is opposite with the trend of specific surface area. This may explain by the report of
Watanabe et al. However, the co-reduced Au:Rh of 1:2 ratio sample is an alloy, probably it

will present different electronic properties.

3.4 Conclusions

Comparing three types of Au:Rh catalysts, the Rh deposited on Au NR catalyst has lower
catalytic mass activity towards the ORR. The lower catalytic activity results from the larger
size of Au NRs. The smaller Au seeds have higher surface area, higher curvature and number
of defect sites for the Rh deposition. However, if the sizes of Au NRs and Au nanoparticles
were comparable, the one-dimensional nanostructure of Rh deposited on Au NRs might

present certain advantages over the spherical nanoparticles. For the ORR via 4-electron
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pathway, the smaller particles containing a Rh-rich phase have higher mass activity than rod-

shaped particles. For H>O, generation, Au NRs and Rh deposited on Au NRs display higher

selectivity towards H,O, production than the smaller particles, as seen from the number of

electrons transferred. The Au NRs:Rh 10:1 catalyst is the most likely candidate for H,O,

generation. It is a significant finding that manipulating the composition of the Rh on Au

surface enables control of the selectivity of the ORR.
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CHAPTER 4
COBALT-BASED CATALYSTS TOWARDS HYDROGEN PEROXIDE FORMATION

DURING OXYGEN REDUCTION

4.1 Introduction

Around 1.2 million tons of H,O, are being manufactured every year. H,O, was first
manufactured in 1818 by Louis Jacques Thenard by reacting barium peroxide with nitric acid.
The production has been improved and has been used industrially since the mid-19th century.
The current method to produce H,O, is an auto-oxidation process, which is an indirect
process, based on sequential hydrogenation and oxidation of an anthraquinone.
Disadvantages, such as the fact that production cannot be implemented at the point of use,
high energy consumption and waste generation, have had a negative effect on the
sustainability and on product cost. The necessity of a simple production process, which can be
implemented at the point of use, is the goal for the industries concerned.

One of the most extensively studied reactions in electrochemistry is the oxygen
reduction reaction (ORR), which results in the formation of H,O, or the formation of H,0O. It
is known that the ORR is the major limit on the performance of the proton exchange
membrane fuel cell (PEM fuel cell). Pt has been widely used to catalyse the ORR. As a result
of the high cost of Pt, approaches to reduce Pt loading on the catalyst and to seek an
alternative catalyst for the ORR have been intensively studied. In the short-term, metallic
alloys of Pt/X catalysts, where X is usually a transition metal, have been considered as
alternative catalysts. In the long-term, non-precious metal catalysts, such as Fe and Co, could
be a sustainable solution. Non-precious metal catalysts for the ORR have been studied over

several decades, as they present remarkable catalytic activity and selectivity. Fe and Co can
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form metal complexes with nitrogen-containing precursors, such as polyacrylonitrile,*?
pyrrole polymer,®® ammonia,” acetonitrile® etc.” Metal-N4 macrocycles are good candidates
for a nitrogen source.'®*® Co-N, macrocycles catalyse the oxygen reduction with both 2e” and
4e” pathways depending on preparation conditions, whereas the ORR on Pt proceeds via the
4e pathways.”®® Thus, selectivity may be turned towards H,O, production or H,O
production. However, the activity and stability of these catalysts are still lower than those of
Pt. The activity, stability and selectivity of the catalyst depend on the synthesis method, metal
precursor, ligand, carbon support, heat treatment etc.

Jasinski et al. were the first authors to report a non-precious metal with nitrogen-
containing macrocycle as a catalyst for the ORR.?* It was found that Co-phthalocyanine
exhibited catalytic activity for the ORR. The major obstacle for exploiting this catalyst is its
low stability in acidic media because fuel cell technology is created around acidic
conditions.®*?® The low stability of this catalyst may a result of loss of active sites. Hydrogen
peroxide produced during the ORR can destroy the active sites.?’?° In order to increase the
stability and catalytic activity, heat treatment has been introduced into the preparation
conditions of metal-N, macrocycles under an inert atmosphere.* Yeager found heat treatment
to be important in vyielding better catalytic stability and activity using cobalt
tetramethoxyphenyl porphyrin (TMPP).3:% The heat treatment has an effect on the formation
of catalytic sites. The M-N, active sites may be partially or fully decomposed to form M-N; or
to form new active sites, which are no longer M-Ny. The long-term stability issues and the
tendency of these materials to promote hydrogen peroxide as a two-electron reduction product
are considered for their use in mainstream fuel cell technology.

Most preparations of Co-Ny catalysts have related to the impregnation of Co-Njy

complexes into carbon supports and pyrolysis. A metal precursor, N-containing ligand, carbon
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support and heat treatment are required to form the active sites. For N-containing ligands,
Gupta et al. initiated the first catalyst for the ORR from polyacrylonitrile, a N-containing
polymer, instead of from N, macrocycles.*” Gouérec et al. studied Co-based ORR
electrocatalysts using three types of tetraphenylporphyrin (TPP) as electron donor and
acceptor, followed by heat treatment.’®*® After heat treatment up to 600°C, Co oxide
formation was found, depending on the type of TPP ligands. They also studied a cobalt
tetraazaannulene, CoTAA, which exhibited good activity and stability with heat treatment at
600°C. Okada et al.*® and Lin et al.** studied the selectivity towards H,0O, of Co with aza
complexes, with aminophenylmoiety and with tetraphenyl porphyrin (CoTPP) catalysts.

The role of the metallic centre is still unclear. It may form the active site with a ligand
or may act as catalyst to promote the active site formation. Ohms et al. prepared catalysts
from various metal MSO, precursors, such as Fe, Co, Mn, Ni, Cu and also ZnCl,, with
polyacrylonitrile.** They reported that the activity for the ORR depends on the metals. Fe
catalyses the reaction via a quasi-four electron pathway. Ohms also suggested that Fe-N can
catalyst the ORR and generate water as the main product.

The metal loading effect on the catalytic activity is determined by other factors, such
as metal precursor, carbon support and heat treatment conditions. Typical results of metal
loading show that the activity increases until reaching a maximum at saturation and decreases
after that level. In the case of Fe, metal overloading leads to the formation of metallic and/or
carbidic metal clusters, which have low activity for the ORR.**** Metal loading also affects
the surface area of the carbon support by blocking the pores in the surface.*® Guillet et al.
studied a pyrolyzed cobalt-based catalyst (CoPP) and reported that the catalytic performance

depended on the loading of cobalt.*® They also assumed that a fraction of H,O, produced on
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the catalytic site may be reduced at another catalytic site before leaving the catalytic layer. Li
et al. found similar results using cobalt with tripyridyltriazine (CoTPTZ).*

The carbon support is a key factor for the activity and stability of the metal macrocycle
catalysts. Different carbon supports have different attributes, for example, porosity,
crystallinity, conductivity, surface area etc. Carbon black, activated carbon and graphite have
been normally used as supports, particularly, Vulcan XC-72R*>? and Black Pearls
2000'13°%%¢  BJack Pearls 2000 (BP 2000) and Vulcan XC-72R have a high conductivity
with specific surface areas of ca. 1400 m%/g and ca. 250 m%/g, respectively.”” The dispersion
of catalyst on the support is sensitive to the carbon support surface, for example, the
distribution of Pt/Ru particles on Vulcan XC 72R is more uniform than on BP 2000. It has
also been reported that the N concentration in the carbon support is one of the factors
affecting the catalytic activity on the ORR*®*®!, High N-concentration in the carbon support
yields high ORR electrocatalytic activity. On Co-Ny catalysts, it was observed that heat
treatment can decompose oxygen species in the carbon surface to CO, or CO, improving the
deposition of N on the surface. It was observed that the oxygen groups in the surface decrease
the disruption of chelate structure by heat treatment, which would otherwise lead to retarding
the formation of active sites®®®®. Metal impurities in the carbon surface also need to be
controlled because they can influence the catalytic activity.

The influence of heat treatment on metal N-containing catalysts is still unclear.
Possible models for this effect include:** (a) heat treatment enhances the dispersion of the
chelate structures, (b) heat treatment catalyses the formation of active sites, (c) heat treatment
produces M-Ny active sites, (d) heat treatment promotes and modifies the electronic structure
of the active sites so that their abilities to transfer electron are improved. Lalande et al.

investigated the effect on heat treatment on tetracarboxylic Co phthalocyanide.®® The nature of
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the active sites changed with treatment temperature. A polymerisation reaction competition
happens at 400 °C. The formation of a Co-phthalocyanine polymer is stable at a temperature
between 500-600 °C. The fragmentation of the chelate structure starts at around 700 °C,
generating Co bound to C and N on the surface. It has been noticed that only Co and Co (1)
are detectable on the support when the materials were heated to above 700 °C. When the
treatment temperature was raised to 1000 °C, Co was still found but the Co (11)-N macrocycle
was not detected. Many papers reveal that an M-N4 moiety can still remain at the lower
temperature and that it tends to produce hydrogen peroxide in the ORR.®® At medium
temperatures, M-N, is gradually transformed to M-N2, which tends to produce water in the
ORR. The existence of M-Ny is negligible at high temperature and metal particles are instead
detected. It is agreed that the metal particle is formed inside a graphite shell, depressing the

catalytic activity. In accordance with many studies,”®"

the final active sites of the catalysts
after heat treatment should be similar, even if different metal precursor(s) or N-source(s) have
been used. The heat treatment also increases the stability of the catalyst with the formation of
the carbon layer surrounding the metal particles.®

Zhang et al. published a number of studies of Co catalyst with the metal centre
coordinated by aliphatic nitrogen ligands.®%*%"® The values of n, the number of electrons
transferred per oxygen molecule turn-over during reduction, vary between two and four and
turn back towards two as the pyrolysis temperature of the catalyst is increased from 500 °C to
1000 °C.”” McBeen used EXAFS to analyse the active site left after pyrolysis of ligand-
coordinated metal on the carbon support, suggesting that the metal ions substantially interact

with retention of square-planar nitrogen coordination;’* however, the formation of metallic

particles was found under their conditions and this complicated the analysis.”
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In the present work, we prepared Co/TETA/C catalysts with the procedure of Zhang et
al.”? and investigated the formation of active sites during heat treatment in more detail

compared with the work from Zhang et al.”

The rotating ring disc electrode was used to
evaluate the selectivity of the ORR, as well as the kinetics. Hydrogen peroxide reduction at

the catalysts was also studied to provide a more complete analysis of the reaction kinetics.

4.2 Experimental

4.2.1 Materials

Cobalt (II) chloride hexahydrate (CoCl,*6H,0), 99.99% was obtained from Alfa Aesar
Triethylenetetraamine (TETA), 97%, and hydrogen peroxide, 35%, were purchased from
Sigma-Aldrich. Perchloric acid, double-distilled, 70%, was obtained from Veritas. Carbon
black (BP2000) was obtained from Cabot (US). Ultrapure water (purified with a Milli-Q
tandem Elix-Gradient A10 system: resistivity 18.2 MQ c¢cm, TOC < 5 ppb) was used
throughout. All glassware used was first cleaned by heating in a mixture of concentrated nitric
and sulphuric acids for 1.5 h, followed by rinsing with copious quantities of ultrapure water

and soaking overnight in ultrapure water.

4.2.2 Catalyst preparation

The Co/TETA/C catalysts were prepared according to the method reported by Zhang et al.?*%
with a nominal loading of 10% w/w metal. In this study, we used a typical loading of 5%
(w/w). Co 6.06 g cobalt (1) chloride was dissolved in 300 mL of absolute ethanol at room
temperature. 15 ml 6 mM TETA was added to this solution to form the Co-TETA chelate.
15 g carbon support (BP 2000) was added to the mixture and stirred for 1 h. The suspension

was filtered and dried to remove ethanol by rotary evaporator. The resulting powder was
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divided and heat-treated in Ar atmosphere at various temperatures, including 300, 500, 700
and 1000 °C, for 90 min at a heating rate of 10 °C min™. The final loading of 5% (w/w) Co,
after heat treatment, was confirmed by inductively coupled plasma mass spectrometry (ICP-
MS). The catalyst preparation is shown in Scheme 4.1. The TETA/C control catalysts were
prepared by the same route. TETA/C and C powder were heat-treated in the same way. 2% of

Co/C commercial grade was used as a control against our catalyst.

(a) - _ 2+

H ! H
NH/\/N\/\N/\/NH ethanol N<\CC.\N>
H

+ Co¥*—>

r.t. _ k/“
(b) b J

< ‘ ma

.. ethanol . . 300 - 1000°C _‘
C powder CoTETA/C

Scheme 4.1 Schematic illustration of (a) the reaction equation of the Co/TETA and (b) the preparation
of Co/TETAI/C catalysts.?’

2+

4.2.3 Electrocatalyst characterisation

Samples for Transmission Electron Microscopy (TEM) were prepared by dusting a crushed
sample of the catalyst onto a holey carbon/Cu grid. TEM images were obtained by a Tecnai
F20 Transmission Electron Microscope, with an acceleration voltage of 200 kV. A C, aperture
of 30 pm or 50 pm was used; both bright field (BF)’®’" and high angle annular dark field

(HAADF)”® modes of imaging were employed. High resolution HAADF images for the Co-
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containing catalysts were acquired with an aberration correction of 1.2 mm. Energy dispersive
X-ray spectroscopy (EDX) was employed to ascertain the distribution of cobalt across the
samples. Powder X-ray diffraction (XRD) measurements were carried out with a Bruker AXS
D-500 diffractometer using a stationary X-ray source Cu Ko and a movable detector, which
scans the intensity of the diffracted radiation as a function of the angle between the incoming
and the diffracted beams (10° < 20 < 90°). The sample powder is spread over a glass holder
and then pressed to obtain a flat coverage. The data were interpreted by the ICDD database
(PDF-2, Release 2003). Thermogravimetric analysis was performed with a TA Instruments

SDT Q600 device.

4.2.4 Electrochemical measurements

Three sets of electrochemical measurements were performed including cyclic voltammetry
(CV), rotating disk electrode (RDE) measurements for hydrogen peroxide reduction and
rotating ring disk electrode (RRDE) measurements for oxygen reduction.

CV and RDE measurements were performed with a glassy carbon rotating disk
electrode (0.071 cm?, Radiometer, Copenhagen) and an Autolab PGStatl2 potentiostat
(Ecochemie, NL), controlled by the General Purpose Elecrochemical System (GPES)
software. The counter and reference electrodes were a Pt coil and a saturated calomel
electrode (SCE), respectively. RRDE measurements were obtained using an Autolab PGStat
30 potentiostat and a rotating ring disk set-up (Pine Company, Grove City, PA, US) with
glassy carbon disk of area 0.247 cm? and Pt ring, controlled with a Modulated Speed Rotator.
For RRDE measurements, the ring potential was set at 1.2 V for the quantitative detection of
the peroxide produced at the disk. A collection efficiency of 0.4 was determined from

independent measurements of potassium hexacyanoferrate (I11) reduction. The counter and
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reference electrodes used were a Pt coil and a reversible hydrogen electrode (RHE). All
potentials quoted in this work are referenced to the RHE. Measurements were carried out with
a controlled atmosphere and temperature (298 K). The electrolyte was 0.1 M HCIO,.

The working electrode was prepared according to the method described in reference.”
The catalyst ink was deposited on the working electrode and dried in air. Typically, 1 mg of
catalyst was added to 1 mg of deionised water and subsequently sonicated for three minutes at
0°C. 13 uL of the resulting black suspension was pipetted onto the surface of the glassy
carbon disc, which was then dried under an infrared lamp for 10 min. This procedure
produced loadings on the disc of 13 ug of catalyst, corresponding to a loading of
approximately 5 pg per cm’® disc. The working electrode was activated in Ar-saturated
electrolyte solution by scanning the potential between 0.0V and 1.2V at a scan rate of
0.02 Vst Oxygen reduction reactions (ORR) were then performed in oxygen-saturated
electrolyte or hydrogen peroxide reduction measurements were carried out in argon-saturated
electrolyte with a concentration of 20 mM H,0,. The potential scan rate employed was
0.02 V s™. For oxygen reduction, background currents measured in N, were subtracted from

single-wave polarisation curves on rotating disc electrode.
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4.3 Results and Discussion

4.3.1 Electrocatalyst characterisation

The XRD data was provided and analysed by Dr. Hoy Dobson, Johnson Matthey Technology
Centre. Figure 4.1 presents XRD patterns of 2% Co/C, heat-treated at different temperatures.
The ICDD database (PDF-2, release 2003) was used to interpret the data. The broad peak at
20=25° is observed in all the samples and arises from C (002) reflections of carbon supports,
determined by comparative XRD patterns of carbon supports. An untreated Co/C sample
shows only broad peaks of Co3O4, while the sample treated at 500 °C presents cubic CoO and
Co30, features, as shown in Figure 4.1(a) and (b). The face-centered cubic (fcc) crystalline a-
Co phase is detected in the sample treated at 900 °C in Figure 4.1(c).

Figure 4.2 shows the XRD pattern of Co/TETA/C heat-treated at different
temperatures. The broad peak at 20=25° is weaker in comparison to those observed in Co/C
samples, suggesting the presence of TETA on the surface. The crystalline fcc cubic Co is not
visible in the sample heat-treated at 300 °C and 500 °C. Fcc cubic Co is detected in the
samples treated at 700 °C and 1000 °C. The trends observed in non TETA-containing and
TETA-containing samples are similar. The sharp peaks of Co(111), Co(200) and Co(220) on
the XRD pattern increase with the treating temperature, which suggests that metallic Co
aggregation occurs at high temperature.’#%

The crystallite size of each sample was determined by Scherrer’s equation.®

KA
Lcos6

B(260) = 4.2)
where, B is the peak width at half the maximum intensity, K is Scherrer’s constant, A is the
wavelength of X-ray, L is the is the mean size of the ordered (crystalline) domains, & is half

of the diffraction angle. The peak width is inversely proportional to the crystallite size. The

crystallite size values obtained from Co (111) peak of Co/TETA/C 1000 °C and 700 °C are
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5.5 and 3.0 nm, respectively. These values present that the crystallite size of metallic Co

increases with increasing treated temperature.
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Figure 4.1 X-ray diffraction patterns of Co/C catalysts (a) untreated (b) heat-treated at 500 °C and (c)

900 °C.
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Figure 4.2 X-ray diffraction patterns of Co/TETA/C catalysts (a) heat-treated at 300 °C, (b) 500 °C,
(c) 700 °C and (d) 1000 °C.

The morphology of the catalysts were analysed by TEM. The TEM images were
provided and analysed by Dr. Sarennah Longworth, Johnson Matthey Technology Centre.
Figure 4.3 presents the TEM image of C-only sample. Figures 4.4(a) — 4.11(a) show TEM
images of Co/TETA/C and TETA/C samples treated at different temperatures. The large areas
observed in all samples are attributes of functional carbon from the carbon support, which is
similar to the C-only sample. Charging behaviour under the electron beam was observed from
all Co/TETA/C samples. This effect may be due to the presence of TETA on the carbon
support, as is observed for the TETA/C samples. The charging behaviour appears to worsen
with increasing treatment temperature. A small amount of black particles diffusely distributed
on carbon support are observed in Co/TETA/C samples. These particles might be the presence
of a Co phase on carbon surfaces. In order to obtain a better understanding of the particle

distribution on the carbon support, HAADF was used in the STEM mode. At high resolutions,
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HAADF imaging reveals the atomic structure as a function of atomic number. Representative
HAADF for the Co/TETA/C and TETA/C are shown in Figures 4.4-4.7(b) and Figures 4.8-
4.11(b), respectively. The Co/TETA/C samples treated at various temperatures (300 °C, 500
°C and 700 °C) show the distributed Co particles while the dark field image of 1000 °C
Co/TETA/C sample shows large particles, which cannot be observed in the other heat-treated
samples or the TETA/C sample treated at 1000 °C. EDX was used to confirm the presence of
Co at the area containing distributed small and large particles. Results verified that the large
particles observed from 1000 °C Co/TETA/C were indeed Co. There is a significantly higher
Co content present in the area containing large particles in comparison with the area
containing distributed small particles, as shown on the EDX pattern in Figure 4.4-4.7(c). Both
EDX and XRD suggest that the sharp peak for the fcc cubic Co in the 1000 °C Co/TETA/C
sample is attributed to the aggregation of metallic Co. Basically, the metallic Co and Co oxide
have low catalytic activity toward the ORR.?® In order to prevent the Co metallic and Co
oxide formations, the Co/TETA/C samples should not be heat treated at a temperature higher
than 800 °C.*” Some Ca contamination was found in the TETA/C samples, as shown from

EDX in Figure 4.8-4.11(c).

