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Abstract

This thesis presents experimental work with two main aims: one is the detection and
characterization of single electrocatalytic nanoparticles with an emphasis on metal
nanoparticle decorated carbon nanotubes, and the other is to develop a more comprehensive
understanding of nanoscale electrocatalysis by exploring the differences in the
electrocatalytic behaviour of single nanotubes as compared to their ensembles. The first
chapter introduces the basic principles and techniques of electrochemistry and the second
chapter gives a brief introduction to the nanomaterials and electrochemical methods used in
this thesis.

Chapter 3 first reports the detection of individual carbon nanotubes with the ‘nano-impact’
method using the production of the under-potential deposited hydrogen (Hupp) from proton
reduction on palladium nanoparticle decorated carbon nanotubes (CNT-Pds). The current
spikes corresponding to the reduction of proton forming Hypp on the individual impacting
CNT-Pds were detected via chronoamperometry. From the knowledge of the palladium
nanoparticle sizes and their coverage on the CNTs it was further demonstrated how the
magnitude of impact charge allows an assessment of the nanotube lengths. The
correspondence between electrochemical sizing and microscopy results directly shows that a
CNT-Pd is electroactive along its entire length, evidencing the reactivity and conductivity of
the CNTs and further indicating the complete Hypp saturation of the palladium nanoparticles
decorated on the carbon nanotubes.

Chapter 4 then extends electrocatalytic nano-impacts of single CNT-Pd to investigate the
hydrogen oxidation reaction (HOR). A facile procedure which enables rapidly and easily
gathering single nanotube voltammetry was established and validated. Single CNT-Pds

impact a micro wire electrode from dilute suspension and adhere to it for a sufficiently long



time for cyclic voltammetry to be conducted. The single adsorbed decorated CNT is electro-
catalytic towards HOR which thus occurs exclusively on it and cyclic voltammetry on single
decorated carbon nanotube is realized. Single nanotube voltammetry of oxygen reduction
reaction (ORR) was further studied and reported in Chapter 5. It demonstrates that the
reduction of oxygen on Pd involves the initial formation of absorbed superoxide with fast
electron transfer kinetics but with a low apparent transfer coefficient due to double layer
effects arising from the Coulombic interactions of the adsorbed superoxide species inside the
double layer. The mechanism of ORR on Pd was re-evaluated.

Chapter 6 compares the oxidation of formate and of methanol at the single CNT-Pds and
ensemble levels. Pd oxide formation as a competitive reaction with formate or methanol
oxidation is significantly inhibited at high overpotentials at single nanotubes in comparison
with what is seen with ensembles. The discovery of the superior electro-catalytic
performance under high mass transport conditions created by single nanotubes suggests
requirements for the design of better fuel cell development and offers the scope for new
catalytic approaches to be developed.

Chapter 7 is focused on the study of the origins of the current fluctuation observed in the
single nanotube voltammetry by comparing the responses of HOR at a single CNT-Pds
immobilised on the gold surface to analogous data on a carbon substrate. No significant
distinction between the gold and carbon was found, demonstrating that the physical motion of
the nanotube at the electrode is likely responsible for the modulation of current. A simple and
feasible methodology based on the ‘nano-impact’ method is then developed to enable the
measurement of the resistance across individual carbon nanotube-electrode contacts. It
reveals that the major component of the measured resistance is associated with the single
CNT-gold contact, which has major implications for the widespread use of CNTs as electro-

catalysts and as catalyst supports.
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Glossary

Roman Symbols

Symbol Meaning Unit

A frequency factor unitless
A B species

Aol electrode area cm?
(aq) aqueous solution

C concentration mol cm™
Co» C1 constant

d diffusion layer thickness cm

D diffusion coefficient cm?st
E electrode potential \

E, standard electrode potential \Y

EP formal electrode potential \

Ei/; half-wave potential \%

Enia mid-point potential \

E, peak potential \Y

AE, peak-to-peak separation \Y

F Faraday constant (96485) C mol™
G Gibbs energy Jmol™
I current A

L, peak current A




I steady-state current A

Igss quasi-steady state current A

Ji species

Ji flux mol cm? s
k° standard electrochemical rate constant cms?t

kg k. anodic, cathodic rate constant cms™t

K Henry’s law constant Pa cm® mol™*
l electrode length cm

(M) electrode metallic phase

m mass g

mr mass transport coefficient cmst

M molar mass mol cm™®

n number of electrons transferred unitless

Q charge C

T, electrode radius cm

R universal gas constant (8.314) J K mol?
R resistance Q

&) solution phase

t time S

T temperature K

v potential scan rate Vst

v solution velocity resulting from convection cms™

x distance perpendicular to the electrode surface




charge number

unitless

Vi




Greek Symbols

Symbol Meaning Unit

a, B transfer coefficients unitless
A difference in a quantity

\Y three dimensional vector gradient

n overpotential \Y

Y activity coefficient unitless
ro surface coverage mol cm™
A Matsuda-Ayabe parameter unitless
m chemical potential Jmol™
U electrochemical potential Jmol™
¢ electrical potential \

T dimensionless time unitless
K reversibility transition parameter unitless
61/2 dimensionless half-wave potential unitless
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Chapter 1

Fundamentals of Electrochemistry

This chapter gives an overview of the fundamental aspects of electrochemistry and associated
electrochemical techniques. These will aid in the understanding of the experimental results
and their interpretation as reported later in this thesis. Topics covered in this chapter include
the description of electrochemical equilibrium, electrode kinetics, the electrochemical cell,

mass transport phenomena and voltammetric techniques.

1.1 Electrochemical Equilibrium

Electrochemistry is the important branch of physical chemistry which studies the interaction
between electricity and chemical change. It involves electric charges moving between
electrodes and an electrolyte. Instead of studying direct electron transfer between molecules
and/or atoms as in chemical reactions, electrochemistry deals with the overall reactions with
individual redox reactions separated but connected by an external electric circuit and an
intervening electrolyte. An electrochemical reaction includes either a chemical reaction
caused by an external power supply, as in electrolysis, or the creation of an electric current as
an outcome of a spontaneous chemical reaction as in a battery. Understanding the overall
electrochemical reactions requires separate interpretation for each particular electrode-
solution interface.[1]

In general, whenever two dissimilar conducting phases are brought into contact, an electric

potential is developed across the interface.[2] Particularly for an electrode (e.g. metal) in a


https://en.wikipedia.org/wiki/Electric_charge
https://en.wikipedia.org/wiki/Chemical_reactions
https://en.wikipedia.org/wiki/Electrolysis
https://en.wikipedia.org/wiki/Battery_%28electricity%29

solution consisting of a redox species A% or BZ~1, the following simple heterogeneous

electron transfer at the electrode-solution interface is assumed,

z - — pz-1
(aq) te (m) < B(aq) (1.1)

where A% and BZ~1 are the oxidised and reduced forms of the redox couple in solution phase.
In the electronic structure of a metal, electrons fill its conduction band up to an energy
maximum known as the Fermi level. We first, from a thermodynamic aspect, consider the
situation in which the Fermi level of the electrode is higher than the lowest unoccupied
molecular orbital (LUMO) of A% in the solution phase, as illustrated in the energy level
diagrams in Figure 1.1 (left). In this case it is energetically favorable for the electrons leaves
the Fermi level to join the species A% forming B#~1. As the electron transfer proceeds, the
Fermi level of the electrode becomes progressively lower. When it has a lower energy level
than the highest occupied molecular orbital (HOMO) of the formed BZ~1, the electron
transfer is in the opposite direction and B~ is oxidized to A%, as shown in Figure 1.1 (right).
The Fermi level of the electrode locates between the LUMO of A% and the HOMO of BZ~1
making both A% to BZ~! and B?~! to A? thermodynamically favorable. If kinetically the
reaction rate of these two directions becomes the same, a dynamic equilibrium is achieved.
No further net change in terms of either the components of the solution phase or the electron
energy level of the electrode is observed at this point. Charge separations, at this time, are
created at the interface between the electrode and the solution.[3] This is the origin of the

electrode potential.



A* + e~ - B*1 B* 1 _e™ 5 A%
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Figure 1.1: llustration of the energy levels (not to scale) during reduction of A% (left) and
oxidation of BZ~1 (right).

For an electrochemical equilibrium as above, the position of the equilibrium represents the
balance between not only the chemical energies but also the electrical energies of all the
involved entities because the electron transferred between the electrode and the solution may
experience two different electrical potentials, @,, (electrode) and @ (solution) respectively.
To account for both the chemical energies and electrical energies of a specific species (j), the

concept of electrochemical potential (ﬁj) is introduced[1],

where the first term, u;, is chemical potential of molecule j, Z; is the charge on j, F is the
Faradic constant (96485 C mol™) indicating that the charge passed per mole of electrons and
@ is the potential of the electrode (@,,) or solution (@). The second term here represents the
electrical energy of j which has the same units as the chemical potential (Gibbs energy per
mole).

For the electrochemical reaction in equation (1.1) at equilibrium,

ﬁAz + ﬁe— = l_le—l (13)



so that
(Maz + ZFDg) + (M- — FOy) = [Ugz-1 + (Z — 1)F Q] (1.4)
Rearranging equation (1.4) gives
F(@y — Bs) = Mgz + Ue- — Ppz (1.5)

Expanding the chemical potential terms in equation (1.5) using

[47]
Maz = p3z + RT In(T) (1.6)

BZ—l
pge1 = p 1 + RTIn ([ : ]0]) (L.7)

where R is the gas constant (8.314 J K™* mol™), T is the absolute temperature (K), [ ]° is the

standard concentration (1 mol dm™) and [ j ] is the concentration (mol dm™) of the species.

Equation (1.5) becomes

Ap®  RT [47]
Ou = 0s = =+ 7 In(g) (1.8)
where
o_ ,,0 0
Ap” = pyz + e + Mgz (1.9)

which is a constant at a given temperature and pressure. Equation (1.8) is the Nernst
equation[1] associated with a single electrode-solution interface which characterizes the
position of the electrochemical equilibrium of the A%/B%~1 redox couple at the single
interface. Note that the above expressions (1.6) and (1.7) are for the chemical potential of the
species in solution, thus the standard concentration ([ ]° = 1 mol dm™) is used. For reactions

involving gases, a standard pressure (P° =~10° N m™) for the gases is used instead. The

4



chemical potential of pure solid or liquid is equal to their standard chemical potential; there is
no term corresponding to concentration or pressure.

The Nernst equation (1.8), however, is only correct for an ideal solution. The equation
needs to be modified in order to allow for non-ideality. The ‘activity coefficient’ (y)
considers the extent of the ion-ion and ion-solvent interactions in concentrated non-ideal

solutions and is introduced accordingly, so that equation (1.8) becomes
n(—2a241 (1.10)

Equation (1.10), despite considering non-ideality, only theoretically quantifies the position
of the electrochemical equilibrium (electrode potential) of single electrode-solution interface.
Measuring such an absolute value is experimentally impossible. Two such interfaces are
required to form a circuit for a connected voltmeter to make the measurement. If the content
of solution at the second electrode-solution interface is maintained constant during the
measurement, the change of the measured potential difference between the two electrodes, E,
represents the change of the target electrode potential. Such a second electrode is called a

‘reference electrode’.[4]

E= Oy — OBs)test — (Om — QS)reference (1.11)
so that
_ RT ¥ 4z[A7]
E = ¢y + F ln(—sz_l[Bz—l]) (1.12)

where ¢, Is a constant. Note that the solution which has a finite ‘conductivity’ may account
for certain potential drop, therefore an additional term ‘IR’ could in principle appear in the
right-hand side of equation (1.11). However, this is negligible since the current, I, during the

potential measurement is tiny if suitable instrumentation is used.
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Electrode potentials (including other reference electrodes) are measured against the
standard hydrogen electrode (SHE). In particular, the standard electrode potential (E°) of
arbitrary redox couples (e.g. A%/ BZ~1) is measured against the standard hydrogen electrode
and the concentrations of the two ions are carefully chosen to make sure both of their activity

(v;[j]) are unity. The ‘In’ term in the expression, therefore, disappears. The Nernst equation

can be expressed with E° embedded as

E=E'+ 1 ( Yarld (1.13)

Bz 1])

where E is the electrode potential against the SHE, E° is the standard electrode potential at
unity activity. The formal potential E]9 with respect to standard potential and activity

coefficient can be expressed as,

EY = E®+ gln(yyi) (1.14)

BZ—1

Thus, the Nernst equation becomes
E = Ef + —l (BZ 1]) (1.15)

Although the standard potential (E°) has thermodynamic generality, it is restricted to very
specific conditions. In contrast, the formal potential (E]9) tends to be more helpful when doing

experiments since it considers not only the influence of temperature and pressure as E° but
also the different practical electrolyte environment associated with the various concentrations
of the redox species and existing supporting medium.

The above Nernst equations (1.10), (1.13) and (1.15) successfully describe the relationship
between potential and concentrations of the redox species and it is only applicable to a

system at a dynamic equilibrium. The establishment of the latter requires fast electrode



kinetics. Thus the next section considers the interpretation of the kinetics of electrode

processes.

1.2 Electrode Kinetics

In last section, we discussed electrochemical equilibrium which is characterized by the
Nernst equation. Thermodynamics describes only the equilibrium state. No information is
given by thermodynamics regarding the important mechanism of approaching and
maintaining equilibrium. In contrast, kKinetics quantitatively describes evolution of chemical
change, including both the approach to equilibrium and the dynamic maintenance of that state.
Thus, in this section we present theory by which the kinetics of electrode processes can be
interpreted.

First we recognize the experimental fact that the natural logarithm of most rate constants
of solution phase reactions is linear with the reciprocal of the temperature. Arrhenius

proposed the following rate constant expression[5]:

—AGH

k =Aerr (1.16)

where AG* is the standard Gibbs energy of activation. The exponential term represents the
probability of surmounting the barrier between reactant and product, 4 is the frequency factor
for the reaction, describing the frequency of attempts on it, R is the universal gas constant and
T is the temperature.

Consider the following simple electrochemical reaction

kl'
_ N -1
Afaq) +e (m) ‘k_ Bfaq) (117)

a



at an electrode of area, 4,,.. (cm?), where k. and k, are heterogeneous electron transfer rates
of the forward (reduction of A% to B#~1) and backward (oxidation of BZ~1 to A%) reactions
respectively. At the electrode-solution interface, the electron transfer process between the
electrode and the reactant, A%, takes place via quantum mechanical tunneling which requires
AZ to be located within the distance of 10 ~ 20 °A of the electrode because within this zone the
electron wavefunctions of A% and the electrode can overlap.[6] The rate of tunneling drops
very significantly when the reactants are located a greater distance from the electrode. Thus
the concentration of the redox species which close to the electrode surface ([ j ]o) instead of
that in the remote bulk solution overwhelmingly predominantly attributes to the electron
transfer at the interface. With the essential aid of a second electrode, the electron transfer will

lead to the passage of an electrical current through the electrode[7, 8],
I =nFA,,.J (1.18)

where n is the number of the transferred electrons and equals 1 for reaction (1.17), F is
Faraday constant (96485 C mol™), 4,,.. is the electrode area (cm?) and J (mol cm™ s%) is the

heterogeneous reaction flux at the interface:
J= kc[Az]O - ka[BZ_l]O (119)

where k. and k, are heterogeneous electron transfer rates of the cathodic (from A% to B#™1)
and anodic (from B#71 to A?) reactions respectively, [A?], and [B#71], indicate the
concentrations of A% and B#~1 at the electrode surface.

For the electrochemical reactions of electrolysis, early studies have experimentally found
that the current is often related exponentially to the applied overpotential r (7 = E — E]9),
while we know from the above equations (1.18) and (1.19) that the current is controlled by

interfacial dynamics, indicating the dependence of the electrode kinetics on the potential



applied to the electrode. To establish their mathematic relationships, transition state theory[9,
10], an important general theory for electrode kinetics, is utilized. It states that reactions
proceed through a transition state or activated complex. Figure 1.2 shows the reaction paths
of equation (1.17) in terms of energy along a reaction coordinate. The standard Gibbs energy

change (or energy barrier) from the reactants (A% + e~ ) to the transition state is AGf ,

whereas of that the transition state is above the products (B?™1) by AGi.

% A \:y

-

@

=

= E

<]

2 AGe AGE
&

T A% + e

-‘é z—-1

: B

S

—

x >

Reaction Coordinate

Figure 1.2: Standard Gibbs energy profiles during an electrochemical reaction.

As the electron is involved in the reaction as part of the reactants, the standard Gibbs
energy of the reactants (G°(R)) can be adjusted by different potentials (@,,) applied to the

electrode. We know from Section 1.1 that
G°(R) = ¢, + ZFps — FOy (1.20)

where ¢, is a constant. If the electrode potential is changed from its formal potential E]9 to E
by AE, the electrode energy level is changed accordingly by FAE = —F(E — E]‘?). Thus the

energy profile of A* + e~ moves up or down by that amount when a negative or positive AE
is applied. Figure 1.3 shows the energy profile of A* + e~ altered by a positive potential

difference AE. From Figure 1.3b we can clearly see that the energy barrier for BZ~1 oxidation



decreases by a fraction of the total energy change. This fraction is called 1 — a, where a is

the transfer coefficient ranging from zero to unity. Thus,
AGY = Gy, — (1 — a)F(E — EY) (1.21)

Brief analysis of Figure 1.3 further reveals that after shifting the potential more positively

from E]9 the cathodic energy barrier (A% reduction) increases by aF (E — E]9) Hence,

AGE = AGY . + aF(E — EY) (1.22)
4
(a) E?
E
g /
2 N,
=
= e
2 ;
= AG
5 26,
i
= . AG? AGE
=] o
= z —
= Z
2| 3v = ~
§ A+ e” B!
>
Reaction Coordinate
4
(b) o
E
Z \41
2 0 (1-@)F(E - E})
o FE= Ep) /\qE aF(E — EY)
z f
=
€]
]
pu =
=] o
= E
= = !
Z| v
= A*+e” B*!

Reaction Coordinate

Figure 1.3: Effect of a more positive potential applied to the working electrode on the

activation energy.
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The rate constant of k. and k, in Arrhenius form can be expressed as

-nGE -AGH

k., =A,er and k, =A,er (1.23)
Inserting the expressions (1.21) and (1.22), gives

—AGEIC—aF(E—E?) —AGE‘a+(1—a)F(E—E?)

k. =A.e RT and k, =A,e RT (1.24)

For the special case that the interface is at equilibrium with a solution in which [A%], =

[BZ 1y, E = E]9 and no net current flows through the system,

] = kc[AZ]O - ka[Bz_l]O =0 (125)

¥ ¥
_AGO,C _AGO,a

Thus, k, = k., =k®°=A,e rr =A,e rr . The quantity k° is the standard
electrochemical rate constant. The rate constants at other potentials can then be expressed

simply in terms of k°:

—aF(E-E) (-a)F(E-ED
k. = k’e ®rr  and k, =k®e rr (1.26)
Assuming the value of a is 0.5, when the potential is changed by one Volt the rate constants
k, and k, are changed by factors of ca. 10° indicating the overwhelming sensitivity of the
electrochemical rate constant on the electrode potential. This sensitivity is central to the
electrode Kkinetics.
Substitution of expression (1.26) into (1.19) and then (1.18) gives the following important

current-potential relation:

~aF(E-EY) (1-@)F(E-ED)

I = FAK® ([A%]ye " —[B*l,e T’ ) (1.27)

This is the famous Butler-Volmer equation[11-13], from which the Tafel Law can be derived.

11



If the reduction process (4%2 + e~ — BZ~1) in reaction (1.17) is significantly faster than the
backward reaction (oxidation), the oxidation term in equation (1.27) is negligible. The

expression becomes

—aF(E—E?)