Figure 4.3 TEM image of carbon substrate.
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Figure 4.4 (a) TEM image of Co/TETA/C catalyst heat-treated at 300 °C, (b) HAADF image and (c)
EDX analysis of Area 1 and Area 2.
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Figure 4.5 (a) TEM image of Co/TETA/C catalyst heat-treated at 500 °C, (b) HAADF image and (c)
EDX analysis of Area 1 and Area 2.
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Figure 4.6 (a) TEM image of Co/TETA/C catalyst heat-treated at 700 °C, (b) HAADF image and (c)
EDX analysis of Area 1 and Area 2.
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Figure 4.7 (a) TEM image of Co/TETA/C catalyst heat-treated at 1000 °C, (b) HAADF image and (c)
EDX analysis of Area 1 and Area 2.
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Figure 4.8 (a) TEM image of TETA/C catalyst heat-treated at 300 °C, (b) HAADF image and (c) EDX
analysis of Area 1 and Area 2.
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Figure 4.9 (a) TEM image of TETA/C catalyst heat-treated at 500 °C, (b) HAADF image and (c) EDX
analysis of Area 1 and Area 2.
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Figure 4.10 (a) TEM image of TETA/C catalyst heat-treated at 700 °C, (b) HAADF image and (c)
EDX analysis of Area 1.
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Figure 4.11 (a) TEM image of TETA/C catalyst heat-treated at 1000 °C, (b) HAADF image and (c)
EDX analysis of Area 1 and Area 2.
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Figure 4.12 presents TG/DTA for the Co/TETA/C and TETA/C samples. A ratio of
2:1 TETA:Co was used, as in ref’?, and the same loading was used for all samples. The weight
loss profiles are rather similar and are in agreement with the data presented for Co/TETA/C

by Zhang et al.”

The first step in the loss of mass was observed at temperatures below 100 °C
and corresponds to the loss of adsorbed ethanol on the surface of catalyst. The major loss in
the mass occurs when the temperature is over the range of 100-500 °C. The steep loss at ~200
°C may correspond to the boiling temperature of TETA (267 °C). The temperature range of
300 °C to 700 °C involves the release of Co/TETA on the carbon support. The loss at
temperatures above 700 °C is related to the decomposition of the Co chelate.”*”® The similar
curve observed in Co-containing and Co-free samples suggest that there is no additional
stabilisation of the TETA by Co. The percentages of weight loss of Co/TETA/C and TETA/C

samples at different temperature ranges are shown in Table 4.1.

Table 4.1 The percentage of weight loss of Co/TETA/C and TETA/C.

Sample / Weight % | Up to 300°C | 300 to 500°C | 500 to 700°C | 700 to 1000°C | Total

Co/TETA/C 17.4 191 4.64 6.75 47.9

TETA/C 13.9 19.6 4.08 6.19 43.8
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Figure 4.12 TG-DTA analysis of Co/TETA/C and TETA/C catalysts.
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4.3.2 Cyclic voltammetry measurements

The Co/TETA/C, TETA/C, C-only and 2% Co/C samples were characterised by using CV,
RDE and RRDE. Figure 4.13 compares Co/TETA/C, TETA/C, C-only and 2% Co/C heat-
treated at various temperatures in Ar-saturated 0.1 M HCIO,4. The C-only samples illustrate
that the nature of the carbon support changes with heat-treating temperature, as can be seen in
Figure 4.13(c). The C-only without heat-treatment produces a pair of peaks centred at ~0.4-
0.5 V which can be attributed to the quasi-reversible redox process of quinoidal groups on
carbon surfaces.” The unheated C-only sample shows a weaker double layer capacitive
charging current when compared with the different heated C-only samples, which have
increased charging current with pyrolysis temperature. The reversible redox peaks of the
quinodal group can still be observed in all of the samples. Figure 4.13(a) and (b) present the
CV of Co/TETA/C and TETA/C samples. When compared with the C-only samples, the
double layer capacitance of the TETA/C samples show a decrease on introducing TETA onto
the carbon surface and an even further decrease with addition of Co. The Co/TETA/C samples
have relatively low capacitance, possibly due to the presence of metallic Co and TETA on the
carbon surface. The reversible redox peaks are not visible in the unheated, 300 °C, 500 °C of
TETAJ/C and of Co/TETA/C samples, while they can be observed in 700 °C and 1000 °C of

both samples.

Although the XRD, TEM and EDX data confirm the presence of metallic Co in 700 °C
and 1000 °C Co/TETA/C and 2% Co/C samples, no distinct oxidation and reduction current
peaks of metallic Co are observed in this region under these conditions, suggesting that
metallic Co has no electrochemical activity over this potential range. Therefore, the feature is
more likely to be related to quinone functionality rather than Co redox activity. It is likely that

the Co or Co (Il) in Co/TETA/C and Co/C samples remained Co(ll) or Co in this potential
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range.*” The CV of 2% Co/C is shown in Figure 4.13(d). According to previous literature,
these results of Co—N/C are different from the Fe—N/C catalysts in that the redox couple of
Fe(I)/Fe(111) can be identified in this potential range. The redox couple of Fe(ll)/Fe(lll) is at

~0.65 V (vs RHE) while Co(111)/Co(Il) is at ~1.68 V (vs RHE) in aqueous solution.’
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Figure 4.13 Cyclic voltammograms in Ar-saturated 0.1 M HCIO, for (a) Co/TETA/C, (b) TETA/C,
(c) C-only and (d) 2% Co/C catalysts heat-treated at different temperatures. Scan rate = 0.02 V s
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4.3.3 Selectivity towards hydrogen peroxide reduction

The ORR was studied for all samples in Oj-saturated HCIOy, in order to study the effect of
heat treatment on the catalytic activity towards the ORR of Co/TETA/C. Figures 4.14 — 4.16
show the RRDE data at different rotation speeds (400, 900, 1600 and 2500 rpm) of
Co/TETA/C, TETA/C and C-only samples which are unheated, heated at 300 °C, 500 °C, 700
°C and 1000 °C. In Figure 4.14, the onset potentials of untreated Co/TETA/C, heated at 300
°C, 500 °C, 700 °C and 1000 °C, are 0.28 V, 0.38 V, 0.60 V, 0.70 V and 0.75 V, respectively.
The onset potentials at the ring are similar to those at the disc. The current densities of each

Co/TETA/C sample increases with rotating speed.

In Figure 4.15, the onset potentials of untreated TETA/C, heated at 300 °C, 500 °C,
700 °C and 1000 °C TETA/C are 0.22 V, 0.25V, 0.32 V, 0.29 V and 0.4 V, respectively. The
current densities of TETA/C heated at 300 °C, 500 °C and 1000 °C result in an increase when
increasing the rotating speed, whereas the sample heated at 700 °C shows only scatter. In
Figure 4.16, the onset potentials and current densities of C-only samples show no trend.
Figure 4.17 shows the RRDE data acquired for 2% Co/C samples unheated, heated at 500 °C,
700 °C, 900 °C and 1100 °C. The onset potentials and current densities of these samples also

show no trend, similarly to TETA/C and C-only results.
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Figure 4.14 RRDE polarisation curves of the oxygen reduction reaction in 0.1 M HCIO, for
Co/TETA/C (a) unheated, heated at (b) 300 °C, (c) 500 °C, (d) 700 °C and (e) 1000 °C. Scan rate =
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Figure 4.15 RRDE polarisation curves of the oxygen reduction reaction in 0.1 M HCIO, for TETA/C
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Figure 4.16 RRDE polarisation curves of the oxygen reduction reaction in 0.1 M HCIO, for C-only (a)
unheated, heated at (b) 300 °C, (c) 500 °C, (d) 700 °C and (e) 1000 °C. Scan rate = 0.02 V s,
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Figure 4.17 RRDE polarisation curves of the oxygen reduction reaction in 0.1 M HCIO, for 2 % Co/C
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Figure 4.18 compares the RRDE data at 1600 rpm between Co/TETA/C, TETA/C and
C-only samples which were heat-treated at different temperatures. As shown in Figure
4.18(a), the catalytic activity towards the ORR was significantly enhanced for Co/TETA/C
samples treated at 300 °C, 500 °C and 700 °C but a slight decrease was observed for the
sample treated at 1000 °C. The highest disc current density is obtained for the Co/TETA/C
heated at 700 °C. The ring current relates to the oxidation of H,O, produced at the disc
electrode. The ring currents increase in the order of unheated, heated at 300 °C, 500 °C and
1000 °C, while the sample heated at 700 °C produces a lower ring current than the 1000 °C
sample. A clear trend for the onset potential of the ORR is evidently present. The onset
potential has significantly shifted to more positive potential for the samples treated at 300 °C,
500 °C and 700 °C and slightly more for 1000 °C. A positively shifted onset potential can
imply that an overpotential decrease is obtained. The trend observed in Figure 4.18(a)
suggests that the overpotential decreases as the pyrolysis temperature is increased. The
TETA/C samples in 4.18(b) show a similar trend of onset potentials as those in Co/TETA/C
with a lesser extent, whereas C-only samples show scatter as shown in Figure 4.18(c). For
TETA/C and C-only samples, the ring current is relatively low and scattered. The Co/C heated
at 500 °C and 700 °C samples yield the highest catalytic activities compared with unheated,
900 °C and 1100 °C, as seen in Figure 4.18(d). This behaviour probably results from

aggregation of Co metal at high pyrolysis temperatures.

In all cases, a limiting current plateau was not observed but only a change in the slope
of the polarisation curves. This characteristic has also been reported for carbon-supported
transition metal catalysts. Inclined current plateaux have been attributed to a less uniform

distribution of active sites and porosity or slow reaction kinetics related to mass transport.” It
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is known that the porosity of the electrode surface has an effect on the activity and stability of

the electrode.
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Figure 4.18 RRDE polarisation curves of the oxygen reduction reaction in 0.1 M HCIO, for (a)
Co/TETAJ/C, (b) TETA/C, (c) C-only and (d) Co/C catalysts heat-treated at different temperature. Scan
rate = 0.02 Vs

In this work, an experiment was also carried out with hexacyanoferrate (I11) to check
for the effect related to a catalyst distribution. It is noteworthy that the catalyst produces the

limiting expected current density for this reaction. It can be assumed that the limiting current
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for the ORR on our catalysts do not reach a current plateau possibly due to the mechanism of
slow kinetics and/or inhomogeneous distribution of sites rather than electrode porosity alone.
The physical characterisations support a change in structure and nature of carbon support with
a change in pyrolysis temperature, thus, implicating that heat-treatment leads to marked
changes in the porosity of the active layer.?? The different position of the onset potential
suggests that the catalysts heated at different temperatures have different catalytic activities,
indicating that the heat treatment strongly influences the catalytic activity of the catalysts for

the ORR.

The Co/C, TETA/C and C-only samples provide low catalytic activities towards the
ORR. The presence of the cobalt and TETA in the sample, as well as heat-treatment, appears
to have a strong influence as it drastically improves the catalytic activity. It is known that the
transition metal itself does not primarily take part as an active site for the ORR but rather is
involved in creating such active sites. In order for these sites to be formed, transition metal,
nitrogen atoms and carbon support are all required. The role of the transition metal as of yet is
still unclear; however, it is thought that the transition metal can catalyse the incorporation of
nitrogen atoms into the carbon surface during pyrolysis.2® The main purpose of heat treatment
is to create the active sites, which can be accompanied by the formation of radical-promoting
polymerisation of nitrogen-containing ligands, including Co, during pyrolysis.2? The
polymerisation of the ligands on the surface enhances the electron transfer on the catalyst
surfaces.®*® The catalytic sites of Co-N catalysts might be Co-Nx which can either be Co-Nj
or Co—Ny. In this work, the Co/TETA/C yields the highest catalytic activity. It can be
postulated that, below 700 °C, the density of Co-Ny active sites shows an increase as a
function of pyrolysis temperature. Nevertheless, temperatures above 700 °C have been

reported to decrease the density of Co—Ny active sites because the Co-Ny is obviously
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converted to metallic Co, as observed in XRD, TEM and EDX. The decrease in active sites
leads to the decrease in the ORR activity. The heat treatment also enhances the stability of
these catalysts. It has been reported that, during pyrolysis, the metal clusters are surrounded

by the protective graphitic layer which can prevent the corrosion in the acidic electrolyte.

The RRDE data can be analysed to obtain the number of electrons transferred in the
reaction and the selectivity towards hydrogen peroxide production, as opposed to the
production of water. The number of electrons can be found from the relationship between

current density and the rotation rate using the Koutecky-Levich equation:®

1 1 1

Jx  0.2006nFv=1/6D;/ " Cow1/2

In this equation, j is the disc current density, jx is the current density relating to the
kinetic limitations, F is the Faraday constant (96485 C mol™), n is the number of electrons
transferred in the reaction, D is the diffusion coefficient of species a, C, is the bulk
concentration of species a, v is the kinematic viscosity and w is the rotation rate (in rpm). The
kinematic viscosity is 0.01 cm?s™, the diffusion coefficient and solubility of oxygen are
1.93x10° cm? s and 1.26x10° mol cm™, respectively, in this electrolyte.!” The Koutecky-
Levich plot is a plot of j* vs w™/2, giving a straight line which intercepts the y axis at j* and a
slope of 1/(0.2006nFD**Cv*®). The gradient of the resulting straight line of this plot allows
the number of electrons (n) transferred in the overall reduction of oxygen (per O, molecule) to

be obtained.

Figure 4.19 shows Koutecky-Levich (K-L) plots for various applied potentials taken
from data acquired for Co/TETA/C unheated, heated at 300 °C, 500 °C, 700 °C and 1000 °C
samples. A series of straight and parallel lines can be found for each of the samples. The

parallel lines indicate that both the number of electrons transferred per O, molecule and the
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active surface area for the reaction rate do not change significantly between the potential
ranges of the experiment.?*® Theoretical K-L plots which have the same gradient as n equal
to 2 and 4 have been plotted and compared with the series of straight lines of each sample.
The gradient of Co/TETA/C heated at 300 °C and 500 °C tends to have the gradient of n equal

to 2 whereas Co/TETA/C heated at 700 °C and 1000 °C have a tendency for n to equal 4.
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Figure 4.19 Koutechy-Levich plots of the oxygen reduction reaction in 0.1 M HCIO, for Co/TETA/C
treated at (a) 300 °C, (b) 500 °C, (c) 700 °C and (d) 1000 °C.

The n values of Co/TETA/C analysed from K-L plots are plotted against potential, as

shown in Figure 4.20. The n values of each sample increase with increasing overpotential. The
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n values of these samples are in between 2 and 2.9, suggesting that the ORR is in a mixed
process of 2-electron and 4-electron transfer pathways with a degree of uncertainty. The
sample heated at 700 °C displays the highest n value, close to 3. It has been reported in the
literature that the Co-N catalysts tend to undergo the ORR through a 2-electron pathway,
producing H,0,. For the TETA/C, C-only and Co/C samples, the K-L plots and the n values

are scattered and ambiguous.

4.0 — T T
—— Co/TETA/C not heated
35 —&— Co/TETA/C 300°C A
—a&— Co/TETA/C 500°C
3.0 —¥— Co/TETAIC 700°C
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10 .

0.5 i

0.0 . 1 . 1 . 1 . 1 .
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E/Vvs RHE

Figure 4.20 The values of n from K-L analysis for Co/TETA/C heat treated at different temperatures.

Koutecky-Levich analysis can sometimes subject to a degree of uncertainty. For this
reason, the average number of electrons transferred was also quantified by using the RRDE
data. An appropriately selected oxidising potential at the ring is applied in order to detect and
reoxidise any intermediate of H,O, species escaping from the disc surface. The analysis
reported by Claude et al. was employed.®® The n value can be determined from the disc and

ring currents using Eq. (4.3). This RRDE method is particularly convenient when obtained
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disc currents do not level off. This feature can often be found in data acquired from non-

precious metal-based catalysts® and Au catalysts™.

414

n=-—-—
I4+1,/N (43)

where |y is the total disc current (I4 (H20) + I4 (H20>)) and I is the ring current corresponding
to the oxidation of hydrogen peroxide, I, = I, (H,02) = N Ig (H202). N is the collection
efficiency, which is 0.4 for this experiment. For 100% selectivity towards reduction of oxygen
to water, I, =N I3 (H2,02) =0 and so n = 4. For 100% selectivity towards reduction of oxygen

to hydrogen peroxide, I4 = I (H202) = I,/N, so that n = 4 14 (H,0>) /2 14 (H20,) = 2.

Figure 4.21 shows the number of electrons obtained from Eq. (4.3) as a function of
potential. In Figure 4.21(a), the n values of Co-containing samples appear to have little
changes and variation at negative potential of 0.6 V. The n values increase as a function of
pyrolysis temperature, with a value of approximately 2 achieved for untreated samples, a
maximum 2.7 for the sample treated at 700 °C and subsequent decrease to 2.5 for 1000 °C.
The n values of these samples vary within the range of 2-2.7, which coincides with the
previous value obtained using the K-L plot, hence confirming that a 2-electron pathway is the
dominant reaction for the Co-containing samples. The n values for TETA/C lie within the
range of 2.1 - 2.4 with little changes at the negative potential of 0.3 V, as seen in Figure
4.21(b). A decrease in the values of n can be observed after 0.25 V when increasing the
pyrolysis temperature for C-only samples, as shown in Figure 4.21(c). This might suggest that
the heat treatment changes the nature of the carbon support. The untreated C has an n value of

ca.2.75, which is higher than that of the heated C-only, TETA/C and Co/TETA/C.
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Figure 4.21 Potential dependence of n for (a) Co/TETA/C, (b) TETA/C and (c) C-only catalysts heat
treated at different temperatures.
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The activity of unheated C may arise from some impurities on the carbon surface.’ The
activity change observed in C-only samples may be due to heat treatment and the presence of
TETA or Co, which are capable of removing impurities. It has been reported that heat
treatment in an inert atmosphere can cause loss of oxygenated groups on carbon supports by
their decomposition. It is believed that the loss of those species results in an increase of N
concentration on the surface, improving the corrosion resistance of the support.””®® The n

values from K-L analysis and RRDE data are summarised in Table 4.3.

Table 4.3 n from Koutecky—Levich analysis and from the RRDE studies at 0.0 V.

n Co/TETAIC Co/TETA/C Co/TETA/C Co/TETAIC
300 °C 500 °C 700 °C 1000 °C

n K-L 2.82 2.36 2.82 2.73

n RRDE 2.1 2.34 2.69 2.43

Figure 4.22 presents a plot of n as a function of pyrolysis temperature at 0.0 V for
Co/TETA/C, TETA/C and C-only in order to clearly present the n value of each sample. The
Co/TETA/C samples in our work have a similar n value trend to that observed by Zhang et
al.” He reported that the number of electrons for 10% Co/TETA/C catalysts in his work
increased as a function of pyrolysis temperature up to a maximum value of 3.6 for the catalyst
treated at 800 °C and a decrease to 3.4 for samples treated at 900 °C. However, the n values
obtained from his study are higher than our present work. It is important to take into
consideration the fact that our catalyst loading was lower than that of Zhang.”® Also, there is a
possibility that the difference in higher n values may be due to the further reduction of H,O..
From our results, it appears that if there is further electro-reduction of hydrogen peroxide to

water, it does not appear to make a major contribution to the reaction mechanism.

169



4 T T T T T T T T T T T
—&— Co/TETA/C
- —@— TETA/C
—— C

2] - .
c 3

o

=

O

9

Qo

Y— 2 T
o

—

Qo

o]

£

> 1 .
Z

0 1 . 1 . 1 . 1 . 1 . 1
0 200 400 600 800 1000

Temperature (°C)

Figure 4.22 Value of n for Co/TETA/C, TETA/C and C-only catalysts as a function of heat treatment
temperature (applied potential 0.0 V).

From the disc and ring currents, it is possible to analyse the percentage of H,0,
released during the ORR, which indicates the selectivity of catalyst towards H,O, generation,
using Eq. (4.4).%

2I,/N
Id+(1r/N)

Plots of H,0, selectivity as a function of potential for Co/TETA/C, TETA/C and C-only
catalysts are presented in Figure 4.23. The selectivity values of all catalysts are within the
range of 60%-100%. The C-only samples show a wide spread of the selectivity as the
temperature was varied. The unheated C-only catalyst appears to have the lowest selectivity
with a percentage value around 60% at the negative potential of 0.1 V, while the heated C-

only catalysts demonstrate higher selectivity. It seems that the nature of the carbon support
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changes with heat treatment, as previously described. Such observations may have been

caused by the removal of trace functional groups present on the carbon surfaces.
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Figure 4.23 The selectivity of H,O, production for (a) Co/TETA/C (b) TETA/C and (c) C-only
catalysts heat-treated at different temperatures.
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For TETA/C catalysts, the values of selectivity fall into a narrower range of 80% -
100% in comparison with that of the C-only results. The selectivity for TETA/C catalysts
decreases in the order of unheated > 300 °C > 1000 °C > 500 °C > 700 °C. The minimum
selectivity of 80% was yielded by the 700 °C TETA/C catalyst while the maximum selectivity
of ~100% was yielded by the unheated TETA/C catalyst. It seems the presence of TETA on
carbon support can control the selectivity of the catalysts to generate primarily H,O, When
Co is introduced to the catalysts, the values of selectivity are in between 60% to 100%, which
IS a wider spectrum than that seen in TETA/C samples. The selectivity of Co-containing
catalytic samples decreases in the order of 300 °C > unheated > 500 °C > 1000 °C > 700 °C;
the results mimic those observed in Figure 4.21(a). The 300 °C Co/TETA/C catalyst shows

the highest selectivity with a value of ~100%.

The 700 °C Co/TETA/C catalyst yields the lowest selectivity towards the two-electron
pathway to H,O,, which corresponds to the result that the n value of this catalyst is higher than
the others. The C-only and TETA/C catalysts show the high selectivity towards the generation
of H,O,; however, it has been produced at a larger negative potential in comparison to Co-
containing catalysts. Additionally, the ORR currents measured in non Co-containing samples
are dramatically lower than the Co-containing catalysts, indicating a lower H,O, product

yield.*

4.3.4 Electrode kinetics

The ORR mechanism catalysed by Co/TETA/C catalysts is in the mixed process of 2-
and 4-electron pathways, as previously mentioned in the discussion above. The Co/TETA/C
catalysts have no electrochemical activity in the potential range of 0.0-1.2 VV (vs RHE), as

shown in the voltammograms. It can be assumed that the Co(ll) of Co in the catalyst should

172



not be reduced during the reaction.*” An analysis of the rate constants for the ORR was carried
out to analyse further the Kkinetics and selectivity of the reaction. The adsorbed O, can be
reduced through different pathways depending on the electrode material. Scheme 4.2 presents
the different pathways for the ORR proposed by Damjanovic.” The model demonstrates that
oxygen can be reduced directly to H,O (rate constant k;) or to H,O, (rate constant k). The
H,0, produced after the 2-electron pathway can further be reduced to water (rate constant ks)
or can diffuse away from the electrode surface and dissolve into the solution (rate constant

ks).*"®” The dissolved H,O, can be detected by the ring electrode of the RRDE set up.

Scheme 4.2 Pathways for the oxygen reduction reaction. The subscripts b and o refer to species
located in the bulk and at the surface, respectively.

Damjanovic et al. considered the general case in which the following reactions may occur:

Ox + me” ki, Red (4.5)
Ox + (m-n)e” — ke yint (4.6)
Int + ne” — K 5 Red 4.7)

where Ox, Red and Int stand for reactant(s), product(s) and intermediate(s), respectively. m
and n are the numbers of electrons involved with the reaction. Diagnostic plots of I4/l; vs ™2
from RRDE data can be used to distinguish which pathway will be taken and the intermediate
products formed during the reaction. The ratio of ki/k, and the rate constant of ks can be

obtained from the slope and the intercept of the diagnostic plot, respectively. From reactions
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(4.5), (4.6) and (4.7), Damjanovic et al. assumed that there may be 5 possibilities drawn from
the diagnostic plots:

(i) Only reaction (4.5) occurs: it means that no intermediate products are produced during the
reaction and there is no ring current to be detected. In this case, the diagnostic plots are not
possible.

(i) Only reaction (4.6) occurs and the intermediate is not further reduced: this means that k;=0

and k3=0. Then, the Eq. (4.8)* is reduced to Eq. (4.9):

Iq _ 1\ | (x+2)ks

I (X + E) * Nw~1/2 (48)
o _ 1
Lo (4.9

where N is the collection coefficiency, x is the relative kinetics of reactions, £’ is a rate

constant. The ratio of Il—d is independent of w. A straight line parallel to the »™/? axis with an

intercept of the Il—daxis at % should be observed in Figure 4.24(a).

(iii) Only reactions (4.6) and (4.7) occur: This possibility indicates that there is no parallel
reaction and the relative kinetics (x) of reactions (4.5) and (4.6) are zero. Thus, the Eq. (4.8) is

reduced to Eq. (4.10):

la_ 1, k)
. N (No—1/2)

(4.10)

A plot with an intercept at % will be observed, as in Figure 4.24(b). The slope of each line is

dependent on the potential.
(iv) Only reaction (4.5) and (4.6) occur without reaction (4.7): This means that there are 2
parallel reactions but the intermediate products are not further reduced. Hence, Eq. (4.8) is

reduced to Eq. (4.11):

la _ (x+1) (4.11)

Ir N
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According to Eq. (4.10), the ratio of 17‘1 does not depend on w; hence straight lines parallel to
the »™/% axis are obtained in the same manner as that shown in Figure 4.24(a). However, in
this case the intercept is greater than % and depends on x.

(v) All three reactions occur: no simplification can be applied to Eq. (4.8). Thus, the slope

and the intercept should depend on the potential that is applied; however, the intercept value

should be greater than % as shown in Figure 4.24(d).
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Figure 4.24 14/1, as a function of ™ from Damjanovic et al.*? (a) Electrode reaction proceeds along a
single path with the formation of intermediates which do not really react further, (b) reaction proceeds
along a single path with intermediates which readily react further, (c) intermediates are produced in a
parallel reaction and do not react further, (d) intermediates are produced in a parallel reaction but do
react further.

Based on the results on this study, Figure 4.25 shows diagnostic plots of Co/TETA/C
heated at 300 °C, 500 °C, 700 °C and 1000 °C. The diagnostic plots show the straight lines

parallel to the ™2 axis and the intercepts are not identical. The dependence of the intercept
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on applied potential is not substantial, from which we may conclude that the values of k; are

small. Also if 'I—d is independent of the rotation rate, the values of ks for the hydrogen peroxide

reduction step can be assumed to be close to zero. These features are in agreement with

possible outcomes (ii) and (iv) of Damjanovic’s assumptions, indicating that there are two

parallel pathways, where oxygen is reduced to water and hydrogen peroxide. This implied that

hydrogen peroxide intermediates are produced and are not reduced further to water because

the ratio Il—d is not dependent on ™.
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Figure 4.25 Il—d as a function of ™2 for Co/TETA/C heated (a) 300 °C, (b) 500 °C, (c) 700 °C and (d)

1000 °C.
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as a function of w™? for Co/TETA/C heated (a) 300 °C, (b) 500 °C, (c) 700 °C

Later, Hsueh and Chin further developed the model based on Damjanovic’s work, to
determine the rate constant.”® This model takes into account several presumptions, including
(a) that there is no hydrogen peroxide chemical decomposition occurring during the
measurement, (b) the adsorption and desorption of hydrogen peroxide proceed rapidly and are

in equilibrium, (c) the rate constant for electrochemical oxidation of H,O, is negligible. The

rate constants ki, ko and ks are calculated from the slope and the intercept of the II—d vs w2
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plot, and the slope and the intercept of T IC“I 3 vs w2 plot at the different potentials. Figure
dl—4d

4.26 shows the plots of (11#11) vs w2 for the varying potentials from RRDE data of
dl—4d

Co/TETA/C heated at different temperatures, which covering the rotation rates from 400 to

2500 rpm. The equations applied to evaluate the rate constants in Scheme 4.2 are given

below:*
la _ 142ki/kp | 2Qtki/ky) 4 —1/2 (4.12)
N NZ 3 '
la1/Ir =14 kit ko w—1/2 (413)
Iq1—Ig Zy
_ LN -1
ki = S22, (11N+1) (414)
257
ky = IN+1 (4.15)
_ S1Z3N
ks = e (4.16)

Eq. (4.12) and (4.13) correspond to the plots in Figure 4.25 and 4.26, respectively.
where lg = limiting disc current

N = collection efficiency

@ = rotational speed of electrode

S, = slope of the plot of 1¢/1, vs ™

S, = slope of the plot of 1g/(lgi-1g) Vs ™2

|, = intercept of the plot of I¢/1; vs ™2

Z1= 0.2006D(0,)* v

Z, = 0.2006D(H,0,)??v

In Figure 4.26, the plotted slopes are potential-dependent. The slopes decrease as the

applied potentials become more negative. The interception points also depend on the applied
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potentials. All intercepted values obtained for each of the catalysts do not equal 1 which
would be expected from Eqg. (4.13). This may be due to small amounts of chemical
decomposition occurring and/or the presence of non-uniform electrical activity produced as a
result of a porous or inhomogeneous electrode surface. The straight lines obtained from the
plotted graphs suggest that there is no chemical decomposition of hydrogen peroxide
occurring during the process, which is expected to yield a non-linear dependence of Ig/(Ig-14)
vs w 2% The slopes and intercepts of the plots seen in Figure 4.26 indicate that the rate
constants of k; and k, may depend on the applied potentials. The slopes of the plots in Figure
4.25 reflect the values of ks which are potential-dependent. The values of kj, k; and ks were

calculated from Eqgs. (4.13), (4.14) and (4.15) and are given in Table 4.4.

Table 4.4 The values ky, k; and ks at 0.08 V for Co/TETA/C heat-treated at different temperatures.

Samples kicms™)  ko(cms®)  ks(cms™)
Co/TETA/C300°C 3.77x10° 147x10" 1.05x10”
Co/TETA/IC500°C  2.15x10° 1.44x10" 1.23x10”
Co/TETA/IC700°C  1.78x10° 4.46x10° 197 x10°
Co/TETA/C 1000 °C 258 x10° 1.43x10* 9.32x107

The Co/TETA/C catalyst treated at 300 °C provides the lowest k; value compared with
the other catalysts. The k, values of all the catalysts are greater than the values of k; and ks,
suggesting that the catalysts may have a preference for reducing O, to H,O, via the 2-electron
pathway. The value of k, for Co/TETA/C treated at 700 °C is lower than those of the other
catalysts, indicating that its catalytic activity reduces O, to H,O, at a relatively slow rate.
These features coincide with the n values and the H,O; selectivity calculated from g and I, in

that the Co/TETA/C 300 °C catalyst produces the n value close to 2 and yields the highest
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H,0, selectivity while the Co/TETA/C 700 °C produces the highest n value and yields the
lowest H,O; selectivity.

From the model of Hsueh et al., it is possible that the rate constants contain errors
which arise from the intercept values extrapolated from the plots in Figure 4.26 at the most
negative potentials. A safer analysis would be to use the intercept of the plots in Figure 4.25
(Eqg. 4.12) to determine the ratio of ki/k, and evaluating the k2 from separate experiments of
hydrogen peroxide reduction in oxygen—free electrolytes. (Here we assume that the rate of
hydrogen peroxide reduction in the solution is similar to the rate of reduction as an
intermediate in the ORR; however, in reality this concept may be significantly over-
simplified. Nevertheless, the values for k; determined from analysing the kinetics of the ORR
and hydrogen peroxide reduction in ref.3” were found to be very similar, which suggests that
the assumption is reasonable to a first approximation.)

Figure 4.27 presents the potential-dependent ratio of ki/k, for each Co/TETA/C
catalyst. The ratios increase when a larger negative potential value is applied. Nevertheless, it
can be observed that the ki/k; ratios of each catalyst increase at different potentials, reflecting
the onset potentials order 1000 °C > 700 °C > 500 °C > 300 °C. The Co/TETA/C treated at
300 °C has the lowest ratio with a value below 0.1, suggesting that the 2-electron process is
preferential for this sample. The Co/TETA/C catalyst treated at 700 °C exhibits the greatest
ki/k, ratio which is approximately double the value for that obtained for the other two
catalysts. The larger ki/k, ratio, indicates that the 4-electron reduction can make a larger

contribution thus, enabling a slightly larger n value and smaller H,O, selectivity.
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Figure 4.27 Potential dependence of ki/k, for Co/TETA/C catalysts heat-treated at different
temperatures.

In order to evaluate the reliability of the k3 value, the H,O, reduction reaction was
carried out in 20 mM H;0O; in 0.1 M HCIO,. Figures 4.28 and 4.29 represent the RDE data for
the H,0O, reduction reaction for Co/TETA/C and TETA/C catalysts heat-treated at different
temperatures, respectively. The diffusion coefficient of H,O, used is 8 x 10° cm? s,
following the previous studies in ref°®%. Non-liner regression analysis of RDE data was

performed to fit the data to Eq. (4.1), employing Igor Pro, in order to obtain the reaction
Kinetic values of the transfer coefficient (an,) and k3. n was set to 2, Dy, 0,Was taken as 8.66
x 10° cm? s? ¥ and the concentration was 20 mM. an, and kJ were allowed to vary
(although the software restricted an, to between 0 and 1 and k2 to positive values). The
obtained results were averaged for all rotation rates. The results for k2 and an, are presented

in Table 4.5.
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Table 4.5 The values k3 and an, for Co/TETA/C heat-treated at different temperatures.

j !/ mA cm™2

j !/ mA cm2

Samples k2 (cms™) an,
Co/TETA/C 300 °C (3.23+0.14) x 10°  0.150 + 0.020
Co/TETA/C 500 °C (9.27 £0.23) x 10°  0.127 + 0.005
Co/TETA/C 700 °C (4.98 +£0.29) x 10°  0.120 + 0.001
Co/TETA/C 1000 °C (7.98 +0.47) x 10°  0.175 + 0.001
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Figure 4.28 RDE polarisation curves of H,O, reduction in Ar-saturated 0.1 M HCIO4 + 20 mM H,0,
for Co/TETA/C treated at (a) 300 °C, (b) 500 °C, (c) 700 °C and (d) 1000 °C. Scan rate = 0.02 V' s ™.
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Figure 4.29 RDE polarisation curves of H,O, reduction in Ar-saturated 0.1 M HCIO4 + 20 mM H,0,
for TETA/C treated at (a) 300 °C, (b) 500 °C, (c) 700 °C and (d) 1000 °C. Scan rate = 0.02 Vs .

The rate constants for Co-containing catalysts are significantly higher than those for
Co-free catalysts, which indicate that the small amounts of H,O, intermediates are further
reduced to H,O in Co-containing catalysts. The kJ values increase as a function of
temperature until it reaches the maximum value at 700 °C and subsequently decreases for
1000 °C. The Co/TETA/C catalyst treated at 300 °C shows the lowest kI value which is
similar to that of the Co-free catalyst. The Co/TETA/C catalyst treated at 700 °C has the
largest k2 value, which suggests that the H,O, intermediates are rapidly being further reduced
to H,O in comparison with the other catalysts. The k2 value for the 500 °C catalyst is similar

to that of the 700 °C sample; however, the reason underlying such observations still remains
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unclear. It is feasible to explain that the H,O, reduction for the 500 °C samples corresponds to
the co-existence of Co(ll) complexes and small Co crystallinities, which are below the
detection limit of the analytical techniques. While the heat-treatment increased to 700 °C, the
Co(ll) complexes decrease and the Co crystallinities increase until a large amount of Co
particles were formed in the 1000 °C samples as seen from TEM images. The aggregation of
Co crystallites diminishes the catalytic activity of the Co-containing samples when reducing
oxygen to water, as can be seen in the decreased value of n and the increased selectivity of
H,0, obtained by the catalyst treated at 1000 °C.

The overall rate constant is useful to simplify the comparison of rate constants of the
catalysts without recognising each pathway of the reaction. Non-linear regression analysis of
RDE data was also employed to fit the data of Co/TETA/C catalysts with only one overall

value of the standard rate constant, kg, and transfer coefficient () from Eq. (4.17).%

j= 1/<exp(38.39a(E—E°)) n 1 ) 4.17)

F(E)k3ppcd, 0.2006n(E)FDy/*v=1/6c8 w1/2

where the potential dependent values of n(E) were approximated from Koutechy-Levich
results as shown in Figure 4.20 and from RRDE data as shown in Figure 4.21(a). The current
density in this regression was calculated using the geometric electrode area; thus the kg, is
the overall rate constant for oxygen reduction calculated per unit geometric electrode area.

The k2

app Values shown represent the average values taken from all rotation speed with the

reduced chi-squared analysis less than 10°®.
The k;’pp values calculated from both RRDE data and from Koutechy-Levich increase
with heat-treatment temperatures. The values from the 700 °C samples are higher than those

of the 1000 °C samples in both cases. However, the kgpp values calculated from both cases
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contain large standard deviation values as they were calculated from the overall oxygen
reduction reaction. The values of kg, and « for each catalyst are shown in Table 4.6.

Table 4.6 The kgpp and o values for Co/TETA/C heat treated at different temperatures.

Samples kpp (€M ™) a
COlTETAIC 500 °C n(Id/Ilr) (463 +324)x 10°  0.216 + 0.037
CO/TETA/C 700 °C n(Id/lr)  (L16+1.12)x10°  0.224 +0.039
CO/TETA/C 1000 °C n(Id/Ir))  (2.51+2.00) x 105  0.219 +0.038
CO/TETA/C 700°C n(K-L)  (191+0.287)x10*  0.125 +0.004
CO/TETA/C 1000°C n(K-L)  (7.54 +0.869) x 10  0.091 + 0.004

4.4 Conclusions

It is likely that the lowest ki/k; ratio and k3 value obtained by the Co/TETA/C 300 °C sample
may be results from the formation of Co(ll) complexes at low heat-treatment, thus suggesting
that the Co (1) complex tends to produce hydrogen peroxide with a low hydrogen peroxide
reduction current. The Co/TETA/C 700 °C sample has the greatest ki/k, ratio and ks value,
indicating that the presence of co-existing Co(ll) complex and metallic Co enhances the
reduction of oxygen to water and the reduction of hydrogen peroxide. This behaviour results
in a lower H,0, selectivity and higher n values are obtained. The H,0, yield for Co/TETA/C
catalysts is in between 60% to 100%. The yield drops as the heat-treatment temperature
exceeds 500 °C, corresponding to the progressive formation of particles of metallic cobalt. It
is difficult to separate the effects of remaining pyrolysed ligands from particle-size effects but
the relatively high rate constants of oxygen reduction for cobalt particles pyrolysed at 700 °C
may simply be a reflection of their very high surface area compared with the large particles

found at 1000 °C. We cannot rule out the presence of cobalt metallic-like particles being
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formed at 500 °C but they have not been detected by the electron-optic analyses used here. A
detailed kinetic analysis does not support any substantial change in mechanism for any of the
cobalt-containing catalysts as a function of heat-treatment, whether they be principally
metallic or Co(l1)-like in form.