I,.q = FAK°[A%]yp e rT (1.28)

Similarly, when the oxidation process is significantly faster than the reduction process, it has

(l—a)F(E—E?)

1,, = FAK°[B? '],e” & (1.29)

Taking natural logarithms of the above equations gives,

_ RT dln|l,ql o
a=——— and 1—-a=8=

RT dln|I,,|

F OE (1.30)

Plots of In|l,.4| against E or In|l,.4| against E are called Tafel plots where the gradient of
this straight line is directly proportional to the transfer coefficient a or S respectively, as
shown in Figure 1.4. Note that this procedure requires [A?], and [B#~1], to be constant over

the range of the potentials studied.

Reduction A% + e~ —» B%1 Oxidation B 1—e™ — A
_ RT3In|L,.4| _ RT aIn|I |
“=TF  BE B="F e
In|lred| Inlloxl
; _ aF l _ F
sope—RT sope—ﬁ
> -E » +E

Figure 1.4: Tafel plots.
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1.3 Electrochemical Cell

A typical electrochemical experiment is carried out using a three-electrode system[1, 14]
(Figure 1.5). This comprises a working electrode (WE), a reference electrode (RE) and a
counter electrode (CE). The working electrode is the electrochemical interface of interest.
The use of reference electrode as mentioned in Section 1.1 is to enable the measurement and
control of the potential of the working electrode when connecting to a voltmeter. Moreover,
the passage of the current requires the use of a third electrode, the counter electrode. The
current passes through the counter electrode, rather than the reference. Otherwise, the passage
of the current would not only induce the chemical changes within the reference electrode
hence altering the potential of the reference electrode to an unknown value, but cause a
potential drop (IR) between the working electrode and reference electrode since the electrical
resistance exists in the bulk solution, such that the working electrode potential would no

longer be controlled.

E = (Q)M - (Z)S)working + IR — (QM - QS)reference (1-31)

Note that two-electrode (working and reference) system sometimes can be used when the
working electrode is a microelectrode[15, 16] because only a very low current (~ 10° A)
passes through it. The IR term is accordingly greatly minimized and can be neglected.

As shown in Figure 1.5 (right), all the electrodes are controlled by a ‘potentiostat’. First,
the potentiostat imposes a fixed potential, E, between the working electrode and the reference
electrode, and only negligible current passes through the reference. The potential of the
reference electrode keeps constant so that any changes in E are fully reflected as the changes
in the potential of the working electrode. The potential changes on the working electrode will
typically cause a current (I) to flow. This current is measured. The potentiostat then drives the

counter electrode to whatever potential required to pass the same current as that flowing

13



through the working electrode.[1]

O

Potentiostat
\ /
L - - ] =]- =4 = I\D/If-?::g]; Il Apply potential E
E controlled
I WE
L I ™

CE WE RE CEURE

Figure 1.5: Schematic diagram of a three-electrode cell.

1.4 Mass Transport

In Section 1.2, we discussed electrode kinetics in respect to the electrode-solution interface
by simply considering the rate of electron transfer of a given concentration of the species at
the electrode surface. However, in practice, consumption of the reactants and formation of the
products on the electrode surface leads to the movement of the reactants towards the
electrode surface and of products away from the electrode surface. Thus the overall kinetics
of any electrochemical reactions obviously not only depends on the rate of the electron
transfer, but also the rate of the mass transport. If the electron transfer rate is fast, mass
transport may limit the magnitude of current passed via the movement of reactant/product
towards/away from the electrode. Three main processes contribute to the mass transport of
electroactive species to an electrode: diffusion, migration and convection, which are

introduced below sequentially.
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Diffusion, as the dominant term of mass transport, is a phenomenon that a species
spontaneously moves down its concentration gradient so as to maximize entropy. For a planar
electrode in a solution containing the reactant, the bulk concentration of the reactant is
constant. With a suitable potential applied to the electrode the reactant is consumed (either
oxidized or reduced) at the electrode surface leading to a lower concentration of this species
in the vicinity of the electrode. A concentration gradient is therefore induced between the
electrode and bulk solution. Figure 1.6 shows the electrochemically created zone of depletion

of the reactant near the electrode surface which is called a ‘diffusion layer’.

[al .
+ Diffusion layer
thickness d (cm)
[Alpuik|- = = = = = = =
|
|
|
|
|
|
|
|
0 1 » X

Distance from the
electrode surface

Figure 1.6: Nernst diffusion layer.

It is the created concentration gradient that drives the diffusion of the electroactive species
from the bulk solution to the interface. Fick’s First Law[17] describes the relation between

the diffusive flux J (mol cm™?s™) and the concentration gradient in one dimension,

where the flux J (mol cm™s™), as defined in the previous section, is the number of moles

passing through a unit area in a unit time, D is the diffusion coefficient of the species (cm?s™)
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with a typical magnitude in the range 10°® ~ 10° cm® s™ and Z—i is the concentration gradient.

The negative sign involved in Fick’s First Law accounts for the species moving from an area
of higher concentration to lower concentration.
Since the concentration of the species at a point x is changing with time, Fick’s Second

Law describes the rate of change in concentration at the point x,

ac % c
—=D

(1.33)

at ax?

Figure 1.7 shows the molecular basis of Fick’s Laws in one dimension. Consider at any
point x on an arbitrary concentration-distance profile, the movement of a molecule in a ‘box’
of 26x in width. For each ‘half box’ of §x, a molecule has equal probabilities of moving to

the right and to the left. The average time for the molecule moving a distance &x is §t. Hence
the number of molecules travelling is %C1A6x from left to right, and %C2A6x from right to

left. The net rate of transfer through a plane positioned at x is

_ (Cl—Cz)ASx
rate = ———— (1.34)
The flux is expressed as
_ (€1-C)dx
J = (139
where the concentration gradient is
C1-C; ac
5 " o (1.36)
Substitution of equation (1.36) into (1.35) gives
_ _60? ac
J = 28t 9x (1.37)
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This is equivalent to Fick’s First Law (equation 1.32) when

2
p=2% (1.38)

Thus, for a molecule in solution, its diffusion coefficient, D, describes how far it travels in a

certain time. The root mean square displacement in time, ¢t, can be given as

J&?) = V2Dt (1.39)

which gives a measure of the diffusion layer thickness, d (cm).[18, 19] When considering

three-dimensional diffusion, the root mean square distance becomes

J(x2) + (y?) + (22) = V6Dt (1.40)

area, A (cm?)

/

0X ox

Figure 1.7: The molecular basis of Fick's First Law in one dimension.

Secondly, Migration describes the effect of an electrical field on the movement of the
charged species in solution.[1, 5, 20] Concentration gradients are generally small in the bulk
solution away from the electrode in which therefore the total current is carried mainly by

migration. All charged species (no matter they are electroactive or not) contribute. For
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species j in a bulk region of a linear electric field,

Z;F a9
Jj =Jmj=—727 DiCi—- (1.41)

where J; and J,,, ; are the total flux and the migratory flux respectively (mol cm? s, Zj is the

charge of the ion j, C; is the concentration of the ion (mol cm™) and % is the potential

gradient (or electric field, V cm™).

Near the electrode, the total flux /; of an electroactive substance which finally contributes
to the current is a result of a mixed transport process of diffusion and migration. The
diffusive and migrational components of the flux, expressed as J; ; and J,, ;, may be in the
same or opposite directions, depending on the direction of the electric field and the charge
(sign) on the electroactive species.[21] Figure 1.8 depicts situations when a positively
charged (cation), a negatively charged (anion), and a neutral electroactive substance
separately experience a reduction process. It is easy to understand that the migrational flux is
in the same direction as the diffusive flux when cations are reduced at cathodes and anions
oxidized at anodes, while it opposes the diffusive flux when anions react at cathodes and

cations react at anodes.

(a) (b) ()

Electrode Electrode Electrode

Figure 1.8: Reduction process with different directions of migratory flux. (a) Positively

charged species. (b) Negatively charged species. (¢) Uncharged species.
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The above introduction indicates that migration can severely affect the current and make
the experimental data complicate to analyze. To eliminate the effects of migration, a
supporting electrolyte consisting of non-electroactive ions at a concentration much larger
than that of the electroactive substances is added to compress the interfacial drop to being

very close to the interface so that most of the electroactive ions can diffuse to the electrode
surface to react. The migratory flux with the % term eliminated is hence reduced to

negligible levels. In addition to this function, the supporting electrolyte also serves to
decrease the solution resistance, and hence the undesirable potential drop between the
working and reference electrodes (Section 1.3), allowing the working electrode’s potential to
be controlled or measured more accurately. Improved solution conductivity also mitigates a
requirement of high overpotential and hence simplifies the design of apparatus. Another
benefit the supporting electrolyte can bring is its chemical contributions. It enables the better
control of the reaction conditions through fixing the solution composition (e.g. pH, ionic
strength or serving as buffer) that controls the reaction conditions. The excess supporting
electrode also establishes a uniform ionic strength throughout the solution, even when ions
are produced or consumed at the electrodes, allowing the activity of the redox couple to be
kept consistent and facilitating the use of formal potentials (as discussed in Section 1.1).

Last but not least, the supporting electrolyte acts to compress the electrical double layer to
be very thin with respect to the diffusion layer and compatible with electron tunneling
distance (approximately 10-20 A) for electrolyte concentrations of ca. 0.1 M or above.[6]
This ensures the potential applied to the electrode can be mainly used for driving the
electrochemical reaction sought to occur. Figure 1.9 shows a schematic diagram of the
electrical double layer with (left) or without (right) anions specifically adsorbed, and the
potential variation across the double layer in the absence of specific adsorption of ions. The

electrical double layer is formed via the arrangement of the ions at the electrode/solution
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interface. As shown in Figure 1.9, when the potential applied at the electrode is more positive
than that in the solution, due to the electrostatic forces, anions and solvent molecules will
migrate from solution and adsorb onto the electrode surface, forming a closest layer to the
electrode. This is called Inner Helmholtz Plane (IHP). Outer Helmholtz Plane (OHP) is where
the nearest solvated anions are located. These solvated anions are not specifically adsorbed to
the electrode but interact with the charged electrode via only long-range electrostatic forces.
Also depicted in Figure 1.9 is the diffuse layer consisting of both solvated anions and cations
which extends from the OHP to the bulk solution. These layers consisting of the electrical
double layer help to maintain electrical neutrality at the electrode/solution interface. The
potential variation across these layers in Figure 1.9 shows that most of the potential drop,
@m — D, occurs within the compact Helmholtz layer. This potential drop is the driving force

for electrochemical reaction to occur.

ITHP OHP Diffuse layer Bulk solution IHP OHP Diffuse layer Bulk solution
1

Lal e s s o

\ +
1

- 0
|

Electrode
4
bttt

.___.__.__

A 4

<
2
A

Solvent molecule

Specifically adsorbed ion

Potential

- Solvated ion

&

- > X
IHP OHP Distance from the
electrode surface

Figure 1.9: Proposed models of the double-layer region with (left) or without (right) anions
specifically adsorbed. Bottom (right): potential profile across the double layer in the absence
of specific adsorption of ions.
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Finally, Convection refers to the movement of species due to a mechanical force and can
be divided into two forms according to the origin of the force: natural convection and forced
convection. Natural convection usually occurs when there are density or thermal gradients in
the solution, Density differences can result directly from the chemical changes at the working
and/or counter electrodes where electrolysis occurs when a potential is applied, or be caused
by the thermal variations from, for example, strongly exothermic or endothermic coupled
homogeneous chemical reactions, and the imperfect thermo-stating for large electrochemical
cells. This form of convection is undesirable and can cause experimental irreproducibility.
Forced convection usually arises from the deliberate mechanical agitation of the solution via
stirring, gas bubbling or pumping. It is used to deliver fresh electroactive species to the
electrode surface at a known rate. The effect of natural convection is eliminated, thus
allowing well-defined quantitative analysis. Forced convection is commonly used in
hydrodynamic studies (i.e. sonoelectrochemistry, rotating disc electrodes, or flow cells).[1, 5,

22] The flux due to convection, /. ; (mol cm™? s, can be expressed as:
Jej=Civ' (1.42)

where v’ is the solution velocity (cm s™) and C; is the concentration (mol cm™®) of species j.
For fast electrode kinetics, mass transport controls the voltammogram. However, with the

three different types of mass transport, it is difficult to determine the influence of each

individual component. Therefore, in the experiments reported in this thesis, migration and

convection are minimised to ensure a diffusional controlled response.
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1.5 Electrochemical Techniques

This section is concerned with electrochemical methods in which the working electrode
potential is controlled in a predetermined manner (either held constant or varied with time) as
the current is measured as a function of time or potential. This technique contains the two
most powerful experimental approaches to study electrochemistry: cyclic voltammetry and

chronoamperometry.

1.5.1 Cyclic and Linear Sweep Voltammetry

+ 4
JE I
= £ I \l*
=
) |
g | -
~Ef---- |
T
- >
0 Time /s

Figure 1.10: The potential-time profile of a cyclic voltammogram for a reduction. Zoom-in

image shows the steps at each of which current is recorded at t = 7.

As one of the most popular electrochemical methods, cyclic voltammetry (CV)[23-25] is
conducted by linearly scanning the potential at the working electrode with a constant scan
rate, v (V s™). The scan usually begins at a potential (E;) where no Faradaic currents flow.
The electrode potential is then linearly swept to a value, E,, at which point the reaction is

‘“fully driven’. The direction of scan is then reversed and usually stops at the original value
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(E;). In practice, the ‘linear’ sweeping is actually performed with a large number of digitally
generated small potential steps (‘a staircase’) as shown in Figure 1.10. The current, I, is
simultaneously measured at one point of each potential step.[26] The plot of the resultant
current against the sweeping potential is called a ‘voltammogram’.

The shape of a voltammogram is determined by the rates of electron transfer and mass
transport. The latter is not only related to the diffusion coefficient of the electroactive species
but also the size-determined diffusion pattern involved at the specific working electrode.
Linear diffusion occurs at a macro electrode (usually with dimensions of cm or mm) while
convergent diffusion (‘edge effects’) at a micro electrode (at least one dimension of pm)
(Figure 1.11a and Figure 1.11b). It is the relative magnitude of the electrode radius and
diffusion layer thickness that determine the diffusion pattern. For macroelectrodes of radius
much larger than the thickness of the diffusion layer (r, > d), diffusion towards the electrode
surface remains linear within the experimental time scale even though the thickness of the
diffusion layer becomes progressively larger as the electrolysis proceeds. Equation (1.39)

gives the expression for the diffusion layer thickness for one-dimension diffusive flux.

(a) (b) (¢) |
\ I~/
|
ik N XN
~ e L4 S ——
| || SSSUT YL —— —
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Macrodisc Microdisc
Microwire

Figure 1.11: Diffusion at macrodisc (a), microdisc (b) and microwire (c) electrodes. Arrows:

diffusion of electroactive species. Dashed line: the diffusion layers.
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On the other hand, the much smaller size of microdisc electrodes compared to the
thickness of the diffusion layer formed during electrolysis (7, < d) results in the
development of a hemispherical diffusion layer in which electroactive species move towards
the electrode from all directions. This three-dimensional diffusive flux is much more efficient
than the one-dimension at macroelectrodes. Thanks to the much higher rates of mass
transport than seen at macroelectrodes, measurement of faster electron transfer process
becomes achievable using microdisc electrodes.

Moreover, microwire electrodes are also commonly used because they not only have high
mass transport rates as microdisc electrodes due to their micron-scale size, but also have a
much larger surface area. The microwire electrode used in some of the experiments in this
thesis is made from a cylindrical carbon fiber with a length of around 1 mm and a diameter
around 7 um. The fabrication procedure is given in Chapter 3. The high mass transport rate
and surface area are favorable for electrochemical characterization of large solid particles
such as the carbon nanotubes used in the experiments. As shown in Figure 1.11c, mass
transport towards the cylindrical microelectrode includes linear diffusion at the side and
convergent diffusion on the end.

Voltammetry of electrochemically reversible and irreversible processes at macroelectrodes
and microelectrodes is next considered in the following paragraphs. Typical voltammograms
for different levels of reversibility of the electrochemical process on a macrodisc electrode
(Figure 1.12a) and a microdisc electrode (1.12b) are summarized in Figure 1.12. To study the
voltammetry of the reduction of A, the potential is scanned from positive (E;) to negative
(E;), then reversed to E;. The curves 1~3 show the voltammograms with the increasing
irreversibility. In Figure 1.12a, for macroelectrodes it can be observed that from the curves 1

to 3, the peak-to-peak separation of the forward (reductive) and back (oxidative) peak (AE,)

increases and both peak currents (I,,) decrease. In the case of microelectrodes, the curve in
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Figure 1.12b is increasingly broadened from 1~3 with the half-wave potential moving more
negatively. The half-wave potential, E; , (V), is the potential where the current is half of the
steady-state current (I = 1575 A) The electrochemical processes (1~3) shown in Figure 1.12

can be referred as electrochemically “reversible”, “quasi-reversible” and “irreversible”,

respectively.
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Figure 1.12: Reductive voltammetry of diffusive species at (a) macrodisc electrodes: peaked
shaped responses, (b) microdisc electrodes: sigmoidal responses. Curve 1, 2 and 3 represent

reversible, quasi-reversible, and irreversible systems respectively. Arrows show the starting
point and scan direction.
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1.5.1.1 Voltammetry at Macroelectrodes

The reversibility of a process at macroelectrodes can be quantified by comparing the
standard electrochemical rate constant, k°, with the mass transport coefficient, m, (cm s*),

where
mp = 2 (1.43)

D is the diffusion coefficient of the species (cm? s™) and d is the diffusion layer thickness

(cm). As equation (1.39) shows, d = v2Dt, where the experimental time t can be related to

the scan rate as

RT
t~— (1.44)

so that my can be given as

mp ~ |2 (1.45)

A rigorous mathematical evaluation for the limits of reversibility is given by the Matsuda and

Ayabe parameter, A,[27] where:

kO

DFv
RT

The following ranges for three different classifications at macroelectrodes are suggested:

A=

(1.46)

Reversible

A >15 k°>0.3v°5cms?

Quasi-reversible

15>A >1073, 0.3v°5 > k> 2 x 107 5v%5 cm s
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Irreversible
A <103 K< 2x105v%5 cms?

where T, D and « are assumed to be 298 K, 1x10™° cm®s™ and 0.5 respectively.

The shape of voltammograms in Figure 1.12a can be understood by considering the
relative rates of electron transfer and mass transport. At the initial potential E; which is
positive than the reduction potential of A, no current is observed. When the potential sweeps
towards E}’, reductive current starts to flow. For an electrochemically reversible system
(curve 1 in Figurel.12), the product is formed at the electrode surface, as predicted by the
Nernst Equation. For an irreversible system (curve 3 in Figure 1.12), in this region the
electron transfer rate is smaller than the rate of mass transport, thus the current, following
Butler-Volmer equation, is a function of the reaction rate and the concentration of A. The
further increase of the potential makes the current reaching a peak at which the electron
transfer rate is balanced by the diffusion rate of A. As the potential continues to grow more
negatively, the current decreases because the diffusion rate of A is not sufficient to replenish
the material consumed at the electrode surface. When the potential scan is reversed, with the
accumulated high concentration of B in the electrode’s vicinity, the electrochemical balance
at the surface grows more and more favorable toward the formation of A. Thus an anodic
current from the oxidation of B flows and has a similar shape with the forward scan for
essentially the same reasons.