Although the 300 °C catalyst yields the highest H,O, selectivity, it is not an
appropriate candidate to be a catalyst for the production of hydrogen peroxide because a low
current density is obtained with a large overpotential. Therefore, the 1000 °C Co/TETA/C
catalyst is the best candidate for generating hydrogen peroxide in practical applications, as it

gives high current density and selectivity with lower overpotential.
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CHAPTER 5
RHODIUM AND RHODIUM-GOLD NANOPARTICLES FOR

NITRATE REDUCTION AND NITRITE REDUCTION

5.1 Introduction
This chapter describes the investigation of the electrocatalytic activity of Rh, AuRh and
modified Rh particles for nitrate reduction and nitrite reduction. Nitrate and nitrite pollution of
water is a threat to our human health and to ecological systems. Both nitrate and nitrite are
potentially carcinogenic agents and a cause of “blue baby syndrome”.'® Nitrite is highly
involved in human life since it is widely used in the food industry in order to preserve food
and cure meat and to flavour and colour. Nitrate in ground water becomes a risk to the human
body after it has been reduced to nitrite by the biological reduction reaction in bacteria in vivo.
An excess intake of nitrate could then cause deterioration in human health. The EU nitrate
directive limits the contaminant level in consumer water such that the concentration of nitrate
must not exceed 50 mg/L, which is the same level of nitrate concentration in drinking water is
recommended by The World Health Organisation (WHQO). The steady accumulation of nitrate
in ground water is a result of biological and environmental activity as well as industrial
process.? In nature, the accumulation takes place from biogeochemical nitrogen cycle,
including in the atmosphere, the geomosphere and biomosphere.! The intensive use of
fertilisers in agriculture and the use of nitrates in several industries, such as iron, paper,
electronic and nuclear fuel processes, cause severe water pollution.

Nitrate and nitrite can be removed by several methods, for instance, biological
methods and physiochemical methods, including ion exchange®, membrane separation®®,

catalytic treatment’™. However, the processes of biological methods are complex and suitable
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for nitrate removal only on a small scale. Membrane separation and ion exchange techniques
possess various disadvantages, such as the high concentration in secondary brine waste, the
formation of toxic by-products and the high process cost. Therefore, much research effort has
gone into seeking a feasible process with high selectivity that can convert nitrate into harmless
or useful industrial products.

Electrocatalysis for nitrate removal®'***%

IS @ promising option, which has been
intensively investigated for over four decades due to several advantages, for example, it is
environmentally friendly, highly selective, safe and has moderate process costs. The possible
oxidation states of nitrogen compounds in acidic media are presented in Figure 5.1.%2* The
oxidation state diagram plots the volt equivalent (VE, the standard potential x nitrogen

oxidation state) of the electrochemical equilibrium between a certain compound and Np,

versus the oxidation state of the compounds.

HNO,

VE / Volt

—
T

NH,*

1 1 1 1 I 1 1 1 J

4 3 2 -1 0 1 2 3 4 5 6
oxidation state

Figure 5.1 Oxidation state diagram of inorganic nitrogen compounds in acidic solution. VE is the
“volt equivalent”, that is, the standard potential for the conversion to N, % the nitrogen oxidation state
of the species under consideration.””** (Note that HNj; refers to azide)
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The diagram shows that the ammonia and dinitrogen should be the thermodynamically
most stable forms of nitrogen, which mean that they should be the end-products of nitrate
reduction.?* However, this diagram does not consider the kinetics of the reaction and the
interaction with the solid-state catalyst, which are necessary considerations for
electrocatalysis. Practically, ammonia and nitrous oxide are dominant products in nitrate
reduction and the selectivity towards these products depends on electrode nature, pH,
electrolyte, electrode potential, experimental conditions etc.

Figure 5.2 presents a reaction of microbial nitrogen cycle in ecosystem, including
dinitrogen fixation, nitrification and denitrification. There are several intermediates involved

with the nitrogen cycle. The following section describes each compound in the nitrogen cycle.

NO, NH,OH"

e Nitrification--...

NO, “NH
) f
Nitrogen fixation

\Dénitrification P N2

NO_______h N,O /

Figure 5.2 Simplified scheme of the “classical” nitrogen cycle.?>?

Ammonia (NH3;) can be used as nitrogen source in fertiliser production. NH3 can be
produced as the main product when an electrode capable of cleaving the N—O bond is used,

such as Rh*! or Ru?.
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Hydroxylamine (NH,OH) is a required material in the production of caprolactam.
NH,OH is a major product of nitrate reduction for various electrodes such as, Pt, Ir, Pd**? or
an immobilised Fe porpyrin®. It can be produced because those electrodes have less ability to
break the last N—O bond of nitrite by electrocatalysis.

Nitrous oxide (N,O) is a compound used as an anaesthetic in medical applications.
N,O is the main product from nitrite reduction on most precious metal electrodes.®?’
However, it cannot be found in nitrate reduction, except when a noble metal electrode has
been modified by a second metal."“?**° N,O plays an important role, in that it can be further

reduced to N, on a few electrodes,?®

as shown in the following reaction.
N,O + 2H" + 2¢ = N, + H,0 (5.1)
However, in most cases N,O is weakly absorbed on electrode surfaces; hence, it escapes from
the electrode before further reduction to produce N,. Pd is the most promising catalyst for
nitrite reduction so it is actively able to produce N,O, even when hindered by sulphate.®
Differently from the other metals, Pd promotes the mechanism where free sites of Pd can
decompose N,O by adsorbing oxygen atoms on the surface, as shown in reactions (5.2) and
(5.3).
N2Oads =2 Oags + Ny slow irreversible reaction (5.2)
Oas + 2H" + 26 > H,0 fast reaction (5.3)
The decomposition of N,O has also found on the surface of Pd (110) under Ultra High
Vacuum (UHV).®
Nitric oxide (NO) is an important key intermediate for nitrate reduction and nitrite

reduction. Nitrate is reduced stepwise via nitrite formation, leading to an adsorbed NO (NO,gs)

intermediate. In nitrite reduction, NO adsorbs on the electrode surface and it may yield NO
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solution (NOg), as generated from the pH dependent decomposition of nitrous acid (HNO,),

as shown in reaction (5.4) — (5.6).

NO, + H"— HNO, pKa =3.35 (5.4)
2HNO; <~ NO + NO, + H,O (5.5)
3NO, + H,0 < NO+2H" + 2NOs (5.6)

As seen from the reaction, the decomposition of HNO, is promoted when the pH value of the
electrolyte decrease and the concentration of nitrite increase. The adsorption of NO on metal
surface has been widely investigated. NO adlayers on Pt electrodes, prepared from nitrite in
acidic media, can be stripped in blank electrolyte and the Pt electrode completely recovers.®*
% NO,gs on Pt electrodes is preferentially converted to NH,OH.™ In contrast, Rh does not
recover after NO stripping as there is an irreversible poisoning oOf Nags from NO,gs
fragmentation.”®*’

Nitrite (NOy") is toxic if it contaminates food or water in high concentration. Nitrite
reduction has been mostly studies in acidic media in the form of HNO,, as it can generate NO
adlayers on metal electrodes.®”* There are much fewer reports in neutral and in alkaline since
nitrite reduction is less active and nitrite is mostly converted to ammonia.*®*° Duca et al. have

published a number of papers on nitrite reduction'®***

, showing that the mechanism of
nitrite and nitrous acid reduction on platinum electrode is a function of electrode potential and
the solution pH. They suggested a general pH-dependent mechanistic scheme, as shown in

Figure 5.3.° On platinum, nitrite is more easily reduced than nitrate. Several products, such as

NH,OH and NHj are detected.'®* On rhodium, only NH; is detected.?
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Figure 5.3 Mechanistic pathways for nitrite/nitrous acid reduction as a function of pH and potential .*®

Nitrate can contaminate ground water. The reduction of nitrate in liquid-phase
heterogeneous catalysts can proceed via several pathways, indicating that there are several

intermediates during the reaction. The list of the products to which nitrate can be reduced and

the corresponding equilibrium potentials are given below:**

NO; + 2H" + 2¢ - NO, + H,0 EC
NO; + 4H' + 3¢ < NOg + 2H,0  E°
NO; + 10H" + 8¢ « N,O + 5H,0  E°
NO; + 12H" + 10e < N, + 6H,0 E°
NO; + 8H' + 6e « NH30H" + 2H,0 E°

NO; + 10H" + 8¢ <« NH,"” + 3H,0 E°

0.835 V (vs NHE)
0.958 VV (vs NHE)
1.116 V (vs NHE)
1.246 V (vs NHE)
0.727 V (vs NHE)

0.875 V (vs NHE)

(5.7)
(5.8)
(5.9)
(5.10)
(5.11)

(5.12)

The hydrogen evolution reaction (HER) competes with nitrate reduction in acidic media:

2H" + 2 o H, E® = 0V (vs NHE)
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The large number of nitrogen compound intermediates makes the study of nitrate
reduction hard. There are many reports about nitrate reduction on noble metal electrodes.
Platinum is the most intensively studied. However, Rh has been suggested to be the most
promising catalyst.*** Palladium shows similar activity to Pt but it is the most active
catalyst for nitrite reduction.'® Au presents very small activity for nitrate reduction, while Cu
and Fe present appreciable activity and produce ammonia in acidic media but they are
corroded during the reaction.’®*“* It is known that nitrate reduction can proceed via two
different mechanisms: the first mechanism has been practically operated in mild concentration
of nitrate and acidity of electrolyte. The second mechanism has been operated in high
concentration of nitrate (> 1 M) and high acidity (pH < 0) of supporting electrolyte.’

Vijh et al. presented the first report, which compared several transition metals for
nitric acid and nitrate reduction.“® Their volcano plot is based on the electroreduction of nitric
acid.*’ It has been concluded that a moderate value of interaction energy between metal and
oxygen atom presents high reaction rate. Recently, Dima et al. investigated nitrate reduction
on several metals, along with an anion effect. The activity of transition metals towards nitrate
reduction decreases in the order Rh > Ru > Ir > Pd and Pt, and of coinage metals in the order
Cu > Ag > Au. No gaseous product was found for Rh and Pt. Rh presents the most catalytic
activity and yields both nitrite and ammonia, suggesting it is more effective in stepwise

42,43,48 who

reduction.”® This is in good agreement with reports by Wesberg and Horanyi,
determined that the diffusion limit is achieved for nitrate reduction on Rh. Dima also
determined from the Tafel slope of 120 mV dec™ that the first electron transfer is the rate-
determining step, indicating the step of nitrate reduction to nitrite.*****4 Also the effect of

co-adsorption of anions is more significant on Pt and Pd than on Rh.1®**** Apart from

polycrystalline electrodes, Dima et al. also studied nitrate reduction on single crystal Pt
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electrodes. It has been found that nitrate reduction is a structure-sensitive reaction on single
crystal electrodes, controlled by the other species (hydrogen, anion) rather than nitrate itself.*®

Reddy et al. studied nitrate removal from ground water by electrocatalytic reduction
under different redox potentials of nitrate and reaction time for Rh, Pd and Pt on carbon
supports.®®> On Rh, the lower redox potential and longer reaction achieved a substantial
decrease in nitrate concentration without the detection of NO,; however, lower redox
potential is prior to be considered. While Pt and Pd enable to reduce nitrate but merely in slow
rate. It is known that gaseous products cannot be detected from Rh, Pt and Pd electrodes.

Brylev et al. studied the direct, quantitative analysis of nitrate reduction in neutral
media.”® Rh-modified pyrolytic graphite presents a high nitrite adsorption on its surface and
subsequent increases in an ammonium yield. Later, they varied the conditions of the
experiment and concluded that the rate constant of the step nitrate to nitrite increases with pH
increase, indicating the influence of hydrogen evolution on nitrate removal. The current
efficiencies of H, and NHj; increase at more negative potentials. The selectivity to N, is not
improved on temperature increase. The addition of formate anion has a significantly effect on
hydrogen evolution and nitrate reduction rather than the addition of carboxylate and
tetraalkylammonium cations.

Witonka et al. used Rh/Al,O3 and Rh—Cu/Al,O5; for hydrogenation of nitrate in
water.>* The activity of Rh/Al,Os is similarly high to that of Rh—Cu/Al,O3 but the bimetallic
catalysts decrease the time to complete nitrate reduction. However, addition of Cu does not
increase the selectivity to N,. The Rh/Al,O3 catalyst enables reduction of nitrate to nitrite,
although its activity is lower than that of Rh—Cu/Al,Os. In the case of Pt and Pd, the catalysts
are less active for nitrate reduction.>®*® The role of Rh/Al,Os is in the reduction of nitrite to

N, and NH,". Pronkin et al. studied nitrate reduction on Pd/C and Cu-modified Pd/C.>" The
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carbon support does not interfere with the reaction due to its significantly low activity. Cu
modification enhances the activity of Pd/C for nitrate reduction. The surface of Pd particles
with 4 nm diameter comprises of small contribution of (111) and (100) facets, which decrease
with a decrease of particles size, suggesting that the smaller particles presents lower catalytic
activity.

Shimazu et al. *+#"**%% pyblished a number of papers involving Sn-modified noble
metals for nitrate reduction and nitrite reduction. Sn mainly promotes nitrate reduction by
adsorbing one atom of nitrate. The soluble and gaseous products, such as NO,, N,O, NH3",
NH;OH" and N, can be detected, depending on the electrode material. The authors
quantitatively evaluated the abilities of the electrode to cleave N—O bonds and to form N—N
bonds and N—H bonds. The values of ability to cleave N—O bond decrease in the order of
Sn/Rh > Sn/Pt > Sn/Ru > Sn/Pd > Sn/Ir. The capability of the selective N, production
evaluated from the bond formation and bond cleavage decreases in the order of Sn/Pd > Sn/Rh
> Sn/Pt > Sn/Ir >> Sn/Ru. Experimentally, Sn/Pt yields the highest amount of N formation.
For nitrite reduction, the trends in properties of the electrode opposite to those for nitrate
reduction.

Gootzen et al. studied Ge-modified Pt, Pd and Pt+Pd electrodes.'?®* The activity of the
electrodes was proportionally related to Ge coverage. GePd generates more hydroxylamine
than GePt and GePt+Pd. The formation of NO can be detected from GePd and GePt+Pd. Ge
promotes nitrate reduction. Dima et al. showed that Ge inhibits anion and hydrogen
adsorptions, which compete with nitrate adsorption.” Prusse et al. investigated the
mechanism of nitrate hydrogenation for InPt and InPd catalysts and concluded that the
possible mechanism proceeds through the combination of active sites on bimetallic catalysts.

6264 several reports form Marchesini investigated the effect of catalyst supports, Al,O5 and
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SiO,, on catalytic activity of InPt and InPd.®>® Krawczyk et al. reported that high selectivity
towards N, not only depends on catalyst dispersion but also depends on the porosity and the
presence of intermetallic PdIn compounds on the surface.”® However, all reports investigated
bimetallic catalysts and the mechanism of nitrate reduction on these catalysts is still unclear.
For nitrate removal from waste water, the nitrate ion is stable and highly soluble so it
is not amenable to removal by conventional water treatment processes such as coagulation and
precipitation or adsorption and filtration. Hence, specialised processes are necessary. The
most common treatment processes used to remove nitrate are reverse osmosis (RO), ion
exchange (IE), electro-dialysis (ED) and activated carbon adsorption in conjunction with pH
adjustment.”* However, there are some disadvantages of these methods. IE removes nitrate
ions from treated water but it also produces secondary waste from the process of regeneration
of the resin, which rich in nitrate ions and difficult to dispose. Complementary methods for
denitrification should be combined with nitrate removal processes. Electrocatalytic
denitrification has recently been applied successfully when combined with ion exchange.’*™

The electrochemical method has a high rate of nitrate conversion and applicability to any

composition of wastes.

The concentration of nitrate in wastes and water may vary. The concentration of
nitrogen compounds in some industrial waste waters is tremendously higher than that in
groundwater and surface water.”*"® The concentration of nitrate influences the rate of nitrate

reduction and the distribution of product.”>"

Industrial waste water contains high
concentrations of ions such as nitrate, sulphate, sodium, as well as several metal ions such as
copper, lead and zinc. Petrii et al. observed a linear dependence of the current density on the

nitrate ion concentration in sulfuric acid solutions and studied the cathodic reduction of nitrate

in the presence of Cs*, La®" and Cd** cations and Cu adatoms.””"® For Pt electrodes, the
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electroreduction of NO; is pH-independent in that because the reaction takes place at the
same potential. However, the electroreduction currents in acid decrease with increasing pH,
while the electroreduction current in alkaline solution presents almost no pH dependence.*®

In this work, we emphasised on the nitrate reduction at low concentration of nitrate
and nitrite. We studied the electrocatalytic activities of Rh nanoparticles on carbon substrate
Rh/C, AuRh/C and Sn-modified Rh/C for nitrate reduction and nitrite reduction in sulphuric
acid have been investigated. On-line electrochemical mass spectrometry (OLEMS) was
employed to detect the volatile products. On-line ion chromatography (IC) was combined with
voltammetry to determine the formation of soluble products, in particular the formation of

NH," and NH3OH" in acidic media.

5.2 Experimental

5.2.1 Materials

All experiments for nitrate and nitrite reduction were carried out at room temperature. All
glassware was cleaned in an acid bath as described in chapter 3.2. Sodium nitrate (NaNOs,
99.99 %) was obtained from Merck. Sodium nitrite (NaNO,, 99.99 %), Germanium (1V)
oxide (GeO,, 99.99%), Tin (Il) chloride dehydrate (SnCl, 2H,0, 99.99%), and sodium
hydroxide (NaOH, 99.99%), were purchased from Sigma Aldrich. All chemicals mentioned
above were stored in vacuum desiccator. Sulphuric acid (H2SO4, 96%) was purchased from
Merck. Sodium hexachlororhodate (NazRhClg-12H,0) and indium (Il1l) sulphate hydrate
(In2(SO4)3) was purchased from Alfa Aesar. Cetyltrimethylammonium bromide (CTAB) and
L-ascorbic acid were purchased from Acros, sodium borohydride (NaBH,) was obtained from
Riedel-de Haén. Ultrapure water (purified with a Millipore Milli-Q: resistivity 18.2 MQ cm,

TOC <5 ppb) was used throughout.
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5.2.2 Catalyst preparation
Co-reduced Au—Rh nanoparticles used in this work were prepared by the procedure described
in Chapter 3.2. Bare Rh particles were prepared by chemical reduction. 0.225 mL 0.02
NaszRhClg-12H,0 was added to 3 mL 0.1 M CTAB and was reduced by 1.5 mL 0.1 M NaBH,
at 40 °C with 2 h sonication. The total volume was adjusted to 6.0 mL. The content of Rh
particles in this work is the same as the content of Rh in co-reduced Au:Rh particles of 1:1
ratio. The sample was then kept at 25 °C for 24 h. In order to obtain Rh catalyst ink, the
catalyst suspension was mixed with cleaned carbon powder (Vulcan XC-72R) under
sonication for 2 h. The catalyst was then centrifuged twice at 6000 rpm for 1 h and
redispersed in 1 mL of H,O. For Au particles, bare Au particles were prepared with the same
procedure stated in chapter 3.2.

The particle size and morphology of Rh nanoparticles were characterised by scanning
transmission electron microscopy (STEM). The images were obtained with a Jeol 2100F
STEM, fitted with a CEOS spherical aberration corrector and a high-angle annular dark field

(HAADF) detector, operated at an accelerating voltage of 200 kV.

5.2.3 Electrochemical measurements

A polycrystalline Rh electrode, co-reduced Au:Rh/C particles and Rh/C particles were used in
this work. The polycrystalline Rh electrode (flag shape) with 99.9% purity was flame-
annealed and quenched in water saturated with argon. For Au:Rh/C and Rh/C particles, the
glassy carbon electrode was polished using increasingly finer aqueous alumina powder
slurries (1.0, 0.3 and 0.05 um, Buehler), followed by sonication in ultrapure water for 5 min
and potential cycling in blank solution to clean and check the electrode surface. The electrode

was then removed from the electrochemical cell, rinsed with ultra pure water and dried under
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an Ar stream. 4 uL of the freshly sonicated catalyst suspension was pipetted onto the surface
of the glassy carbon disc (0.071 cm?) and dried under argon atmosphere at room temperature.
Afterwards, the electrode was gently rinsed with ultra pure water before be transferred to the
electrochemical cell.

For all electrochemical measurements, the counter and reference electrodes were a Pt
coil and a reversible hydrogen electrode (RHE). All potentials reported in this work are
referred to the RHE. The Autolab Pgstat20 was employed for all electrochemical
measurements except for the experiments involving on-line electrochemical mass
spectrometry, which employed an Ivium A06075 potentiostat. Prior to the electrochemical
measurements, both acidic (0.1 M H,SO,) and alkaline (0.1 M NaOH) electrolytes were
saturated with argon. In order to protect the solution from oxygen ingress, argon also was
purged above the electrolyte during the measurements. The working electrode was immersed
in the electrochemical cell whilst applying the potential at 0.5 V (in the double layer region of
the catalyst), in order to stabilise the electrode surface and to ensure reproducibility of the
measurements. The working electrodes in hanging menicus were activated in blank electrolyte
scanned from 0.0 V to 0.55 V with scan rate 0.05 V s™ for 10 scans before starting the
measurement, which employed a scan rate 0.01 V s™. Nitrate reduction and nitrite reduction
experiments were carried out in the Ar-saturated electrolyte with freshly prepared 10 mM
NaNO3 and 0.8 mM NaNO, solution, respectively, with scan rate 0.01 V s™. The pH of the
electrolyte was checked after the experiment with a Radiometer Copenhagen pH electrode. A
pH change of the electrolyte was not observed.

NO adsorption and stripping were carried out by following procedure. The activated
electrode was immersed in Ar-saturated 0.1 M H,SO, containing 0.8 mM NaNO, and applied

the potential at 0.20 V (vs RHE) for 2 min. The electrode was rinsed, protected with the water
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droplet and transferred to another cell containing Ar-saturated blank electrolyte. The NO
stripping was performed with various scan rates. The nitrite concentration of NO adsorption
experiment is equal to that of stationary continuous reduction experiment.

On-line electrochemical mass spectrometry (OLEMS) measurements®® were
performed with an evolution mass spectrometer (MS) system (European Spectrometry
Systems Ltd.). The system consists of a Prisma QMS200 (Pfeiffer), brought to vacuum with a
TMH-071P turbo molecular pump (60 I/s, Pfeiffer) and a Duo 2.5 rotary vane pump (2.5 m*/h,
Pfeiffer). During measurement, the pressure inside the MS was below 1x10® mbar and
products at the electrode interface were collected through a small inlet tip positioned close to
(~10 pum) the electrode in the electrochemical cell. A video camera was used to adjust the
position of the tip. The entire tip configuration was cleaned in chromic acid and rinsed with
large amount of ultra pure water before use.”® The fragmentation ratio of N,O (m/z = 44) to
other important volatile compounds, such as N, (m/z = 28), NO (m/z = 30), was considered
and calibrated in order to estimate the products that really form on the electrode. In this work,
the fragmentation ratios of N,O were determined as N2:N,O = 0.0685, and NO:N,O = 0.202,

following Yang et al.?® The OLEMS set up is shown in Figure 5.4.

Figure 5.4 OLEMS set up.
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The 1C experiment is set up follows explanation by Yang et al. The combines an ion
chromatography unit (Shimadzu, Prominence) with a conductivity detector (CDD-10Ap,
Shimadzu), with an automatic fraction collector (FRC-10A, Shimadzu), to collects samples
by using a small Teflon tip which positioned in the solution close to the surface of hanging
meniscus working electrode in the electrochemical cell. The samples were collected every 60
mV during voltammetry of 0.1 M HNOj3 with scan rate 0.001 V s™. A microtiter plate with the
collected samples was placed in an autosampler (SIL-20A) holder and 20 pL of sample was
injected into the column. The column used was a Shodex IC Y-521 single column for the
Rh/C samples and a Shodex IC Y-521 two columns for the SnRh/C samples. Diluted 4 mM
HNO; was used as the eluent with 1 mL min™ flow rate. The temperature of the column was

maintained at 40 °C for the Rh/C samples and at 30 °C for the SnRh/C samples.

5.2.4 Tin (Sn), Indium (In), and Germanium (Ge) modifications of working electrodes

The experiment studying Sn-modified working electrodes were performed in another
electrochemical cell after checking the electrode surface in blank electrolyte. For spontaneous
Sn deposition, the working electrode was immersed in Ar-saturated 0.1 M H,SO,4 + 0.025 mM
SnCl; at open circuit for 2 min to induce a spontaneous adsorption. For electrodeposition Sn,
the electrode was immersed in Ar-saturated 0.1 M H,SO,4 + 0.05 mM SnCl, and a potential of
0.20 V was applied for 10 min. After Sn modification, the electrode potential was controlled
at 0.5 V and the electrode was caused at this potential, rinsed with ultrapure water and
directly transferred to the electrochemical cell for cyclic voltammetry in 0.1 M H,SO, to
estimate the Sn coverage on the electrode by recording the voltammogram in hydrogen rerion.

The electrode was then used to study nitrate reduction.
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For In modification, 6.9 mM In,(SO4); was prepared. Then 0.77 g Na,SO4 was mixed
with 100 mL of ultra pure water. The Na,SO, solution was then adjusted to pH 3 by adding
0.1 M H,SO,. 100 mL of Na,SO,4 was mixed with 1 mL of 6.9 mM In,(SO,4); and served as
electrolyte. The electrochemical cell was set up as described previously. The working
electrode was immersed in the electrochemical and potential of 0.1 V was applied for 10 min.

For Ge modification, 50 mL 0.2678 mM GeO, were prepared in 0.5 M H,SO4. Then 1
mL of the obtained GeO, solution was mixed with 100 mL 0.1 M H,SO,. The Ge

modification was carried out with the same procedure as for Sn modification.

5.3 Results and Discussion

The catalytic activity for nitrate reduction and nitrite reduction of Au, Rh and Au:Rh particles
were compared in both acidic media and alkaline media. The electrodes were characterised
using cyclic voltammetry (CV), on-line electrochemical mass spectrometry (OLEMS) and ion

chromatography (IC).

5.3.1 Electrocatalyst characterisation of Au/C, Rh/C, Au:Rh/C and polycrystalline Rh
electrodes.

5.3.1.1 Acid media

5.3.1.1.1 Nitrate reduction

5.3.1.1.1.1 Au/C

The cyclic voltammogram of Au/C particles is presented in Figure 5.5. The anodic and
cathodic peaks at 0.6 V arise from quinodal species on the carbon substrate. The Au oxide
formation and Au oxide reduction peaks are at 1.4 V in the forward scans and at 1.15 V in the

negative scan, respectively. Figure 5.6 shows the cyclic voltammogram of Au/C particles in
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the double layer region in blank electrolyte and in 10 mM NaNO; + 0.1 M H,SO4. The carbon
substrate does not catalyse nitrate reduction, which is in agreement with the literature.> The
nitrate reduction is very slow and hardly detectable on Au/C particles. Literature reports that
Au is the least catalytically active of the coinage metals for nitrate reduction.'®® Da Cunha et
al. reported that this may be because of the low nitrate adsorption energy of Au.®* However,
Au is a good support for the other metals for nitrate reduction. It can be modified by foreign
metal atoms, such as Cd**®, Pb®, Ag ® etc.®’, to form a monolayer or multilayers to improve

the catalytic activity for nitrate reduction.
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Figure 5.5 Cyclic voltammogram for Au/C in 0.1 M H,SO,. Scan rate 0.05V s™.
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Figure 5.6 Cyclic voltammograms for Au/C in 0.1 M H,SO, and in 10 mM NaNO; + 0.1 M H,SO,.
Scan rate 0.01 V s™.
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5.3.1.1.1.2 Rh/C

STEM images were kindly provided by Ruth Chantry, School of Physics and Astronomy,
University of Birmingham. Figure 5.7 shows representative transmission electron microscopy
(TEM) and high angle annular dark field (HAADF) images of Rh nanoparticles. The

spherical-shaped particles have average size 2-5 nm.

Figure 5.7 STEM-HAADF images of Rh nanoparticles.

Rh is the most promising catalyst for nitrate reduction® and nitrate removal®* in acidic
media. The Rh commercial catalyst for nitrate removal in groundwater is a 30% Rh coated on
carbon cloth (1 ug cm™), ELAT (E-Tek Inc., Natick, MA).>? The literature reports that most
metals yield higher catalytic activity in HCIO,4 than in H,SO,4 as sulphate ion is strongly
adsorbed on the electrode surface, hindering the adsorption of nitrate and nitrite.'*>" Despite
this H,SO4 was used in this present work as it is known that Rh reduces and catalyses the
decomposition of ClIO, to CI in the studied potential range?®* and CI strongly adsorbs on
both Au and Rh even more strongly. The potential range utilised covers the double-layer
region and hydrogen adsorption/desorption region. Meanwhile, the upper potential limit does
not exceed 0.6 V, in order to stabilise the surface during the measurement.*’

The cyclic voltammograms of Rh/C in blank electrolyte and in 10 mM NaNO3; + 0.1
M H,SO, are shown in Figure 5.8. The cyclic voltammogram in the blank solution exhibits

two peaks corresponding to hydrogen desorption and one peak corresponding to hydrogen
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adsorption. It is known that the reduction of NO; is a stepwise reduction, in which the rate-
determining step is the step of nitrate reduction to nitrite. The inhibition happens because of
the competitive adsorption between H,gs, NO3 and the intermediates of NO5 reduction.” The
CV results suggest that Hags and NOs3 o4 Start to be formed at starting potential of 0.55 V. The
nitrate ions are then reduced slowly to nitrite at double layer region potentials. The onset
potential of nitrate reduction for Rh/C is at 0.30 V, at which the surface of the electrode is
largely covered by NO, giving higher current density due to its reduction. The reduction
current increases at more negative potentials until a maximum is reached at ~0.10 V. A
reduction current decrease is then observed at potentials negative of 0.10 V, due to Hags
stronger adsorption on the electrode surface.”® More electrons are needed for nitrate reduction
than hydrogen adsorption so if Hags prevails, less current flows. This current decrease is also
found for Pt and Pd metal, although their activities significantly decrease compared with Rh
because Pt and Pd have lower adsorption enthalpy of nitrate compared with hydrogen.'® The
PZC of Rh is more negative than Pt and Pd, which leads to a stronger anion adsorption at

these potentials.?
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Figure 5.8 Cyclic voltammograms for Rh/C in 0.1 M H,SO,and in 10 mM NaNO; + 0.1 M H,SO,.
Scan rate 0.01 V s™.
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5.3.1.1.1.3 Polycrystalline Rh electrode

Figure 5.9 presents cyclic voltammograms of a polycrystalline Rh electrode in 0.1 M H,SO4
and in 10 mM NaNO; + 0.1 M H,SO,. The blank voltammogram displays major peaks at 0.13
V in the anodic scan and at 0.10 V in the cathodic scan. There are minor shoulders at more
positive potentials due to adsorption on Rh (100) facets.®” The voltammogram of this Rh
electrode is similar to that of Rh/C. The polycrystalline Rh electrode has smaller current
background than Rh/C, for the larger current background arises from the carbon support. A
large nitrate reduction current is observed due to the large geometric area of the electrode. The
onset potential of the reaction is at 0.35 V. The reduction current reaches a maximum at 0.10
V. These results are in good agreement with Rh/C, suggesting that the carbon support has

insignificant effect on the activity of Rh.
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Figure 5.9 Cyclic voltammograms for polycrystalline Rh electrode in 0.1 M H,SO, and in 10 mM
NaNO; + 0.1 M H,SO,. Scan rate 0.01 V s™.

5.3.1.1.1.4 Au:Rh/C
Figure 5.10 presents the cyclic voltammograms for carbon supported AuRh nanoparticles of

different ratios. Figure 5.10(a) presents the voltammograms of a 10:1 Au:Rh/C sample. The
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small hydrogen desorption is noticeable in the blank voltammogram. The nitrate reduction is
very small and hardly detectable for this sample, as there only small Rh content with large Au
content. For the 7:3 ratio Au:Rh/C sample in Figure 5.10(b), the hydrogen adsorption and
desorption increase slightly, as does the activity for nitrate reduction. The hydrogen
adsorption and desorption, as well as the catalytic activity for nitrate reduction, dramatically

increases for the 1:1 and 1:2 Au:Rh/C samples, as shown in Figure 5.10(c) and 5.10(d).
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Figure 5.10 Cyclic voltammograms for Au:Rh/C (a) 10:1, (b) 7:3, (c) 1:1 and (d) 1:2 in 0.1 M H,SO,
and in 10 mM NaNO; + 0.1 M H,SO,. Scan rate 0.01 V s™.

The voltammograms of each Au:Rh/C ratio for nitrate reduction are compared together
in Figure 5.11 in order to observe clearly the catalytic activity change. The onset potentials of
the reaction shift to more positive potential from the lowest ratio of Rh and drastically

increase at the 1:1 and 1:2 ratios.
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Figure 5.11 Cyclic voltammograms for Au:Rh/C in 10 mM NaNO; + 0.1 M H,SO,. Scan rate 0.01 V
-1
s,

Figure 5.12 compares the cyclic voltammograms of Rh/C and 1:1 Au:Rh/C samples
where both samples have the same Rh loading. The Rh/C sample shows higher reduction
current and the onset potential is slightly shifted to more positive potential than for the

Au:Rh/C sample.

02 T T T T T T T T T T T T T

—— 1:1 Au:Rh/C
0.8 ——Rh/C

_10 | L | L | L | L | L | L |
0.0 0.1 0.2 0.3 0.4 0.5 0.6

E/V vs RHE

Figure 5.12 Cyclic voltammograms for Au:Rh/C and Rh/C in 10 mM NaNO; + 0.1 M H,SO,. Scan
rate 0.01 V s™.
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5.3.1.1.2 Nitrite reduction

5.3.1.1.2.1 Au/C

Figure 5.13 presents cyclic voltammograms of Au/C in 0.1 M H,SO, and 0.8 mM NaNO, +
0.1 M H,SOq. In this work, a low concentration of NaNO, was used to minimise the chemical
decomposition of nitrous acid (HNO,).” Additionally, the cyclic voltammogram was
measured immediately after adding NaNO,. As stated previously, it is difficult to detect
nitrate reduction for the Au/C sample. For nitrite reduction, the Au/C sample also shows small
activity; however, more appreciable reduction current can be detected in this potential range

before the potential of hydrogen evolution.
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Figure 5.13 Cyclic voltammograms for Au/C in 0.1 M H,SO, and in 0.8 mM NaNO, + 0.1 M H,SO,.
Scan rate 0.01 Vs,

It is known that nitrite is more easily reduced than nitrate. A broad potential range is
used for Au/C and the onset potential is at around 0.75 V. This is related to the potential of
NO reduction on gold electrodes in acidic electrolytes, which have been studied

previously.**?! It suggests that NO is at least one of the N-containing species which can be
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adsorbed on gold surfaces and is reduced to ammonia. The formation of NO can be confirmed
by on-line electrochemical mass spectrometry in section 5.3.2.1.

5.3.1.1.2.2 Rh/C

Figure 5.14 shows the cyclic voltammogram of Rh/C for nitrite reduction. The reduction
current is small in the potential range between 0.55 V and 0.30 V but, at potentials negative of
0.30 V, the reduction current dramatically increases. The main reduction current at potential
negative of 0.30 V is due to the reduction of NO,gs on electrode surface.?® In mild acid, the
main electroactive form of nitrite is HNO,, which generates dissolved NO in the electrolyte.
NOyq reacts with NO,gs on the electrode surface to form N>O. N,O is reduced further to form

N, or NO is reduced and hydrogenated to from NH; or NHzOH*.%
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Figure 5.14 Cyclic voltammograms for Rh/C in 0.1 M H,SO,4 and in 0.8 mM NaNO, + 0.1 M H,SO,.
Scan rate 0.01 V s,

NO adsorption experiment were carried out to analyse the adsorbed species during
nitrite reduction by transfer of NO,ys to clean, NO-free electrolyte, where an adsorbate

stripping experiment was performed. Figure 5.15 displays the voltammetric profiles for the
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first and second scans of NO stripping. On Rh/C, a large NO reduction peak can be observed
at the potentials negative of 0.3 V, followed by a small shoulder peak. The nitrite reduction
peak on Rh/C is diminished at potentials negative of 0.1 V. The reduction of NOgygs to NH is

formed in the potential range of 0.0 - 0.20 V through a reduction and hydrogenation.*
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Figure 5.15 Voltammetric profiles for the first scan and second scan of adsorbate stripping on Rh/C
electrode in 0.1 M H,SO,. Scan rate 0.01 V s™.

It is noticeable that the Rh/C electrode is not fully recovered after NO stripping, as
peaks are diminished compared with the blank voltammogram. Similar behaviour has been
reported in previous literature: irreversible poisoning from NO adsorption takes place on Rh

(100) surfaces.*’

The Tafel slope is usually based on the plot of E and log j, corresponding the Tafel

equation in Eq. (5.14).%

E=E,+ax blogj (5.14)
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Where E is the electrode potential, E; is the reversible potential, j is current density, a is a
parameter containing exchange current, b is Tafel slope. The value of b can be also
determined using the linear dependence of the peak potential value on the logarithm of the

scan rate applied in accordance with Eq. (5.15).%"
Ep= E°+ b[0.52 —log (%) —logk® + 2 logv| (5.15)

Figure 5.16 shows the plot which is equivalent to the Tafel plot of NO stripping, which refers
that the stripping peak potential depends on a scan rate. The Tafel slope has been plotted with
the logarithm of the stripping potential versus scan rate (v). This plot can be used to determine
the Tafel slope when the rate of the reaction is first order or second order. ****88 The rate of

15,20

the NO coverage has been reported to be first order.> The stripping charge (corrected for

hydrogen adsorption in NO-free 0.1 M H,SO,) corresponds to NO coverage of 0.87. The
Tafel slope is 83 + 4 mV dec™, which is reasonably close to the Tafel slope acquired for a Rh
electrode in 0.1 M H,SO, by De Vooys et al.** A value of Tafel slope of ca 60 mV dec™
would suggest that the first electron transfer is the rate-determining step.
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Figure 5.16 Tafel slope for adsorbate stripping in NO-free 0.1 M H,SO,.
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5.3.1.1.2.3 Polycrystalline Rh

During nitrite reduction on polycrystalline Rh, a broad peak corresponding to NO reduction
can be observed similarly to the case of the Rh/C electrode; however, there is a small shoulder
peak at more negative potentials in the hydrogen adsorption/desorption region, as shown in
Figure 5.17. The current for the return positive scan is greater than for negative scan at
potential positive of 0.2 V, suggesting that the activity of polycrystalline Rh electrode is

enhanced after scanning to more negative potential.?°
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Figure 5.17 Cyclic voltammograms for polycrystalline Rh electrode in 0.1 M H,SO, and in 0.8 mM
NaNO, + 0.1 M H,SO,. Scan rate 0.01 V' s™.

5.3.1.1.2.3 Au:Rh/C

Figure 5.18 presents CVs of nitrite reduction carried out on Au:Rh/C samples of different
ratios. The currents relating to nitrite reduction are increased when increasing Rh content;
however, these currents are all smaller than the current measured for Rh/C catalysts. This

implies that Au free sites might be poisoned by NH} produced during the reaction.
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Figure 5.18 Cyclic voltammograms of different ratio Au:Rh/C in 0.1 M H,SO, and in 0.8 mM NaNO,
+0.1 M H,S0,. Scan rate 0.01 V s™.