Comparison of reversible and irreversible voltammetry for a one-electron transfer process
at macroelectrodes can be summarized as below: First, when the value of peak-to-peak
separation shown in the voltammogram, AE,, (V), is at about 57.4 mV at 298 K, the process is

electrochemically reversible (Figure 1.12, curve 1). AE, (V) in reversible voltammetry is

independent with the potential scan rate, while for quasi- and irreversible system, AE,, (V)
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becomes larger as the scan rate increases. Second, the mid-point potential of the forward and
back peak, E,,;q (V), can be expressed with the formal potential, E]9 (V), embedded.[1] For

an reversible process,

RT D
Emia = EY+ 2-In (D—j) (1.47)

For an irreversible process, assuminga = 3 = 1/2,

RT D
Emia= E+ " 1n (D—:’) (1.48)
where
Emid — Ep,forward+Ep,reverse (149)

2

Epmia = E]? when the diffusion coefficients of A and B are equal (D,=Dg). Therefore, no
matter the process is reversible or not, the formal potential of the couple can be indicated by
the mid-point potential, as shown in Figure 1.12a. Third, as described in the Randles-Sevcik
equations, the peak current, L,(A), for one electron transfer process at a macroelectrode is
related to the bulk concentration of species A, [A]pu (Mol cm™), the scan rate, v (V s™), the
diffusion coefficient of species A, D, (cm?® s™) and the surface area of electrode, A, (cM?).

a is the transfer coefficient[1]

I, = —0.446FA,poc[A]pui /% reversible (1.50)
I, = —0.496VaFA.iec[Al puik /%, irreversible (1.51)

If there is specific adsorption for both the reactant and product on the electrode surface, a

distinctive voltammetry compared to that of the diffusive species can be obtained. Figure
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1.13 depicts an ideal votammetric wave of a surface-bound species undergoing a reversible
process where symmetric forward and back peaks prevail and both of the two peak potentials
are located at the formal potential of the redox couple. Due to the finite quantity of
electroactive species adsorbed on the electrode surface, the current drops to zero after the
peak. The current-potential wave-shape of the surface-bound species is only determined by
the rate of electron transfer. In the case of slow electron transfer, the voltammetry is distorted
with two asymmetric waves at either side of the formal potential as shown in Figure 1.13
(dashed line). The peak current L, for reversible and irreversible processes of the surface-

bound species is given as[28]

F2

I, = vae,ecrg, reversible (1.52)
aF?vAgelY . .
I, = ———=°=, irreversible (1.53)
2.718RT

where I is the surface coverage of reactant at the electrode surface and other terms have

been defined previously.

Increasing
Irreversibility

Current / A
(—]

Potential / V

Figure 1.13: Reversible (solid) and irreversible (dashed) cyclic voltammetry profiles of
surface bound species.
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1.5.1.2 Voltammetry at Microelectrodes

Next, voltammetry at microdisc and microwire electrodes is introduced sequentially.
Figure 1.12b shows three voltammograms at a microdisc electrode corresponding to three
processes with the increasing irreversibility from curve 1 to 3. Similar to the above discussion
on macroelectrodes, the boundaries of three kinetic regimes regarding the reversibility level

are defined. A parameter , is used to quantify the transition with [5]

_ reko
Ko = _DA

(1.54)
where 7, the radius of the electrode (cm), k° is the standard electrochemical rate constant (cm
s1) and D, is the diffusion coefficient (cm? s). The following three kinetic regimes at

microelectrodes are suggested:

Reversible
Ko > 10
Quasi-reversible
10 > ko > 10727
Irreversible
Ko < 1072«

where « is the transfer coefficient.
In the voltammograms of a microelectrode (Figure 1.12b), when the potential scans from

E; to E}’, the current response is approximately similar to that at a macroelectrode. However,

a steady-state, instead of a peak, is reached when the potential sweeps more negatively to E,.
This is attributed to the more efficient convergent diffusion at microdisc electrodes. The

diffusion of A is sufficient to compensate the depletion in the surface concentration of A, thus
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a steady state is generated. Note that when very fast scan rates are applied the diffusion may
transit from convergent to linear due to the short experimental time scale, leading to a wave
shape change from a steady state to a peak.

Quantification of the voltammograms at microdisc electrodes gives the half-wave potential

E; /> (V) expression with the formal potential, E;? (V), embedded[5]

— g0 RTy. (P8 i

Eypp = Ef + oF In (DA)’ reversible (1.55)
_ 0, RT. (k%) . .

Eyp = Ef+ — In ( D, ), irreversible (1.56)

Ey/, is as defined before namely the potential where the current is half of the steady-state
current. For a reversible process, E;/, = E]9 when D, = Dg, as shown in Figure 1.12. While
for the irreversible process the E;/, of the couple is dependent on the electrochemical rate

constant thus not shown in Figure 1.12. The steady-state current at a microdisc electrode, I

(A), can be expressed by the equation:
Iss = 4nFD [A] pulkY e (157)

where the terms have been defined previously.
For voltammetry at microwire electrodes, the peak current, I, (A), can be predicted via

the equation[29, 30]

I, = 2nnFD[A]py,1(0.446p + 0.335p"1°) (1.58)
. nFrEv

where [ is length of the electrode (cm) and the rest of the terms have been defined previously.

The diffusion at microwire electrodes, as shown in Figure 1.11c, is a combination of linear
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and convergent diffusion. Correspondingly, the first term in equation (1.58) relates to linear
diffusion towards the side of the electrode, while the second term corresponds to the
convergent diffusion occurring at the end of the electrode.

In this section, the cyclic voltammetry technique has been introduced and the influence of
the reversibility, diffusion and adsorption on the voltammogram discussed. In next section,

we move on to briefly explore the method of chronoamperometry.
1.5.2 Chronoamperometry

Chronoamperometry is another popular electrochemical technique. It records the current
with time as the potential applied at the working electrode is stepped instantaneously from a
starting potential E; where usually no electrolysis takes place to a second potential E, at
which electrolysis of interest occurs. As shown in Figure 1.14, a huge current flows at the
start of the chronoamperogram and the current decreases with time due to the continuous
consumption of the reactants near the electrode surface. The shape of the
chronoamperomogram depends on the diffusion type towards the electrode during the
electrolysis. Hence chronoamperometry at different electrodes (macrodisc, microdisc and
microwire) is discussed sequentially.

In the case of a macroelectrode where the reactant is solely arriving at the electrode
surface via linear diffusion, the Cottrell equation is used to describe the current response as a
function of time when a sufficient potential is applied

_ nFAelec\/E[A]bulk
1 = M Aetec DAl (1.60)

where I is the net current (A), F is the Faraday constant (96485 C mol™), n is the number of
electrons transferred, A, is the electrode area (cm?), D is the diffusion coefficient (cm? s™),

[A]pwuir is the bulk concentration (mol cm™) and ¢ is the time (s). According to the equation
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(1.60), I becomes zero when t is infinite. This is because the inefficient diffusion cannot

replenish the reactant in time making that all the reactants near the electrode are consumed.
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Figure 1.14: (a) The potential-time profile for a single step chronoamperometry experiment.
The resulting chronoamperometric response at macroelectrodes (b) and at microelectrodes(c).
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For a microdisc electrode at which the convergent diffusion takes place, the current decay

can be determined by the Shoup and Szabo Equation:[31]

I = 4nFD[Alpyucref (7) (1.61)

with f(t) = 0.7854 + 0.88627°5 + 0.2146 ¢~078237*° (1.62)

where the dimensionless time parameter, t, is expressed as

=2 (1.63)

At long experimental times, steady state current, I, is recorded and has an expression as
equation (1.57).
The current transient at a microwire electrode with the linear diffusion at the side and

convergent diffusion at the end was provided by Szabo et al.:[32]

. _ 2¢7VmT/20 1
with f(r) = = + Y T (1.65)

where [ is the length of the wire electrode (cm), 8 equals 0.5772156 and is a constant derived
from the limits of the Bessel functions in the full formula for f(z) and t has been defined by
equation (1.63).

Equation (1.64) reduces to Cottrell Equation at short times, while at long times,

becomes large and hence its ‘In’ term dominates, equation (1.64) becomes

47nFD[ Al puxl
s = 0t (1.66)

Int
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Due to the micro scale dimension of the electrode length, a mix of linear and convergent

diffusion takes place at the microwire electrode, leading to only a quasi-steady state current at

long times, the values of which can be predicted by equation (1.66).
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Chapter 2

Single Nanoparticle Electrochemistry

The development of methods for studying matter at the nanoscale or over dimensions
approaching those of individual molecules has brought a myriad of new fundamental insights
and experimental capabilities. In the field of electrochemistry, the methodology development
for studying nanomaterials has an impact on not only electrochemical energy and sensing
technologies, but also fundamental electrochemistry.

In last chapter, we introduced some of the basic concepts and theories of electrochemistry,
much of which is based on mean-field descriptions of average fluxes and reaction rates.
Macroscopic (ensemble) measurements are still predominantly used to infer the underlying
microscopic processes particularly those associated with nanomaterials. However, this is not
always straightforward or fully representative. A greater mechanistic understanding of the
electrochemical reactivity of nanomaterials requires the development of method for probing
electron transfer events on single particle redox nanomaterials and individual catalytic
entities. One of these emerging methods is the ‘nano-impact’ approach which is built directly
upon the conventional electrochemical method of amperometry. This chapter provides a brief
introduction to both the nanomaterials and the ‘nano-impact’ method used in the experiments

reported in the following chapters.

2.1 Nanomaterials

Nanoparticles, according to the guidelines of IUPAC (International Union of Pure and
Applied Chemistry),[1] refer to a special class of material of any shape but with at least one

38



dimension between 1 to 100 nm. They have received a tremendous amount of attention in
recent decades due to their structure-dependent properties which can deviate significantly
from those of bulk materials. Taking the optical properties as an example, for some metal
nanoparticles, fluorescence develops at a size smaller than ~ 2 nm because, at this size, the
interaction of the low number of orbitals makes the energy levels no longer continuous as in a
bulk metal and become more distinct.[2] For nanoscale semiconductor materials, also known
as quantum dots, fluorescence may even arise at sizes greater than 2 nm due to their special
electronic structure. Their optoelectronic properties are strongly dependent on both size and
shape. The highly tuneable properties make quantum dots of wide interest.[3] Moreover, the
physical properties of the particles also change significantly at the nanoscale. The particles
with a small size have a much higher percentage of surface atoms. For example, the surface
atoms account for about 80% for a palladium nanoparticle of 1 nm diameter.[4] It provides
more catalytic sites for reactions and hence highly boosts its catalytic efficiency. In the
following paragraphs, we will specifically introduce metal nanoparticles and carbon
nanomaterials and their applications in electrochemistry since they are involved in the
experiments reported in this thesis.

Metal nanoparticles (NPs) find a wide range of applications in electrocatalysis,
electrochemical sensing and fundamental electron transfer studies because of their large
surface-volume ratio, high density of active sites, and remarkable physicochemical
properties.[5] In particular, significant attention has been given to the electrocatalysis of
metal nanoparticles due to their excellent performance in the area of energy conversion and
storage. For example, from a vast body of systematic studies, platinum (Pt), of the pure
metals, is acknowledged to have the highest electrocatalytic activity towards the hydrogen

oxidation reaction (HOR).[6, 7] Major interest in the latter has emerged because of its role as
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the anode reaction of hydrogen fuel cells, where its fast kinetics spare the necessity of a high
overpotential to obtain reasonable current densities.[8]

The oxidation of hydrogen is represented by the overall reaction:

H, (aq) —2e” - 2H" (aq) (2.1)

Pt provides an optimal balance in energy required for the dissociative adsorption of H, , the
formation of H,, followed by a fast charge-transfer step and the desorption of protons. The

mechanism is shown below which consists of three steps. [9-11]

H,(aq) - 2H (Tafel) (2.2)
H,,, > H" (aq) + e~ (Volmer) (2.3)
Hy(aq) » H,; + H'(aq) + e~ (Heyrovsky) (2.4)

In the electrochemical experiments, when low overpotentials (E — E]9 < 50 mV) are applied
at platinum, the Tafel-Volmer pathway applies. The first step (equation 2.2), called Tafel step,
is a rate-determining dissociative adsorption of the dissolved hydrogen molecule from the
solution onto two adjacent surface sites. A fast second step is the oxidative dissociation of the
adsorbed hydrogen atom (H_,) to produce a solvated proton, known as the Volmer step. At
higher overpotentials, the Heyrovsky step, a combined adsorption and oxidation replaces the
Tafel step as the rate-determining step.[12-14]

The development of catalysts for the HOR, hydrogen evolution reaction (HER) and
oxygen reduction reaction (ORR) has been closely tied to the concept of the volcano plot,
which generally expresses the rate of an electrocatalytic reaction as a function of more
fundamental properties of the catalyst.[15, 16] With a few exceptions, close relationships

between the Gibbs energy of intermediate adsorption (e.g. H, 4, for HOR and HER) on the
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catalyst surface and the kinetics have been found for reactions in acid media. The volcano
plot for HER in acid solutions is shown in Figure 2.1. Note that the same activity trend is

assumed for the HOR due to its reversibility.
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Figure 2.1: Trassati’s volcano plot for the hydrogen evolution reaction (HER) in acid
solutions. j,, denotes the exchange current density, and E,_p represents the energy of
hydride formation. Adapted from Ref. [17]. Copyright 2014, Beilstein-Institute. Original
Figure in Ref. [18], Copyright 1972, Elsevier.

Although Pt shows the best catalytic performance and the use of its nanoparticles, to some
extent, mitigates its high cost as a noble metal due to the improved efficiency, it has
shortcomings including its scarcity and susceptibility to CO poisoning from trace impurities
in the hydrogen fuel which greatly hinders its activity. This have prompted research into
palladium (Pd) as an alternative anode material.[14] Despite a relatively low activity
compared to Pt, Pd-based materials show a much lower poisoning from adsorbed impurities
or intermediates, making them not only alternative catalysts for the HOR (and HER) but also
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even better catalytic materials for methanol and formic acid oxidation in their relative fuel
cells. [19-21] Moreover, its drawbacks in terms of activity can be mitigated by forming
nanostructures which, as described above, create much more active sites for the reaction
hence improving the catalytic efficiency.[14]

On the other hand, carbon materials are tremendously important as electrode materials in
both fundamental and applied electrochemistry.[22] With the advent of new forms of carbon
nanomaterials, particularly, carbon nanotubes (CNTs) and graphene, carbon electrode

materials have taken on even greater significance for electrochemical studies, both in their

own right and as components and supports in an array of functional composites.[23-26]
Taking CNTs as an example, their special physical properties and morphology make them
extremely attractive as optimal templates for the deposition of metal nanoparticles to form
nano-composites. Metal nanoparticles (Pt, Pd, Ru, Au, Ag, Cu, Fe, alloys and metal oxides
etc.) decorated CNTs have been developed for electrochemical (bio)sensing[27, 28],
hydrogen storage and highly efficient catalysis,[29-34] particularly hydrogen and methanol
oxidation, or oxygen reduction catalysis for fuel cell and battery technologies. In the rest of
this thesis, we mainly report investigations on the catalytic performance of palladium
nanoparticle decorated carbon nanotubes (CNT-Pds) towards various essential reactions in
the energy storage applications such as the proton reduction with the formation of Hypp
(Chapter 3), the hydrogen oxidation reaction (Chapter 4), the oxygen reduction reaction
(Chapter 5), and the methanol oxidation and formate oxidation reactions (Chapter 7). The

method used in the experiments will be introduced in the next section.

2.2 Nano-impacts

The relation between the design and synthesis of nanoparticles and their electrocatalytic

properties is receiving much scrutinization. Most published electrochemical studies have
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involved ensemble measurement where the effect of size and morphology on the catalysis is
averaged over a large population of nanoparticles. This, however, may be affected by
polydispersity, different particle orientations, the formation of the likely agglomerated and
irregular ‘mat’ associated with the dropcast technique and other phenomena that make it
difficult to interpret. Electrochemical experiments at the level of a single NP can not only
help clarify the structure-activity relationships, but also give an understanding of the link
between the properties of individual particles and those of their ensembles. Methods for
examining individual nanoparticles are therefore highly desirable.

The technique of electrochemical particle impacts (or ‘nano-impacts’) has quickly grown
into a popular electroanalytical technique in recent years as it provides a simple but efficient
and reliable way to characterise individual nanoparticles and probe their activities. This
technique involves the detection of enhanced current signals from large numbers of
individual nanoparticles randomly colliding on a microelectrode. A similar procedure was
originally described by Lemay and co-workers in which nanoparticle collisions were detected
via inhibition of the current due to the oxidation or reduction of a solute molecule.[35] Recent
developments on the particle impacts were covered in several literature reviews.[36-40]

Specifically, the nano-impact experiment can be performed by recording the current
change caused by oxidation or reduction of single nanoparticles when they randomly collide,
by virtue of their Brownian motion, with a potentiostated electrode which is immersed in
their suspension.[41-49] Due to the continuous consumption of the impacting nanomaterials
during the measurement, the signals appear as current spikes (Figure 2.2a). In addition, as an
alternative to the direct redox reaction of the nanoparticles themselves, mediated (indirect)
electron transfer can also take place on the surface of impacting nanoparticles. When
catalytically active nanoparticles stochastically collide with an inert microelectrode in a

solution of redox molecules, transient current increases may be observed due to enhanced
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catalytic activity on nanoparticle surfaces.[37, 50-54] The current response of these collisions
may adopt one of two general forms: a current spike or a current step, as shown in Figure
2.2b and Figure 2.2c respectively. This is dependent on the residence time of the impacting
catalytic nanoparticles on the electrode surface. If the nanoparticle desorbs or deactivates
very fast on the experimental time scale, a current spike response appears in the
chronoamperometric curve. If the nanoparticle desorption or deactivation is relatively slow

compared to the experimental time, a ‘step on’ in the current-time response is observed.
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Figure 2.2: The three main scenarios of impact experiments. The current-time transient
generated by each mechanism is shown next to the schematic diagram. (a) direct nano-impact,
(b) mediated nano-impact with short residence time and (c) mediated nano-impact with long
residence time.
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Many significant applications of the current amplification from mediated electron transfer
are emerging, such as the investigation of single particle activities by analysing the
magnitude of the current, which may lead to deeper insights into the specific structure-
activity relationship[55] of various nanoparticle systems. Examples range from the initial
studies on protonated TiO, colloids,[56] to Pt nanoparticles which catalysed proton reduction
on impact with a carbon substrate;[50] IrOx nanoparticles catalysing the oxidation of water on
impact with a Pt substrate[57] and the reduction of hydrogen peroxide mediated at silver
nanoparticles impacting on carbon.[58]

Even though collision and adsorption of nanoparticles can take place on a macroelectrode,
exceedingly high frequencies of collision and huge background signals associated with the
large electrode area make it challenging to individually resolve the collision events. Thus a
microelectrode is adopted, which not only reduces the collision frequency, but also greatly
decreases baseline noise, thereby resulting in clear resolution of single impact events.