5.3.1.2 Alkaline media

It is known that the pH of the electrolyte is one of the factors that has an effect on the nitrate
and nitrite reduction.® As reported previously, Rh has low selectivity to generate nitrogen
oxide and high selectivity to generate NHj3 in alkaline media. Nitrate reduction reaction in

alkaline media can proceed via the equations given below:

NO; + HyO + 2 « NO, + 20H  E° = 0.01V (vs NHE) (5.16)

0.46 V (vs NHE) (5.17)

NO, + H,0 + ¢ < NO + 20H E°

NO; + 6H,0 + 8¢ « NH3 + 90H  E° = -0.12V (vs NHE) (5.18)

The hydrogen evolution reaction competes with nitrate reduction in alkaline electrolytes:
2H,0 + 2e « H, + 20H E® = -0.83 V (vs NHE) (5.19)

Figures 5.19 and 5.20 present CVs acquired for nitrate and nitrite reduction of Rh/C and

Au:Rh/C in alkaline media, respectively. The maximum currents are at 0.18 V and 0.13 V for

nitrate and nitrite reduction, respectively. The Au:Rh/C samples present a similar trend to
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Rh/C samples. The current density increases with increasing Rh content. The currents from
both nitrate reduction and nitrite reduction in alkaline media are very small as H" is necessary

to promote the reaction. However, the reaction still can take place using H* from water.
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Figure 5.19 Cyclic voltammograms of Rh/C in 0.1 M NaOH, 10 mM NaNO; + 0.1 M NaOH and in
0.8 mM NaNO, + 0.1 M NaOH. Scan rate 0.01 V s™.
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Figure 5.20 Cyclic voltammograms for Au:Rh/C (a) in 10 mM NaNO; + 0.1 M NaOH and (b) in 0.8
mM NaNO, + 0.1 M NaOH. Scan rate 0.01 V s™.

5.3.2 On-line electrochemical mass spectrometry (OLEMS)
OLEMS has been used in this study in order to detect volatile reaction products, such as H,
(m/z = 2), NH (m/z = 15), N, (m/z = 28), NO (m/z = 30) and N,O (m/z = 44) during nitrate

reduction and nitrite reduction. During nitrate reduction, adsorbed nitrate was reduced
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stepwise to nitrite. The nitrite quickly produces NO,qgs, Which strongly adsorbs on Rh and Pt.
The NOggs is reduced further to produce ammonium or hydroxylamine as the main products

following reactions:

NO3; < NO3z ads (in equilibrium) (5.20)
NO3 a5 + 2H" + 28 < NO 445 + H20 (rate-determining step)  (5.21)
NO; ags + 2H" + & < NOgys + Hy0 (fast) (5.22)
NOgus + 4H" + 3e < NH30H' (fast) (5.23)
NOgs + 6H" + 5e < NH4  + H,0 (fast) (5.24)

The volatile products cannot be detected for nitrate reduction at moderate nitrate
concentration and mild acidity because N,O formation is impossible without NO in solution.™
For nitrite reduction, HNO,, an active species in acidic media, decomposes and generates
NOaq and NO,gs which can form NO.

5.3.2.1 Nitrite reduction.

5.3.2.1.1 Au/C

The cyclic voltammograms measured during nitrite reduction on a Au/C electrode is presented
in panel A in Figure 5.21. The lower panels are the signal of volatile products m/z 30, NO and
m/z 44, N,O. The products were detected in the negative-going scan from 0.8 V and the
positive-going scan from 0.0 V. The signal of volatile products produced at Au/C is very
small and broad, extending to near hydrogen evolution.

NO is detected as the first volatile products from the starting potential. This NO signal
is obtained from the NO,q in the solution at equilibrium which produced from the
decomposition of HNO,. The NO signal increases until reaching the maximum at 0.5 V,
which is the onset potential of the N,O signal. This implies that the NO,, formation is larger

than NO,, consumption in the positive potential range. At potentials negative of 0.5 V, the
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signal of NO,q decreases until zero, while the signal of N,O increases to a maximum at 0.1 V,
indicating that NO,q consumption to produce N,O exceeds NO,q formation. The N,O signal
starts to decrease at the potentials close to hydrogen evolution, corresponding to voltammetric

profile at potential negative of 0.1 V.
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Figure 5.21 Cyclic voltammogram of Au/C in Figure 5.22 Cyclic voltammogram of Rh/C in
0.8 mM NaNO, + 0.1 M H,SO, and ion current 0.8 mM NaNO, + 0.1 M H,S0O, and ion current
profiles for m/z = 30 and m/z = 44. The arrows profiles for m/z = 30 and m/z = 44.Scan rate
indicate the direction of potential sweep. Scan 0.001 Vst
rate 0.001 V s™.
5.3.2.1.2Rh/C

Figure 5.22 displays the results of nitrite reduction on Rh/C. Starting from 0.75 V, NO signal
produced in the solution is detected and steeply decreased until zero at 0.45 V, where it has

constant intensity, indicating that NO4q is consumed during the measurement. Meanwhile, an
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increase of N,O is evident from the starting potential of 0.75 V with a maximum in the
potential range of 0.5 — 0.3 V, suggesting high selectivity toward N,O. The intensity of N,O is
then rapidly diminished until it disappears at the potential 0.0 V, indicating that the selectivity
is shifted to hydrogenated species formation. On the backward scan, the shape of N,O signal
is similar to forward scan; however, the signal is smaller and shifted to higher potential. It is
known that the formation of NO,q is not only from the decomposition of HNO, but also from
the fragmentation of N,O. Here, the NO signal has been corrected by the factor mentioned in
section 5.2. It thoroughly consider that a change in the slope of NO signal between 0.45 — 0.3
V, maximum intensity of N,O, is owing to N,O fragmentation. This profile is similar to those
previously noticed on Pt and Ru.”* Both signals of NO and N,O on Rh/C are somewhat larger
than on Au/C, presenting higher selectivity and activity to form volatile products of nitrogen
oxide.

5.3.2.1.3 Au:Rh/C

The voltammetric profile and recorded mass for different ratios of Au:Rh/C samples are

presented in Figure 5.23. The signals of NO and N,O were detected for all samples.
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Figure 5.23 Cyclic voltammograms in 0.8 mM NaNO, + 0.1 M H,SO, and ion current profiles for m/z
=30 and m/z = 44 of Au:Rh/C (a) 10:1, (b) 7:3, (c) 1:1 and (d) 1:2 ratios. Scan rate 0.001 V s™. The
arrows indicate the direction of potential sweep.

The current density in the voltammetric profile increases with increasing Rh content.
The 10:1 Au:Rh/C sample presents lower mass signals than other ratios. The mass signals of
this sample are mixed between Au and Rh features. The NO signal decreases as a function of
potential until get to zero, while the N,O signal increases until 0.3 V. There is no current
plateau of NO signal for this sample similar to Au/C. The N0 intensity suddenly decreases at
potential negative of 0.3 V, until reaching to zero at 0.1 V. This means that introducing a
small amount of Rh to Au can enhance the formation of volatile products in nitrite reduction.
For the other samples, the NO signals steeply decrease from the starting potential of 0.8 V and
reach to zero at 0.5 V. A slope change for the NO signal (fragmentation of N,O) is not seen,
which might caused by less N,O generation at Au:Rh/C compared with Rh/C. It may be also

because presenting Au in catalyst can reduce the fragmentation of N,O.
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Comparing NO,gs reduction (NO adlayers, Figure 5.15) with NO continuous reduction
of Rh, the latter reaction presents the reduction of NO from the starting potential with high
selectivity towards N,O. The NH," ions are then produced at the potential negative of 0.3 V.
The reduction of NOggs starts at 0.3 V and generates NH4" as the main product without
producing N,O." It seems the kinetic of the reaction is slow if only NO,gs is a reacting species
in the reaction and the hydrogenation of NO.qys is preferential. It is noticeable that the
continuous change from NO to NH,4" is happened at the same potential as the onset potential
of NO,gs reduction at 0.3 V. It is believed that the continuous NO reduction to NH," has the
same mechanism as adsorbed NO reduction, because both reduction have the same onset
potential.**

The formation of N,O takes place as the mechanism involving the formation of NO

dimers (HN,O) on the electrode surface, as shown in reactions (5.25-5.27).14*°

NOads + Nan + H+ + e- 9 HNZOZ’ads (526)
HNzozyads + H + ¢ > N,O + H,O + 2* (527)

where * stands for a free site at the electrode surface. The reaction of NO,q and NOggs begins
to progress at potentials negative of 0.7 V.

De Vooys et al. reported that the formation of N,O from continuous NO on Rh
proceeds via a different mechanism on Pt, with a different Tafel slope of NO in solution. The
Tafel slope for Pt is close to 120 mV/dec, indicating that the rate-determining step is the step
of the first electron transfer, as shown in reaction (5.26). The Tafel slope is significantly
higher than 120 mV/dec for Rh, which implies that the rate-determining step is a chemical
step, as shown in reaction (5.25).** This behaviour correlates with the higher NO coverage and

stronger NO adsorption on Rh than on Pt.”® It is also confirmed by the DFT calculation
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predicting that Rh (111) has the strongest NO adsorption energy compared to the other
transition metals.”® The existence of NO dimers on metal surfaces is confirmed by the weak
adsorption on several metals in UHV conditions.® Due to the weak adsorption of NO dimers,
most of metals illustrate similar activity to form N,O, as shown in reaction (5.27).

OLEMS has been also employed for nitrite reduction in alkaline media. Figure 5.24, in
panel B and C, shows the MS ion current of H, (m/z = 2) and NH (m/z = 15). Both signals are
compared together to ensure that the formation of NH3 in alkaline media is from the reduction
of nitrite and hydrogenation of nitrite on rhodium. The NH signal arises from the reduction of
nitrite to ammonia while the H; signal departs from the baseline at 0.1 V, at the onset of the

hydrogen evolution.
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Figure 5.24 Cyclic voltammogram in 0.8 mM NaNO, + 0.1 M NaOH and ion current profiles for m/z
=2 and m/z = 15 of Rh/C. Scan rate 0.001 V s™.
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During nitrate reduction in alkaline media, nitrate is reduced to nitrite and nitrite is
reduced further to NO on the electrode surface. NOggs is reduced to NHs, as shown in
reactions (5.16) — (5.18). It is known that nitrous acid is the active species for nitrite reduction
in acidic media and its decomposition easily takes place, generating NO in the solution,
whereas nitrite ion is the active species formed in alkaline media. The Rh electrode surface is
covered by NO, and some NO at the starting potential. The latter is produced from the
reduction of NO,. NO is not detectable in the solution, suggesting that NO is not desorbed
from the Rh surface, owing to the preferential adsorption of NO on Rh. This means that N,O
formation cannot be detected in alkaline media. Hence, the hydroxide ion is only
competitively absorbed species in the solution. Rh is able to reduce adsorbed NO species to
NH; by breaking the N—O bond and forming N—H bonds in a hydrogenation potential range.
The kinetics of the reaction is slower than in acid, suggesting a kinetically mixed control at
potential negative of 0.2 V. The formation of NH; near the hydrogen evolution region can
poison the electrode surface since at potentials negative of 0.1 V, dehydrogenation of
adsorbed NHj; can take place to generate NH, species,** particularly on Rh surface. NH, can
be further dehydrogenated to Nags which strongly adsorbed on Rh, as studied by Noovell-

Leruth et al.®” The formation of NH, is seen with OLEMS in Figure 5.24.

5.3.3 lon chromatography (1C)

lon chromatography (IC) was combined with voltammetry to determine the formation
of soluble products, particularly NH;" and NHsOH™ in acidic media. Optimum conditions are
required for this measurement such as, column type, voltammetric scan rate, flow rate etc. In
this present work, nitrate reductions were carried out in nitric acid (HNO3) in order to avoid

interference of Na® from NaNOs. A cationic exchange resin was used in conjunction with
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HNO3 as mobile phase. The IC results and analysis were accompanied by Youngkook Kwon
and Yang Jian, University of Leiden.

Figure 5.25 shows ion chromatogram and voltammogram of nitrate reduction at
different reduction potentials for Rh/C with an injection volume of 20 pL. A glassy carbon
electrode with 7 mm diameter (area 0.3847 cm?) was used as working electrode with 8 pL of
the Rh/C catalyst suspension. The onset potential of NO3” reduction is ~0.3 V and no signal
can be detected at the potentials positive of 0.3 V. Similarly no volatile products were
observed with OLEMS for nitrate reduction. At potentials negative of 0.3 V, the signals of
NH4" can be detected at a retention time of 6 min, estimated from the retention time of
standard solution of NH,", and the signals increase when the potential is scanned to more
negative values, as shown in Figure 5.25(a). It presents that the NO3 is reduced stepwise to
NO; ags, NOags and NH,", corresponding to reactions (5.20) - (5.24). The increase of NH,"
concentration, calculated from the peak area, as a function of potential has been displayed in
Figure 5.25(c). The concentration enhances drastically between 0.3 — 0.05 V and is slightly
enhanced at potentials negative of 0.05 V, close to the onset of hydrogen evolution. The
appearance of NH," is presented at the potential negative of 0.3 V, consistent with the idea
that NO is preferentially hydrogenated to form NH;" or NH3OH". It is notable that NH;OH"
cannot be detected on Rh/C. The current of voltammogram with sample collection is slightly
higher than without collection. This might cause by the removal of NH;" on electrode surface,
lessening surface poisoning, or by the enhancement of reactant diffusion to the electrode

surface.
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Figure 5.25 (a) lon chromatogram for products detected from Rh/C, (b) voltammogram of Rh/C in 0.1
M HNO;, scan rate 0.001 V s™ and (c) concentration of ammonium.

Figure 5.26 presents ion chromatograms and voltammograms of nitrate reduction at

different reduction potentials for a polycrystalline Rh electrode with an injection volume of 10

uL. A signal for NH," is detectable at potential negative of 0.3 V, similarly to Rh/C. Owing to

the high surface area of Rh electrode, high intensities are obtained, as can be seen from the

sharp peak of the signal. The concentration of NH," is quite high. Although the high surface

area electrode was used, the formation of NH3OH" was still not found. Thus, it is likely that

detection limit of the technique is not a cause of the non-detection of NHz;OH".
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Figure 5.26 (a) lon chromatogram for products detected from polycrystalline Rh electrode, (b)
voltammogram of polycrystalline Rh electrode in 0.1 M HNOs, scan rate 0.001 V s* and (c)
concentration of ammonium.

lon chromatograms and voltammograms of nitrate reduction at different reduction
potentials for 1:1 Au:Rh/C are displayed in Figure 5.27. A signal for NH," is found at
potentials negative of 0.4 V, a more positive potentials than seen for Rh/C and polycrystalline
Rh. The signal increases to reach a maximum at 0.1 V and progressively diminishes when the
potential is close to that where hydrogen evolution occurs. It coincides with the voltammetric
profile in Figure 5.27(b) which also reaches maximum current density at 0.1 V. The presence
of NH," at more positive potentials than on Rh/C and polycrystalline Rh electrode can be
explained by the preference for Au to produce NH;" during nitrate and nitrite reduction, as

only small signals for volatile products were detected with OLEMS. Likewise, the NH,4"
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concentration decrease after 0.1 V is due to the dehydrogenation of NH," to NH, species. The
current in the voltammogram for Au:Rh/C with sample collection is remarkable higher than
that obtained without collection. This could be because the sample collection removes NH,"
from the electrode surface, lessening the poisoning. The lower obtained for without sample

collection is a result of electrode poisoning, especially on Au sites.
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Figure 5.27 (a) lon chromatogram for products detected from 1:1 Au:Rh/C, (b) voltammogram of 1:1
Au:Rh/C in 0.1 M HNOj, scan rate 0.001 V s™ and (c) concentration of ammonium.

Comparing Rh to Pt, IC measurements were also carried out for a polycrystalline Pt
electrode. The results are presented in Figure 5.28. A signal for NH," is observed and
increases until a maximum at 0.15 V, a more positive potential than observed on Rh. The
signal then steeply declined. The decrease in reduction current is due to the competitive
adsorption of H*. The detected NH," signal on Pt is smaller than on Rh. An NO adlayer is

strongly adsorbed on the Rh surface when immersing the electrode in nitrate-containing
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solution. Rh is able to break the N—O bond. Pt has lower NO adsorption than Rh. Due to the
different ability to break N—O bond of Rh and Pt, it distinguishes different activity to produce
the products of both metals.***>% Rh particularly produces NH;* from nitrate reduction, on

the contrary, Pt can produce NH3OH* along with NH,*.*
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Figure 5.28 (a) lon chromatogram for products detected from polycrystalline Pt electrode, (b)
voltammogram of Pt in 0.1 M HNO;, scan rate 0.001 V s™ and (c) concentration of ammonium.

5.3.4 Tin (Sn) modification on Rh/C, Au:Rh/C and polycrystalline Rh electrodes.

It is found that, even though Rh is effective to remove nitrate, no volatile products from
nitrate reduction are detected. NH," is detected as the dominant product, similarly to the other
metals.’® In order to enhance the catalytic activity of Group 8-10 metals, such as Pt, Pd, Rh or

Ru, a second metal has been introduced as a modifier, such as tin, 1127223059959 hicmth 97
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copper,® germanium,'” and cadmium®*°. Shimazu et al. modified Pt and Pd with Sn. It was
found that, after modification, both metals presented an enhanced electrocatalytic activity for
nitrate reduction.*®>® Shimazu et al. also studied Sn-modified Rh, Ru and Ir which also
exhibited high activity.!* The modified electrodes yielded N, a harmless product, which was
detected in the collected gas after several hours of electrolysis."**® A pure Sn electrode has
also been employed, although studied under different conditions. Nitrogen gas was detected
with high selectivity at cathodic potential and ammonium was the by-product. Recently, Yang
et al. studied nitrate reduction on Sn-modified Pt electrodes by a combination of voltammetry
and online electrochemical mass spectrometry. N,O and NO were observed as the two main
volatile products, and a small amount of N is obtained from the further reduction of N,O.?
They also studied the nitrate reduction on a variety of p-block metal-modified Pt electrodes in
sulphuric acid and in perchloric acid, and showed that Sn is the most active promoter.*®
Based on density functional theory (DFT) calculations, the active site of Sn-Pt surface for
nitrate reduction consists of Sn(OH), and Pt.

In this work, Sn modification has been applied to Rh/C, Au:Rh/C and polycrystalline
Rh electrodes in order to investigate the feasibility of forming nitrogen gas during nitrate

reduction in acidic media.

5.3.4.1 Comparison of nitrate reduction on Rh and Sn modification

The working electrode was prepared by spontaneous deposition and electrodeposition, as
described in section 5.2.4. CVs of the Rh/C electrode before and after spontaneous Sn
deposition and electrodeposition are shown in Figures 5.29 and 5.30, respectively. The
hydrogen adsorption and desorption peaks of Rh decrease after the adsorption of Sn,

suggesting the charge corresponding to the oxidation and reduction of hydrogen atom on the
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Rh surface is less than before modification. This is caused by the surface blockage from Sn
adsorption. The relative surface coverage of Sn (6s,) on Rh/C can be calculated using the

following equation:*

0, = 1 — IRb/sn (5.28)

4dRh
where qgy, is adsorbed in the hydrogen region on a clean Rh electrode and ggp sy, is the charge
in the same potential region on the Sn-modified Rh electrode. Eq. (5.28) is able to calculate
accurately the surface coverage of the foreign metal for Rh as the hydrogen adsorption and
desorption region are well separated from the surface oxide region.** The 6s,, of spontaneous
Sn deposition and electrodeposition are 0.66 and 0.80, respectively. It is reported that the
amount of adsorbed Sn on Rh is controlled by the immersion time in 0.25 mM SnCl,,
whereas, for, Ru, it is controlled by the concentration of SnCl, and for, Ir, it is controlled by
immersion time along with SnCl, concentration.* Considering the oxidation state of adsorbed
Snon Rh; it is feasible that Sn is in its metallic state at potentials negative of 0.25 V and in the

Sn (1) state for more positive potentials.”**%!
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Figure 5.29 Cyclic voltammograms of Rh/C electrode before and after spontaneous Sn deposition in
0.1 M H,S0,. Scan rate 0.05 V s™. 65, =0.66.
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Figure 5.30 Cyclic voltammograms of Rh/C electrode before and after Sn electrodeposition in 0.1 M
H,S0O,. Scan rate 0.05 V s™. 65, = 0.80.