In the rest of this thesis, we report the catalytic nano-impacts of palladium nanoparticle
decorated carbon nanotubes (CNT-Pds) with the aim of characterising individual CNT-Pds
(Chapter 3 and 4) and probing their activities towards different reactions at the single
nanoparticle level (Chapter 5 and 6). Exciting results are achieved especially the observation
of single nanotube voltammetry due to the long residence time of the impacting CNTs on the
electrode surface. This eliminates the prime shortcomings of the amperometry where
extraction of significant kinetic and thermodynamic information from a sole potential is not
feasible and repeat experiments performed over a range of potentials to yield statistically
useful information must be undertaken. Single nanotube voltammetry enables us to develop a
more comprehensive understanding of the structure-function relationship in nanoparticle-
based electrocatalysts. In addition, a comparison between the measurements of ensemble and

single nanoparticles not only provides better mechanistic understanding (Chapter 5) but also
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gives new insights into the effect of the design of nanomaterials in fuel cell on their

performance (Chapter 6). Finally, by using the nano-impact method, an experiment was

carried out to quantify the magnitude of the single carbon nanotube-electrode electrical

contact via the use of interdigitated electrode arrays (Chapter 7).
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Chapter 3

Ultra-small Palladium Nanoparticle Decorated

Carbon Nanotubes: Conductivity and Reactivity

Carbon nanotubes decorated with ultra-small metal nanoparticles have great value in catalysis.
In this chapter, we show that individual ultra-small palladium nanoparticle decorated
multiwalled carbon nanotubes can be detected via the nano-impacts method (Chapter 2,
Section 2.2). The high conductivity and reactivity of individual decorated carbon nanotubes is
directly evidenced; this is achieved by studying the proton reduction reaction to form under-
potential deposited hydrogen on the nanoparticles decorated on the carbon nanotube walls.
The reductive spikes from current amplification are analyzed to estimate the approximate
length of the decorated carbon nanotubes, revealing that the decorated carbon nanotube is
electroactive along its entire length of several micrometers.

The work herein presented has been published in ChemPhysChem[1] and was carried out
in collaboration with Dr. Christopher Batchelor-McAuley, Dr. Kristina Tschulik and Prof. Dr.
Lidong Shao. Dr. Christopher Batchelor-McAuley and Dr. Kristina Tschulik helped with the
interpretation of the experimental results. Dr. Kristina Tschulik obtained the scanning
electron microscope images. Prof. Dr. Lidong Shao performed the synthesis, transmission
electron microscopy and energy-dispersive X-ray spectroscopy for the decorated carbon

nanotubes.
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3.1 Introduction

Carbon nanotubes (CNTSs) are one of the most intensively studied nanomaterials because of
their special set of mechanical and electrical properties. In particular, their physical properties
and morphology make them extremely attractive as supports for heterogeneous catalysts.[2-6]
One area of increasing interest is in CNTs serving as optimized templates for the
immobilization/deposition of metal nanoparticles to form nano-architectures. Thus, CNTs
decorated with metal nanoparticles (Pt, Pd, Ru, Au, Ag, Cu, Fe, alloys and metal oxides etc.)
have been developed for highly efficient catalysis,[7-12] hydrogen storage and sensing,[13,
14] biological applications such as fabrication of electrochemical biosensors,[15, 16] and
particularly hydrogen and methanol oxidation, or oxygen reduction catalysis for fuel cell and
battery technologies in energy storage applications.[17-22] Moreover, nanoparticles in the
size range of 1-3 nm, called ultra-small nanoparticles (USNPs), are known to possess
properties distinct from those of free molecules or larger-sized nanoparticles.[23] It has been
revealed that compared to their larger-sized counterparts USNPs exhibit remarkably
enhanced catalytic activities because of their enormously large surface areas and distinct
electronic structures.[24-26]

In the ‘nano-impact’ method, as introduced in Chapter 2, mediated electron transfer can
take place on the surface of impacting nanoparticles. In the experimental setups the mediated
reaction leads to current amplification of the impact event facilitating stochastic measurement
of the rates of reaction at individual particles; most research focuses on electrocatalytic
processes.[27-32] Single particle activities can be evaluated by analysing the magnitude of
the current, leading to deeper insights into the specific structure-activity relationship [33] of
nanoparticles. In addition, the mediated ‘nano-impact’ holds great potential for the study and
validation of the fundamentals and dynamics of electrochemical processes by the

measurement of the current at the nanoscale.[34, 35]
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In this chapter, for the first time, we use current amplification by proton reduction and the
production of under-potential deposited hydrogen (Hupp) on multiwalled carbon nanotube
supported ultra-small palladium nanoparticles (CNT-Pd) as an indicator to evidence the
electrode collision of individual carbon nanotubes. Hupp is an electrodeposition product of
proton reduction at a potential less negative than its equilibrium potential, and it is
characteristic of Pt group metals only. The nano-impacts approach enables the non-
destructive and stochastic detection of single decorated CNTs. The correspondence between
the electrochemical measurement of the approximate length distribution of individual CNT-
Pd, as estimated from the magnitude of the current spikes, and the SEM sizing provides direct
evidence for the high conductivity and reactivity of the entire length of the ultra-small

palladium nanoparticles decorated carbon nanotubes.

3.2 Experimental section

3.2.1 Chemicals

PR24-LHT carbon nanotubes were purchased from Pyrograf Products Inc. (Ohio, USA).
Nitric acid (70%) (HNO3) and Potassium nitrate (KNOs) were acquired from Sigma-Aldrich
and used as received without further purification. 0.20 M KNO3 was used as a supporting
electrolyte in all cyclic voltammetric and chronoamperometric measurements. All solutions
were made up with deionised water of resistivity not less than 18.2 MQ c¢cm (Millipore) at 298

K and degassed with nitrogen (oxygen-free, BOC Gases plc) before use.
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3.2.2 Preparation of multi-walled carbon nanotubes decorated with

palladium nanoparticles (CNT-Pd)

Concentrated nitric acid was used to functionalize carbon nanotubes at 120°C for 1 h.
Palladium nitrate (ca. 40% Pd, Roth) was dissolved in ethanol. Functionalized carbon
nanotubes were then added into the solution. Ultrasonication was carried out and followed by
evaporation using stirring at room temperature. The sample was then collected and reduced in

25% H, mixed with He in a total flow of 100 mL min™ at 200°C.

3.2.3 Characterization of CNT-Pd

The prepared CNT-Pd were characterized with Transmission Electron Microscopy (TEM),
Energy-dispersive X-ray Spectroscopy (EDX) mapping and Scanning Electron Microscopy
(SEM) respectively. A FEI aberration-corrected Titan 80-300 TEM was employed to conduct
structural investigations in TEM mode (Figure 1(a)) and the EDX mapping analysis (Figure
S1). SEM Imaging of CNT-Pd was conducted with a Leo Gemini Il Field Emission Gun
Scanning Electron Microscope (Zeiss, Germany) using a detector in in-lens geometry at an
acceleration voltage of 5 kV. A suspension of CNT-Pd was briefly sonicated in water and
then drop cast on a sample holder prior to SEM analysis. The software ImageJ (The National
Institute of Health, USA) was employed to analyze the SEM images and determine the size

distribution of the CNT-Pd.
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3.2.4 Preparation of CNT-Pd suspensions

A suspension of 9.7 x 10™ mol L™ CNT-Pd was prepared by adding 1.2 mg of CNT-Pd to 20
mL supporting electrolyte. To get a well dispersed solution, the suspension was then
sonicated for 10 min in a Fisher Scientific FB15050 ultrasonic bath. The above suspension
was used as a stock solution, and diluted to obtain the suspensions for the following

measurements.

3.2.5 Sticking experiments and cyclic voltammetry

Sticking measurements were performed by immersing a glassy carbon (GC) electrode
(diameter: 3.0 mm) in a suspension of 9.7 x 10™ mol L™ CNT-Pd for 120 min, leading to the
in situ immobilisation of CNT-Pd on the electrode as a result of the irreversible adsorption of
the CNT-Pd onto the electrode surface. To keep the suspension well dispersed during the
period of sticking, the suspension was sonicated for 1 min in the absence of the electrode
after every 20 min of sticking. Subsequent cyclic voltammetry was carried out at 298 K in a
double Faraday cage with three electrode system using an Autolab 111 potentiostat (Metrohm-
Autolab BV, Netherlands) and NOVA 1.10 software. The as-prepared GC electrode was used
as the working electrode, a mercury-mercurous sulfate electrode (MSE) as the reference
electrode and a platinum foil as the counter electrode. 20 mL of aqueous solution containing
0.20 M KNOg3 and 1.0 mM HNO3; was used for test solutions and was degassed with nitrogen
for 5 min to remove dissolved electroactive oxygen before the measurements. Analogous

experiments were also carried out in the same solution but in the absence of HNOs.

3.2.6 Nano-impact experiments

Nano-impact experimental measurements were made by applying a potential step and then
monitoring current as a function of time (chronoamperometry) using an Autolab Il
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potentiostat (Metrohm-Autolab BV, Netherlands) and NOVA 1.10 software. A carbon fibre
wire microelectrode of 7 um diameter and 1 mm in length was used as the working electrode,
together with the same reference electrode and counter electrode as above. The fabrication
method of carbon fibre wire microelectrodes has been reported previously.[36] 20 mL of
aqueous solution with 0.20 M KNO3 and 1.0 mM HNO; was used as a test solution, which
was degassed with nitrogen for 5 min to remove dissolved electroactive oxygen, and then 600
uL CNT-Pd stock solution (9.7 x 10 mol L) was added while nitrogen kept bubbling for
10 s more, following by immediate chronoamperometric scans. The resultant suspensions of
2.8 x 10 mol L™ CNT-Pd were also investigated in the absence of 1.0 mM HNOs. The
impact spike identification and individual spike area determination were conducted with the
program “Signal Counter” (Centre for Marine and Environmental Research, Zagreb,

Croatia).[37]

3.3 Results and discussion

3.3.1 Characterization of CNT-Pd

The prepared CNT-Pd was characterized with TEM (Figure 3.1a), SEM (Figure 3.1b) and
EDX mapping (Figure 3.2) respectively. Tube shaped nanostructures are observed in both the
TEM and SEM images (Figure 3.1), and highly dispersed spherical nanoparticles on the
surface of the nanotube are shown in the TEM image. A total of 96 random samples of
palladium nanoparticles from the TEM images were analysed, giving a mean diameter of
palladium nanoparticles as 1.36 £ 0.37 nm (inset Figure 3.1a). The length (48 samples) and
width (53 samples) distributions of CNTSs displayed in the SEM images are 5.87 = 2.40 pm
(inset Figure 3.1b) and 127.4 £ 19.4 nm respectively. Moreover, the EDX maps shown in

Figure 3.2 evidence the existence of the elements C, O and Pd in the materials.
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Figure 3.1: (a) TEM image of CNT-Pd. The inset shows the diameter (1.36 £ 0.37 nm)
distribution of palladium nanoparticles decorated on a carbon nanotube. (b) SEM image of
CNT-Pd. The inset shows the length (5.87 £ 2.40 um) distribution of the decorated CNTSs.