Figures 5.31 and 5.32 present the cyclic voltammograms of SnRh/C electrodes
prepared by spontaneous deposition and electrodeposition, compared with those acquired for
Rh/C electrodes in 10 mM NaNOj + 0.1 M H,SO,. It is obvious that the catalytic activity of
Sn-modified Rh/C is effectively enhanced as the onset potential of nitrate reaction is shifted to
more positive potentials. The decrease of reduction current at potential negative of 0.1 V is
observed for Rh/C electrode, while it not observed for SnRh/C electrode. This may due to the
strong hydrogen adsorption on Rh/C surface. Sn is likely to block the hydrogen adsorption.
The 0.80 6, provides slightly higher nitrate reduction current than 0.66 8g,,. These results are
in accordance with the reports from Tada et al. that the nitrate reduction current on Sn-
modified Rh increases from partial adsorption until the maximum on covered Rh (6, equal
0.75).>° This behaviour is different from that of Pt, for which the catalytic activity decreases at
high 6s,. This can be explained that NO5 is more strongly adsorbed on Rh than on Pt}

which can compete with other ions. Although Sn-modified Rh/C electrode enhances the

catalytic activity of catalyst, Sn fully covered on Rh/C electrode can decrease the catalytic



activity by blocking hydrogen adsorption. It is noteworthy that H* is necessary for nitrate

reduction.
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Figure 5.31 Cyclic voltammograms of Rh/C and spontaneous deposition SnRh/C in 10 mM NaNO; +
0.1 M H,S0,. Scan rate 0.01 V s, Os,= 0.66.
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Figure 5.32 Cyclic voltammograms of Rh/C and electrodepostion SnRh/C in 10 mM NaNO; + 0.1 M
H,SO,. Scan rate 0.01 V s™. s, = 0.80.

Figures 5.33 and 5.34 present the cyclic voltammogram of a Rh polycrystalline

electrode and the electrodeposited SnRh polycrystalline electrode in blank electrolyte and in

237



nitrate-containing electrolyte. The 6g, is 0.76 for this electrode. The onset potential of Sn/Rh
polycrystalline electrode is at 0.30 V, the same potential as for SnRh/C. Also, the current
density is significantly increased. It can be concluded that the carbon support has no effect on

Sn modification.

—— Polycrystalline Rh electrode

2L —— Sn Polycrystalline Rh electrode e
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Figure 5.33 Cyclic voltammograms of polycrystalline Rh electrode before and after Sn
electrodeposition in 0.1 M H,SO,. Scan rate 0.05 V s™.

j/ mA cm

-8L — Polycrystalline Rh electrode

—— Sn Polycrystalline Rh electrode

-10 L 1 L 1 L 1 L 1 L 1 L 1
-0.1 0.0 0.1 0.2 0.3 0.4 0.5

E/Vvs RHE

Figure 5.34 Cyclic voltammograms of polycrystalline Rh electrode and Sn polycrystalline Rh
electrode in 10 mM NaNO; + 0.1 M H,SO,. Scan rate 0.01 V s,
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The same experiment was carried out for 1:1 Au:Rh/C (because this sample has the
same amount of Rh as Rh/C) so that the effect of Au on Sn modification of Rh can be
investigated. The cyclic voltammograms are presented in Figure 5.35. The #s, is ~0.80,
similar to that of the SnRh/C electrode investigated in Figure 5.32. The catalytic activity of
this electrode, as shown in Figure 5.36, is similar to that of SnRh/C and SnRh polycrystalline
electrodes, suggesting that Au has little effect on Sn modification. However, the products

produced during the reaction are necessary to be considered.

Au:Rh 1:1/C particles
Au:Rh 1:1/C particles modified by Sn
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Figure 5.35 Cyclic voltammograms of 1:1 Au:Rh/C before and after Sn electrodeposition in 0.1 M
H,SO,. Scan rate 0.05 V s™.
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Figure 5.36 Cyclic voltammograms of 1:1 Au:Rh and Sn 1:1 Au:Rh in 10 mM NaNO; + 0.1 M
H,S0O,. Scan rate 0.01 V s™,
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5.3.4.2 On-line electrochemical mass spectrometry for nitrate reduction on Sn-modified Rh

OLEMS was used to determine the volatile products produced at Sn-modified Rh electrodes.
Interestingly, the volatile products of NO, N,O and N, are detected after Sn modification. It
seems that Sn modification not only enhances the activity of Rh but also enhances the
selectivity of Rh. Figures 5.37 and 5.38 present the voltammograms and recorded mass of
volatile products for spontaneously deposited (6s,= 66) and electrodeposited (6s,= 80)
SnRh/C electrodes. Signals for NO, N,O and N, are detected for both electrodes and N,O is
the dominant product. This result is in good agreement with those of Piao et al.'* The intensity
of the N,O signal increases from the starting potential until a maximum at 0.25 V and then
decreases to background levels at potentials close to the onset of hydrogen evolution. The
signal of NO is very weak after correcting for the fragmentation ratio (explained in the
experimental section). It is clear that the detected NO signal is from the electrode reaction
rather than from fragmentation of HNO,. If NO is produced from the fragmentation of HNO,,
the signal of NO will display the opposite trend to the signal of N,O, since NO is consumed
while N,O is produced. In the case of highly covered Sn on Pt electrodes, NO is the main
product, since the NO intermediate weakly binds on Sn-covered Pt surfaces.”® However, the

NO signal is very small for the SnRh/C catalyst, owing to strong adsorption of NOg,qs on Rh.

The electrodeposited SnRh/C electrode exhibits N signal. The N, signal increases at
potentials negative of 0.40 V, which corresponds to a potential of maximum N,O current. It
shows that N, is produced from further reduction of N,O. Some Sn may electrodeposit on the
surface of the carbon support; however, the activity of the carbon support is very low for this
reaction so this effect on the reaction is negligible. These results have shown that Sn is an

effective modifier to promote both activity and selectivity of Rh towards nitrate reduction,

240



particularly at the rate-determining step in which nitrate is reduced to nitrite, as shown in

reaction (5.19).
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Figure 5.37 Cyclic voltammogram in 10 mM
NaNO; + 0.1 M H,SO, and ion current profiles
for m/iz = 30, m/iz = 44 and m/z = 28 of
spontaneous deposition SnRh/C. Scan rate
0.001 V s™. The arrows indicate the direction
of potential sweep.
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Figure 5.38 Cyclic voltammogram in 10 mM
NaNO; + 0.1 M H,SO,4 and ion current profiles
for m/iz = 30, m/iz = 44 and m/z = 28 of
electrodeposition SnRh/C. Scan rate 0.001 V §°
', The arrows indicate the direction of potential
sweep.

The formation of N,O may proceed via nitrite/nitrous acid reduction on SnRh sites, as

shown in reaction (5.29). This reaction is believed to proceed through NO,gs intermediate.
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The consecutive reduction of N,O to N, may simultaneously take place on bare Rh sites via

reaction (5.30).2%%°

2NO, + 6H" + 4e° > N,O + 3H,0 (5.29)

N,O + 2H" + 2¢° > N, + H,0 (5.30)

The mechanism of nitrate reduction on Sn-modified Rh is still unclear. Sn
modification on Rh drastically enhances the reaction at high coverage, indicating that only
atomically dispersed Sn is not enough to enhance the electrocatalytic activity. Instead,
numbers of Sn are needed to form active sites.'* Tada et al. suggested that Sn can activate the
adsorption of nitrate on the electrode surface, while reducing hydrogen adsorption capacity.'%
This may explain why during nitrate reduction on SnRh nitrate prefers to be adsorbed on both
Rh and Sn sites. Sn is believed to supply highly oxophilic sites where one oxygen atom of

nitrate can be adsorbed and Sn facilitates the breaking of the N—O bond during nitrate

conversion to nitrite, as shown in Figure 5.39.

0 0
N\

O—N_p  +H0*'+e N B +Ho'+e N—D
-

Figure 5.39 Model of the rate-determining step reaction along with the next step on SnRh/C.%**°

The reduction of nitrate to nitrite can be achieved by electron transfer from a
bimetallic ensemble to adsorbed nitrate,®® as shown in reaction (5.31). The following step is
the reduction of OH,gs On Sn to generate free Sn sites as in reaction (5.32). Reactions (5.31)
and (5.32) are combined together to give the overall reaction in equation (5.33). The rate of

reaction of (5.32) is very small compared with the rate-determining step in reaction (5.31) so
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it is negligible in reaction (5.33).>° An oxygen atom of adsorbed nitrite will be adsorbed on a

free Sn site and NO, is further reduced.

NO3_’ad3+ H30+ + e_ 9 Noz_yads-i- OHads + HZO (531)
OHus + H30" + ¢ 2 2H,0 (5.32)
NO3 a0s + 2H30" + € > NOj 45 + 2H,0 (5.33)

Recently, Yang et al. suggested that Sn modification improves the nitrate reduction by
enhancing the nitrate adsorption on active sites which comprise Pt with Sn(OH)y species. It is
interesting that the active sites are composed of Sn(OH)y instead of Sn species. The
coordination of nitrate to Pt and metallic Sn, which seems to be the general model accepted
for promotion, leads to a rather insignificant enhancement of the nitrate binding. The

mechanism of Sn for promoting nitrate reduction on Rh is still unclear.

Figures 5.40 and 5.41 present the CVs and recorded masses of volatile products for the
SnRh polycrystalline electrode and the Sn-modified 1:1 Au:Rh/C electrode. For the SnRh
polycrystalline electrode, the signals for NO, N,O and N, can be detected. The features of NO
and N,O are similar. The intensities detected on the SnRh polycrystalline electrode depart
from the background at 0.3 V, in contrast to the signals in SnRh/C, where the signal increases
from the starting potential. A small signal of N, has been detected, suggesting that it arises
from further reduction of N,O. It seems that the reaction rate and the selectivity for this
electrode are lower than those of SnRh/C. This may be caused by Sn dispersion on the Rh
polycrystalline electrode. The Rh polycrystalline electrode used in this study is a high surface
area electrode. Hence, Sn atoms may prefer atomic dispersion rather than multiple atom
dispersion. As discussed above, multiple atoms of Sn are needed to catalyse the reaction. The

Sn-modified 1:1 Au:Rh/C electrode on Figure 5.41 presents lower current density and
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significantly lower mass signals of NO, N,O and N, compared with SnRh/C, that has the same

amount of Rh. However, the features of mass signals for both electrodes are similar. It is

likely that Sn-modified Rh on Au:Rh/C is effective to produce some volatile products but NH;

is preferentially produced on Au, suppressing the selectivity to produce volatile products.
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Figure 5.41 Cyclic voltammograms in 10 mM
NaNO; + 0.1 M H,S0O, and ion current profiles
for m/z = 30, m/z = 44 and m/z = 28 of Sn 1:1
Au:Rh/C. Scan rate 0.001 V s*. The arrows
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Figure 5.42 presents the ion chromatogram and voltammogram of nitrate reduction at different

reduction potentials for SnRh/C with an injection volume of 20 pL. In Figure 5.42(a) the

signal of NH4" can be detected at the negative potential of 0.25 V and the signal steeply
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increases at more negative potentials. The signal of NH;OH" can be also detected at 0.25 V
and the signal increases at more negative potentials, although a moderate Sn surface coverage
is used. The concentration of NH3OH" is significantly lower than that of NH,", as shown in
Figure 5.42(c). Figure 5.42(b) shows the cyclic voltammogram of Rh/C and SnRh/C in 0.1 M
HNO;. The onset potential of nitrate reduction of SnRh/C electrode takes place at 0.25 V,
where the NH," signal can be detected. The current density dramatically increases at more
negative potentials, corresponding to the increases of NH," and NH;OH™ concentrations.
Comparing with the Rh/C electrode, the NH," signal of SnRh/C is observed at more negative
potentials. The NH;OH™ signals present for the SnRh/C electrode, suggesting that Sn
modification reduces the hydrogen adsorption and the cleavage of the last N—O bond. This
result shows that Sn modification only promotes the step of nitrate reduced to nitrite at the

onset potential and the promotion decreases at potentials near hydrogen evolution.
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Figure 5.42 (a) lon chromatogram for products detected from SnRh/C, (b) voltammogram of Rh/C
and SnRh/C in 0.1 M HNOj3, scan rate 0.001 V s* and (c) concentration of ammonium and
hydroxylamine.
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The production of N; is observed for all Sn-modified Rh electrodes. Piao et al.
evaluated the activity and selectivity of electrodes for nitrate reduction and found that these
depend on the ability of electrodes to cleave N—O bonds, to form N—N bonds and to form
N—-H bonds. For N—O bond cleavage, N—O bond breaking can be activated by Sn
modification on noble metal electrodes, increasing the kinetics of the rate-determining step.
N-N and N-H formations depend on electrode materials.**?” It is known that Rh has
promising ability to form N—N bonds as we can see that high amounts of N,O, the
intermediate to form N, have been detected. The formation of N—H bonds also needs to be
considered. In order to obtain high selectivity for volatile products, it is necessary to reduce
the hydrogenation capability. SnRh has low capability to form N—H bonds since the ability to
form N—H bonds is opposite to the ability to form N—H bonds. Both N-N and N—-H
formations will happen after N-O bond cleavage nitrate reduction.’* Sn modification can
enhance the first N—O bond cleavage, reduce N—H bond formation and reduce the last N—O
bond cleavage, corresponding to the selectivity of nitrate reduction towards N, N,O, NHz0OH"

and NH," of SnRh/C electrode.

5.3.5 Germanium (Ge) modification on Rh/C electrode

Apart from Sn, Ge and In were used to modify Rh/C electrode and to evaluate their activity
towards nitrate reduction in sulphuric acid. Figure 5.43 presents CVs of Ge-modified Rh/C
and Rh/C, where Ge was deposited following the procedure in section 5.2. The upper potential
limit is maintained negative of 0.6 V so that the electrode surface remains in stable.'®

Introducing Ge on Rh suppresses hydrogen adsorption and desorption.!” The 6g.was

calculated from hydrogen desorption in the same manner as for g,. The 8¢, on Rh/C is 0.22,
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close to 0.25 ML, equal to the maximum coverage of Ge on polycrystalline Pt electrode,®

 and Pd electrodes®. Figure 5.44 displays CVs

low-index single crystal Pt electrodes™
acquired for Rh/C and GeRh/C in 10 mM NaNO; + 0.1 M H,SO,4. The GeRh electrode
exhibits slightly more reduction current than the Rh/C electrode. With the same onset
potential, GeRh/C displays a maximum in current at 0.1 V, which is at more negative
potential than for Rh/C, suggesting that Ge suppresses hydrogen adsorption. It is likely that
Ge does not significantly enhance the catalytic activity of Rh for nitrate reduction. This
behaviour is different from that of Pt***" and Pd®, whose activities are improved by Ge
modification. The inactivity for nitrate reduction of Ge on Rh may explain by the stronger
adsorption of nitrate ions on Rh than on Pd and Pt. In the case of Pt and Pd, Ge acts as an
inhibitor for anion and hydrogen adsorption instead of as a promoter for nitrate reduction, as
described by Dima.'” Ge is likely to have a clear catalytic effect on Pt and Pd, particularly in
sulphuric acid. In this present work, Rh is affected less than by other anions since nitrate can
compete with sulphate to adsorb on Rh surface. This means that Ge is not as highly effective

on Rh as Sn, which mainly acts as the promoter for nitrate reduction. Volatile products cannot

be detected for GeRh/C, while GePt and GePd give a signal for NO.*
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Figure 5.43 Cyclic voltammograms of Rh/C electrode before and after Ge modification in 0.1 M
H,SO,. Scan rate 0.05 V s,
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{:/ig_lfre 5.44 Voltammograms of Rh/C and GeRh/C in 10 mM NaNO; + 0.1 M H,SO,. Scan rate 0.01
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5.3.6 Indium (In) modification on Rh/C electrode

Indium was chosen to modify Rh/C in this work since Ptin and PdIn catalysts are good
candidates for nitrate reduction and nitrate removal with high selectivity to N».°2%%% |n was
electrodeposited on Rh/C, as explained in section 5.2. Figure 5.45 presents CVs of Rh/C and
In-modified Rh/C. A small amount of In was deposited on Rh/C with an In surface coverage
(61,) equal to 0.20. The ratio of Pt or Pd to In, that is widely used for bimetallic catalyst to
give high nitrate conversion, is 4:1 Pt:In or Pd:In ratio.®? Indium suppresses hydrogen
adsorption and desorption on Rh/C. Figure 5.46 displays CVs acquired for Rh/C and InRh/C
in 10 mM NaNO; + 0.1 M H,SO,. The reduction current of InRh/C is around double that of
Rh/C. The maximum reduction current of InRh/C is at 0.085 V, which is at more negative
potential than Rh/C and GeRh/C. This confirms that In suppresses hydrogen adsorption and
weakly promotes nitrate reduction, as can be seen from the current increase; however, In has
less ability to promote nitrate reduction than Sn.%® Krawczyk et al. reported that the final

products of nitrate reduction from InPd catalysts are ammonium and dinitrogen. From
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OLEMS results of InRh/C, the signals of NO and N,O are hardly detectable, which might be
caused by sulphate blocking the surface of Rh. The anion effect on nitrate reduction for Rh/C

and Sn-modified Rh/C will be discussed in the next section.
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Figure 5.45 Cyclic voltammograms of Rh/C electrode before and after In modification in 0.1 M
H,SO,. Scan rate 0.05 V s™.
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Figure 5.46 Voltammograms of Rh/C and In-modified Rh/C in 10 mM NaNO; + 0.1 M H,SO,. Scan
rate 0.01 Vs,
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5.3.7 Anion effect

Apart from the ability of a catalyst to reduce nitrate, its tolerance to competing adsorbates
must be considered. The adsorption extent of both nitrate ion and nitric acid are not far from
that of the numeral acids and their corresponding anions, indicating the competitive
adsorption of these species. Rh and SnRh exhibit high catalytic activity for nitrate reduction,
particularly SnRh, which has high selectivity to produce volatile products. It is necessary to
study the effect of electrolyte anions on catalytic activity and selectivity of electrode material
of interest.

In the present work, experiments were also carried out in nitric acid in order to
compare with nitrate reduction in sulphuric acid. It is known that NO3 adsorption can be
hindered by the adsorption of sulphate.’® Figure 5.47 displays cyclic voltammograms of Rh/C
in 10 mM NaNO3 + 0.1 M H,SO4, 10 mM HNO3 and 0.1 M HNO3;. Comparing the same
concentration of nitrate, the reduction current of Rh/C in 10 mM HNOj; is lower than in 10
mM NaNO; + 0.1 M H,SO, acid, since the pH in 10 mM HNOs; in lower than in 0.1 M
H,SO,. Also, the pKa value of H,SO, is higher than in HNO3z;. When the concentration of
HNO;s is increased to 0.1 M, the reduction current is increased higher than in 10 mM NaNO; +
0.1 M H,SO.. The increase of reduction current is due to the increase of nitrate concentration.
Interestingly, the maximum reduction current of Rh/C in high concentration of nitrate is
shifted to near hydrogen evolution, suggesting that nitrate is fully adsorbed on the surface. On
the other hand, the maximum reduction current in lower concentration of nitrate in sulphuric
acid is at ~0.1 V, suggesting that competition between sulphate and nitrate. These data agree
well with the literature in that the shape of polarisation curve is changed when the
concentration of nitric acid is increased.® It is noticeable that the onset potentials of nitrate

reduction for Rh/C in the three different electrolytes are at similar potentials and the reduction
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currents are not dramatically different. These results suggest that the influence of anions on
nitrate reduction on Rh is not as large as that seen for Pt from the literatures.'®**>*"® Nitrate
reduction on Pt is heavily hindered by sulphate, as well as by the adsorption from other
anions.”®' These phenomena can be explained by the strong adsorption of nitrate on Rh
compared with Pt. Rh has higher adsorption enthalpy of nitrate and larger anion affinity to
anion adsorption than Pt. The PZC for Rh is more negative than for Pt, suggesting strong
anion adsorption on Rh.2° Figure 5.48 presents the cyclic voltammogram of 1:1 Au:Rh/C in
10 mM NaNO; + 0.1 M H,SO4 and in 0.1 M HNOgs. The reduction current for both
electrolytes are similar. However, the reduction currents of 1:1 Au:Rh/C in both electrolytes
are lower than those of Rh/C. This observation may arise from sulphate blocking or surface
poisoning of Au on the surface. It is noticeable that the influence of the anion is still less for

Rh with and without the presence of Au.
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Figure 5.47 Cyclic voltammograms of Rh/C in 10 mM NaNO; + 0.1 M H,SO,4, 10 mM HNO; and 0.1
M HNO;, scan rate 0.001 V s,
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Figure 5.48 Cyclic voltammograms of 1:1 Au:Rh/C in 10 mM NaNO; + 0.1 M H,SO, and 0.1 M
HNOs, scan rate 0.001 V s™.

Figure 5.49 presents CVs of SnRh/C in 0.1 M HNO3; and in 10 mM NaNO; + 0.1 M
H,SO,. The shapes of the polarisation curves for SnRh/C in both electrolytes are similar and
have the same onset potential. The reduction current of SnRh/C at 0 V in nitric acid is ca 3
mA cm, which is the same value as that of nitrate reduction in sulphuric acid, indicating
there is significantly less hindrance by sulphate on SnRh/C than on Rh/C and Au:Rh/C.
Perhaps Sn does not only facilitate nitrate reduction but also acts as an inhibitor for the other
anions and hydrogen. Figure 5.50 presents cyclic voltammograms of Sn 1:1 Au:Rh/C in 0.1 M
HNO;3 and in 10 mM NaNO; + 0.1 M H,SO,. The onset potential in the latter electrolyte is at
more negative potential than the first electrolyte. This may imply that Sn is preferentially
deposited on Rh than Au and that activity on Au sites is hindered by strong sulphate

adsorption.
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Figure 5.49 Cyclic voltammograms of SnRh/C in 10 mM NaNO; + 0.1 M H,SO,4 and 0.1 M HNO;,
scan rate 0.001 V s™.
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Figure 5.50 Cyclic voltammograms of Sn 1:1 Au:Rh/C in 10 mM NaNO; + 0.1 M H,SO,4 and 0.1 M
HNO,, scan rate 0.001 V s™.

Apart from Sn modification, the anion effect was also studied on Ge- and In-modified
Rh/C. Figures 5.51 and 5.52 show the cyclic voltammograms of GeRh/C and InRh/C,

respectively, in nitric acid and nitrate reduction in sulphuric acid. In both GeRh/C and InRh/C
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cases, the reduction currents in nitric acid are slightly higher than nitrate reduction in
sulphuric acid. It has been reported that Ge mainly acts an inhibitor for acid anions,"” hence,
the reduction current of GeRh is not significantly enhanced even there is no effect from
sulphate. The InRh/C electrode has the similar feature with GeRh/C, that the reduction current
is slightly enhanced in the absence of sulphate. However, the mechanism of nitrate reduction
on In-modified Rh is still unclear. From our results, it can be assumed that there is low anion
effect on Rh, even if it has been modified by a second metal, such as Sn, Ge or In. However,
further investigation of the anion effect on selectivity was investigated with OLEMS is

discussed in the next section.
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Figure 5.51 Cyclic voltammograms of GeRh/C in 10 mM NaNO; + 0.1 M H,SO,4 and 0.1 M HNO;,,
scan rate 0.001 V s™.
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Figure 5.52 Cyclic voltammograms of InRh/C in 10 mM NaNO; + 0.1 M H,SO,4 and 0.1 M HNO;,
scan rate 0.001 V s™.

In order to study the anion effect on the selectivity of Rh, OLEMS was carried out in
0.1 M HNOs so that the results are discussed and compared with nitrate reduction in sulphuric
acid. Although Rh is known to be a promising catalyst for nitrate reduction, no volatile
products can be detected from Rh electrodes either in nitric acid or nitrate reduction with
supporting electrolyte. However, it is feasible to detect the signal of volatile products after
modification of electrode by a second metal. Figure 5.53 displays cyclic voltammogram and
mass signal for SnRh/C in 0.1 M HNOs;. The signals of NO, N,O and N, are detectable,
similarly to nitrate reduction of SnRh/C in sulphuric acid; however, the features of the signals
in nitric acid are markedly dissimilar from of those in sulphuric acid. The signal of NO is
significantly small. The signal of N,O in nitric acid departs from the background at 0.4 V and
reaches a maximum at 0.05 V. The signal of N,O decreases at potentials near hydrogen

evolution, suggesting that ammonium is produced.
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Scan rate 0.001 V s™. The arrows indicate the
direction of potential sweep.
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Figure 5.54 Cyclic voltammograms in 0.1 M
HNO; and lon current profiles for m/z = 30,
m/z = 44 and m/z = 28 of Sn 1:1 Au:Rh/C
electrode. Scan rate 0.001 V s™. The arrows
indicate the direction of potential sweep.

The N, signal begins from 0.4 V (the potential N,O produced) and increases until the

switching potential. The formation of N,O is likely to be greater than the consumption of N,O to

produce N,. Comparing the reaction in nitric acid with that in sulphuric acid, the signal of N,O in the

former electrolyte begins from 0.5 V and reaches the maximum at 0.05 V whilst the signal in the latter

electrolyte begins at the starting potential and reaches a maximum at 0.25 V. The signal of N, in both

nitric acid and sulphuric acid are similar. These results suggest that in nitric acid NO intermediate is

strongly adsorbed and is reduced to N,O with larger potential region than in sulphuric acid.
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Nevertheless, the further reduction of N,O to N, in nitric acid occurs at more positive potentials than in

sulphuric acid, indicating that the rate of this step in nitric acid is faster than in sulphuric acid.

Figure 5.54 displays the voltammogram and the mass signal of Sn 1:1 Au:Rh/C in 0.1
M HNOgs. The NO, N,O and N, signals of Sn 1:1 Au:Rh/C are detected with similar features
as for SnRh/C. The N,O signal of Sn 1:1 Au:Rh/C is slightly lower than for SnRh/C,
suggesting that SnRh/C has higher selectivity toward N,O. Comparing with sulphuric acid,
the N,O signals in nitric acid are appreciable higher than in sulphuric acid containing nitrate.
It can be assumed that the influence of the anion is greater for Sn 1:1 Au:Rh/C than for
SnRh/C.

In this work, Au also has been modified by Sn and its activity towards nitrate
reduction investigated in nitric acid in order to study the anion effect on Au. Interestingly, Sn-
modified Au/C, as shown in Figure 5.55, yields small signals of NO which cannot be
observed in sulphuric acid, suggesting that sulphate blocks the surface of SnAu/C. This may
imply that the nitrate reduction current of SnAu/C is accompanied by the formation of NO in
the solution, which appears since NO desorbs from the SnAu/C surface. Because of this
reason, NO cannot be reduced further.’® This behavior of SnAu/C is different from that of
SnRh/C, which NO,qgs can be reduced further to form other products. It has been reported that
Au electrode can be modified by a second metal to enhance the catalytic activity towards
nitrate reduction, for example Cd-modified Au electrodes produce nitrite as the product of the

reaction.®3%°

257



0.01

0.00

-0.01+

-0.02 -

j/mAcm

-0.03

-0.04

soxto™f  M30.NO

0x 0. “H%'”M.\"MWMW "'!MW‘W‘,‘“\ A"‘wdl

-3.0x10™ : : : :
-0.1 0.0 0.1 0.2 0.3 0.4 0.5

E/Vvs RHE

j/ mA cm™2
o

{:/ig_tfre 5.55 lon current profiles for m/z = 30 of SnAu/C electrode in 0.1 M HNO; and. Scan rate 0.001
st

5.4 Conclusions

The nitrate reduction and nitrite reduction have been studied on Rh/C, Au:Rh/C nanoparticles,
polycrystalline Rh and second metal-modified Rh electrodes in acidic and alkaline media. The
main approach for this work is to determine volatile products. In acidic media, Au does not
show catalytic activity for nitrate reduction and presents relatively low activity for nitrite
reduction, which yields a small signal of NO in OLEMS. Volatile products cannot be detected
for nitrate reduction at the Rh/C electrode but NO and N,O signals are detected on nitrite
reduction. The formation of N,O takes place from a reaction between NO,gs and NOy the
potential range studied. Au:Rh/C nanoparticles exhibit lower activity for both nitrate
reduction and nitrite reduction than pure Rh/C as a result of surface poisoning by NH3 on the
Au surface. NHj3 is produced at potentials near hydrogen evolution for all electrodes, as shown
in IC data. It is likely that there is a competition between NO and Hpq at negative potentials.

The Sn-modified Rh/C electrode produces mainly NH3OH", suggesting that Sn modification
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only promotes the rate of the determining step and reduces the hydrogen adsorption and the
cleavage of the last N—O bond.

The catalytic activities of the electrodes towards nitrate reduction and nitrite reduction
in alkaline media are smaller than in acidic media, suggesting pH dependent activity and
selectivity. NO is the main intermediate in acidic media, while HNO; is the main intermediate
in alkaline media. The catalytic activity and selectivity of Rh towards nitrate reduction are
enhanced by Sn modification and N,O and N, signals are detected. NH;" and NH3;OH" are
detected for nitrate reduction on the SnRh/C electrode. These arise because of the
enhancement of the first electron transfer in the rate-determining step. Ge modification does
not significantly enhance the activity of Rh/C electrode towards nitrate reduction. In
modification weakly increases the catalytic activity of Rh; however, its activity is still much
lower than that of Sn-modified Rh. The mechanism of nitrate reduction at In-modified Rh/C is
still unclear. The influences of anions on nitrate reduction at Rh/C and SnRh/C electrodes are

smaller than those previously observed for Pt electrodes.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

This thesis focuses on metal nanoparticles for electrocatalysis of oxygen reduction and nitrate
reduction. The objectives of this work are: to study the feasibility of Rh coated on Au NRs
and Au NPs as an electrocatalyst for the ORR, to investigate the formation of active sites of
the Co/TETA/C catalyst along with heat treatment and to investigate the selectivity of and the
kinetics of the ORR, to investigate the electrocatalytic activity and selectivity of Rh/C and Sn-
modified Rh/C for nitrate reduction and nitrite reduction. Electrochemical techniques are
promising techniques in providing a comprehensive understanding of the mechanism, kinetics
and on selectivity of the electrochemical oxygen reduction reaction and nitrate reduction
reactions. The mechanism and selectivity of the ORR in this thesis has been elucidated by
cyclic voltammetry (CV), rotating disc electrode (RDE) and rotating ring-disc electrode
(RRDE) in order to determine the products and intermediates of the ORR. Due to the
complexity of nitrate reduction, the electrochemical technique was combined with on-line
electrochemical mass spectrometry (OLEMS) so that a more comprehensive analysis could be
obtained. OLEMS can detect the volatile reaction products during the electrochemical nitrate
reaction. In particular, the chromatography technique enables us to detect the soluble
products, particularly NH;" and NH3;0H". In addition, non-electrochemical, supplementary
techniques have been applied to confirm the structure of the catalyst, such as scanning
transmission electron microscopy (STEM) with an added high angle annular dark field

(HAADF) and energy-dispersive X-ray spectrometry (EDS), X-ray photoelectron
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spectroscopy (XPS), X-ray diffraction (XRD), thermo gravimetric analysis (TGA) and
differential thermal analysis (DTA).

Chapter 3 of this thesis provides better understanding of the structure of Au NRs, the
growth of Rh on Au NRs and Au NPs and their electrocatalytic activity on the ORR. The
body of Au NRs obtained by the seed mediated method consists of alternate {100} and {110}
facets. The ends of Au NRs comprise {110} and {111} facets, resulting in a more-rounded
end and a less-rounded end on Au NRs. The formation of Au NRs is influenced by several
factors. The strong adsorption of CTAB at the {100} facet at the side of Au NRs suggests that
it forms a CTAB bilayer soft template which induces the rod-shape in particles. The presence
of CTAB has an effect on Rh deposition. CTAB removal enhances the Rh deposition onto Au
NRs because Rh*" forms micelles with CTAB, which slows down the collision frequency. The
Ag’ ions at the rod end result in the preferential growth of Rh on the ends of Au NRs. At a
low Rh content, Au NRs are not completely coated by Rh and Au—Rh alloy formations are
present. The overgrowth of Rh is noticeable at the rod end. At a high Rh content, Au NRs are
completely coated and a Rh-rich phase is formed. The co-reduced Au and Rh nanoparticles
present separated Au and Rh nanoparticles except for the Au:Rh of 1:2 ratio, which contains
particles of partial Au-Rh form. The sequentially reduced Au and Rh nanoparticles show the
Au—Rh alloy formation from the Au:Rh of 7:3 ratio and above and the particle size increases
when the Rh content is increased.

The electrocatalytic activity of Rh coated on Au NRs for the ORR slightly increases
for the Au NRs:Rh ratios of 10:1 and 7:3 and dramatically increases for that of 1:1 and 1:2
ratios. The electrocatalytic activity of co-reduced Au:Rh nanoparticles dramatically increases
when Rh nanoparticles are introduced into the catalysts. The electrocatalytic activity of

sequentially reduced Au:Rh nanoparticles slightly increases for the Au:Rh of 10:1 ratio and
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largely increases from the 7:3 ratio due to the alloy formation at low Au:Rh ratio and the
formation of a Rh-rich phase at high ratio. The n values acquired for Au NRs:Rh and
sequentially reduced Au:Rh nanoparticles increase when increasing Rh, with the exception for
the 10:1 ratio which has n values lower than that of Au NRs and Au NPs. These results
suggest that the composition of the Rh on the Au surface enables control over the selectivity
of the reaction. Interestingly, diluted Rh atoms on Au surfaces yield a high H,O, selectivity
which is similar to pure Au, thus indicating that the formation of Au—Rh alloys suppresses the
further reduction of H,O, to H,O. The Rh-rich phase on Au surfaces yields a high H,O
selectivity.

Chapter 4 of this thesis presents a detailed investigation of the ORR on non-precious
metal catalysts, which aimed to address the second main objective of this research.
Co/TETA/C was chosen to produce H,O,. Although this non-precious catalyst is not as active
as Rh, Co/TETA/C is very interesting because its electrocatalytic activity and selectivity on
the ORR 1is appreciable and tunable via heat treatment. The voltammetric profile of
Co/TETA/C does not show the oxidation or reduction peak of Co in this potential range. The
double layer capacitive current of carbon substrate decreases when TETA is introduced and
decreases even further when Co is introduced onto the carbon surface. The onset potential of
Co/TETA/C shifts to more positive potential with increasing heat-treatment temperature. The
current density also increases in response to heat treatment; however, a current plateau is not
obtained. Metallic Co particles are only present on the catalysts heat-treated at 700 °C and
higher temperatures. The Co/TETA/C heated at 700 °C yields the highest H,O selectivity
probably, as a result of the presence of Co metallic particles; however, the H,O selectivity

decreases for the Co/TETA/C heat-treated at 1000 °C.
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A greater understanding of the selectivity and kinetics of the ORR on Co/TETA/C
were obtained by analysing the rate constant for the ORR. The low ki/k; ratio and k3 values
were obtained for the samples that were heated at temperatures lower than 500 °C. It can be
concluded that the Co (II) complex tends to produce hydrogen peroxide with a low hydrogen
peroxide reduction current. The greatest kj/k, ratio and k3 value obtained from the
Co/TETA/C 700 °C sample indicates that the presence of co-existing Co(II) complex and Co
crystallite enhances the reduction of oxygen to water and the reduction of hydrogen peroxide.
The ki/k; ratio and k3 values acquired for the reaction at Co/TETA/C 1000 °C are lower than
those of 700 °C. This is probably a result of lower metallic Co surface area; the TEM showed
larger particles on this sample.

The nitrate and nitrite reduction reactions on Au/C nanoparticles, Au:Rh/C
nanoparticles, Rh/C nanoparticles and Sn-modified Rh/C nanoparticles are reported in detail
in chapter 5. Au/C does not show any activity for nitrate reduction and presents very small
activity for nitrite reduction, suggesting that NHsz is a main product. Rh/C has promising
catalytic activity for nitrate reduction in acidic media; however, only a selectivity towards
NH," is obtained. The nitrate reduction takes place stepwise with NO as the key intermediate.
The rate-determining step is the step in which nitrate is reduced to nitrite. The NO,4s on Rh/C
surface is then reduced to NH;  when the potential is lowered to potentials near that of
hydrogen evolution, as NH4+ was detected by IC at these potentials. Rh/C for nitrite reduction
presents promising catalytic activity with the detection of volatile products of NO and N,O.
The formation of N,O is from the reaction between NO,¢s on Rh/C surface and NO,q in the
solution. NO,q is present from the decomposition of HNO,. The Tafel slope acquired from the

NO,gs experiment of Rh/C is 83 + 4 mV dec'l, indicating that the first electron transfer is the

268



rate-determining step. Au:Rh/C nanoparticles present lower catalytic activity than Rh/C
because the strong NH, " adsorption on the Au surface poisons the electrode surface.

The results of Sn modification demonstrate that there is plenty of room left to enhance
the catalytic activity of Rh/C. The catalytic activity of Sn-modified Rh/C is dramatically
enhanced and the selectivity towards N, is also enhanced. The volatile products NO and N,O
can be detected. The further reduction of N,O gives rise to the formation of N,. Sn
modification enhances the rate of the rate-determining step. IC data show that the NO,qs on
the SnRh/C surface is reduced further not only to NH," but also NH;OH" at potentials near
that of hydrogen evolution. The NH;OH" is formed because Sn modification decreases the
amount of hydrogen adsorption and also decreases the cleavage of the last N—O bond. The
improvement of nitrate reduction on SnRh/C relates to the enhancement of nitrate adsorption
on the active sites which comprise Rh and Sn(OH)y species. Ge modification weakly promote
the catalytic activity of Rh/C for nitrate reduction in sulphuric acid. In modification promotes
the catalytic activity of Rh/C; however, its activity is still lower than that of the Sn-modified
Rh/C electrode. The catalytic activity in HNOj is similar to in NaNO3;+H,SOj, suggesting that
the anion effect has a lower impact on Rh surfaces than on Pt surfaces. This is because of the

stronger adsorption of nitrate on Rh surfaces, which can compete with hydrogen adsorption.

6.2 Future work
This thesis paves the way for several future researches. Nevertheless, several modifications
and drawbacks need to be addressed in order to better improve future studies:

In chapter 3, the details of Rh deposition on Au NRs and Au NPs by chemical
reduction are given. There are great possibilities to study the deposition of Rh on Au NRs and

Au NPs by electrochemical deposition and to control the deposition of Rh on Au NRs by CO
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adsorption.' Jirkovsky ef al. studied the single atom of Pd on Au substrate towards the ORR.?
The ORR of a single Rh atom on Au substrate is also interesting to study in order to elucidate
the mechanism of H,O, production at low Rh content. This experiment should be carried out
in parallel with DFT calculations in order to provide more theoretical evidence. More
information on surface structure in situ of Au:Rh catalysts will be studied and obtained with
the on-going Extended X-Ray Absorption Fine Structure (EXAFS).

In chapter 4, the selectivity and kinetics of the ORR on Co/TETA/C heat-treated at
different temperatures are revealed. The future research of non-precious metal for the ORR
would focus on the factors influencing the catalysts’ performance and stability. The active site
density of non-precious metal is an ongoing challenge. The development of smaller non-
precious metal nanoparticles with controlled properties and surface morphology could provide
higher active site density. It would also be interesting to explore high surface area carbon
supports or the alternative supports with tunable pore size to improve the catalyst structures.

In chapter 5, the N, formation from nitrate reduction can be obtained with Sn-modified
Rh/C; however, it is derived from the further reduction of N,O. The direct pathway to from N,
is more important. It would be useful if we could design an electrocatalyst which is capable of
stabilising NH, and NO simultaneously in order to achieve N, formation pathways. The Sn-
modified Rh/C yields NO, N,O, N», NH," and NH3;0H". There is a possibility that the specific
model of Sn-modified Rh (100) might yield direct N, formation; however, the single atom of

Sn should be initially studied. The Sn deposition Rh (100) should be then varied.
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