Figure 3.2: TEM image and EDX maps (C, O, Pd) of CNT-Pd.

To calculate the surface coverage of palladium nanoparticles on the carbon nanotube

surface, the zoom-in TEM images (Figure 3.3) were analysed. 90 samples of palladium
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nanoparticles were observed on the surface of carbon nanotubes with an area of 1.11 x 10™

m?, giving the surface coverage of palladium nanoparticles on CNT-Pd as 8.11 x 10 m™?.

Figure 3.3: TEM images of CNT-Pd used for the calculation of surface coverage of palladium

nanoparticles on CNT-Pd.

3.3.2 Cyclic voltammetry of the dropcast CNT-Pd

To characterize the CNT-Pd in aqueous solution and determine a suitable potential for
chronoamperometry measurements, CNT-Pd ‘sticking’ experiments were performed by
immersing a glassy carbon (GC) electrode (diameter: 3.0 mm) in an aqueous suspension of
9.7 x 10" mol L™ CNT-Pd for 120 min. During this process, collisions of some CNT-Pd
with the electrode by virtue of their Brownian motion led to the immobilization of CNT-Pd
on the electrode as a result of the irreversible adsorption of the CNT-Pd onto the electrode
surface. Subsequently, cyclic voltammetry (CV) was carried out to determine the coverage of
CNT-Pd on the electrode. As shown in the inset of Figure 3.4, no CV signal was observed for
a solution containing no KNOs3. Analogous experiments were then performed in the same
solution but in the presence of 1.0 mM HNOg;. The resulting CV curves are also shown in
Figure 3.4. The two reduction peaks at -1.15 V (vs. MSE) and -0.40 V (vs. MSE) were

observed and correspond to hydrogen evolution and Hypp respectively,[38] both of which are
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attributed to the proton reduction on the surface of the palladium nanoparticles decorated on
the CNTSs. No such features are observed for undecorated CNTSs.

In the potential range of Hypp production, as shown in Figure 3.4 (the red curve), the
formed surface Hypp can undergo an interfacial transfer from the electro-adsorbed state to an
absorbed state through an intermediate subsurface state.[39] Consequently, we must consider
two possible contributions to the Hypp signal at -0.4 V, specifically that from surface and
‘bulk’ hydrogen. To identify the specific contribution of the two different forms of sorption
hydrogen on the CV signals, calculations accounting for the absence and presence of bulk
absorption were separately analysed to quantify the amount of CNT-Pd adherent on the
electrode. The estimated charge density for surface adsorption is 255 uC cm, this value is
attained from assuming a coverage of one hydrogen atom per Pd surface atom of a close-
packed Pd (111) surface.[40] The charge contributed per palladium nanoparticle is calculated
to be 1.48 x 10™" C when only surface adsorption is considered. In the presence of bulk
absorption, where the composition of palladium hydride at room temperature is PdHg¢,[41]
leads to an estimate of 2.34 x 10’ C of charge per palladium nanoparticle. The voltammetric
experimental results show that the average total amount of charge for the cathodic and anodic
peaks is 4.50 pC. Thus, the total accumulative number of palladium nanoparticles on the
electrode surface was calculated to be 3.04 x 10™ and 1.92 x 10™ respectively. Based on
these values and the measured surface coverage (8.11 x 10 m?) of the palladium
nanoparticles on the CNT-Pd from the TEM images (Figure 3.3), the total accumulative
length of carbon nanotubes (ca. 9.4 m for surface adsorption only and 5.9 m for surface
adsorption and bulk absorption combined) on the electrode surface is derived directly from
the total accumulative surface area of the carbon nanotubes and the measured 127.4 nm

average diameter from the SEM analysis.
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Consequently, the charge contributed by one meter of carbon nanotube is calculated to be
4.8 x 107 C m™ for surface adsorption only and 7.6 x 107 C m™ for surface adsorption and
bulk absorption combined. The difference in charge between the limiting cases is too small to
distinguish here. Notably, the comparable magnitudes for the two values is related to the
small size of the individual palladium nanoparticles.[42] The above results in this section thus
show that by using the ‘sticking’ method followed by CV, the CNT-Pd in aqueous solution

can be pre-concentrated, immobilised and quantified.
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Figure 3.4: Voltammetric profiles at a scan rate of 1.6 V s from a glassy carbon
macroelectrode (d = 3.0 mm) in 0.20 M KNOgs in the presence and absence (inset) of 1.0 mM
HNOj after immersing in a suspension containing CNT-Pd of 9.7 x 103 mol L™ for 120 min.

Red curves: the voltammetric curves for Hypp deposition.

3.3.3 Nano-impacts of CNT-Pd

Nano-impacts experiments of CNT-Pd were conducted by recording chronoamperograms at a
clean carbon fibre wire microelectrode[36] (d = 7.0 um; | = 1.0 mm) in 0.20 M KNOg3, 1.0

mM HNO; and 2.8 x 10 mol L CNT-Pd. Based on the CV results reported above, a
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reductive potential -0.80 V (vs. MSE) was used for the chronoamperometry to ensure the
production of sorption hydrogen on the palladium nanoparticles when the individual CNT-Pd
collided with the wire electrode by virtue of their Brownian motion. As shown in Figure
3.5(a), reductive spikes from proton reduction and the production of Hypp on the palladium
nanoparticles decorated on individual carbon nanotubes were detected at -0.80 V (vs. MSE).
The slight increase of the background current in the presence of CNT-Pd might be attributed
to the permanent sticking of some carbon nanotubes on the surface of wire electrode during
the measurement. It was found that these Faradaic spikes were dependent on potential: no
spikes were observed at the positive potential +0.20 V (vs. MSE) (Figure 3.6), which
indicates that those spikes are a result of proton reduction on CNT-Pd. The same solution
containing no CNT-Pd was used to perform control experiments (black curve in Figure 3.5),
and no spikes were observed at the potential of -0.80 V (vs. MSE), confirming that these
current spikes result from the random collisions of single CNT-Pd with the wire

microelectrode and the proton reduction by electron transfer from the electrode (Figure 3.7).
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Figure 3.5: (a) Chronoamperometric profiles showing reductive Faradaic spikes from proton
reduction and the production of Hypp on CNT-Pd in 1.0 mM HNOg3, 0.20 M KNO3 at -0.80 V
(vs. MSE). The inset is an enlarged view of impact spikes; (b) Charge distribution of 237
current spikes from proton reduction and the production of Hypp on CNT-Pd.
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Figure 3.6: Chronoamperometric profiles of CNT-Pd in 1.0 mM HNO3;, 0.20 M KNO3 at
+0.20 V (vs. MSE) (the black curve) and -0.80 V (vs. MSE) (the grey curve).
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Figure 3.7: Hllustration of the process of Hypp production during the collision of single CNT-

Pd with the wire microelectrode.

At -0.80 V, a total number of 237 spikes were collected from 6 chronoamperograms each
of 20 seconds duration; the spikes correspond to the production of sorption hydrogen from
proton reduction on 237 CNT-Pd. Individual current spikes were integrated to get the charge
from each collision of CNT-Pd. The charge distribution is shown in Figure 3.5(b). Herein, for
the first time, the production of Hypp from proton reduction on individual palladium
nanoparticles decorated CNTs was observed and measured during random collisions of the

decorated carbon nanotube with the electrode by Brownian motion. Furthermore, based on
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the unit charge per meter carbon nanotube from the calculation before (section 3.3.2), the
length of the individual carbon nanotubes was derived by the charge of the corresponding
reduction spikes according to two different forms of sorption. The length distribution of the
CNTs in the cases of surface adsorption of Hypp in the absence and presence of bulk
absorption on the palladium nanoparticles are shown in Figure 3.8 (red circles), giving the
mean length of CNT-Pd as 12.0 + 8.4 um and 7.6 & 5.3 pum respectively.

Typical SEM images (Figure 3.1) from the same batch of CNT-Pd were analysed and the
mean width and length of CNTs are 127.4 £ 19.4 nm (53 samples) and 5.9 + 2.4 um (48
samples) respectively. The mean length of CNTs from SEM images is slightly less than the
inferred sizes from the nano-impacts method, which is tentatively attributed to the
aggregation of a small amount of CNTs. Figure 3.8 shows the comparison of the length
distribution from analysis of SEM images and the nano-impacts method. As displayed in
Figure 3.8, the results from the case where surface adsorption and bulk absorption combined
show better correspondence with the SEM results, however the difference is small due to the

dimensions of the individual palladium nanoparticles employed here.
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Figure 3.8: Comparison of the length distribution from analysis of SEM images (53 samples)
and the nano-impacts method (237 spikes) in the cases of: (a) surface adsorption and (b)

surface adsorption and bulk absorption of Hypp on palladium nanoparticles.
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Last, a further comparative experiment was carried out at a potential of -0.80 V without
1.0 mM HNOs in the solution and small spikes with 5.5 x 10™ C of average charge were
measured (Figure 3.9), which is significantly less than 6.2 x 10" C of average charge from
the Faradaic reductive spikes. These small spikes are likely due to capacitive changes of the
double layer on the wire microelectrode caused by collision of carbon nanotube with the

electrode.[43-45]
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Figure 3.9: Chronoamperometric profiles of CNT-Pd in 0.20 M KNOjs in the absence of
HNO; at -0.80 V (vs. MSE).

3.4 Conclusions

In this chapter, individual CNTs were detected with the nano-impacts method for the first
time using the production of Hypp from proton reduction on ultra-small palladium
nanoparticle decorated carbon nanotubes. From knowledge of the palladium nanoparticle
sizes and coverage of the CNTs it was further demonstrated how the magnitude of impact
charge allows an assessment of the nanotube lengths. The correspondence between

electrochemical sizing and microscopy results directly shows that the ultra-small palladium
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nanoparticle decorated carbon nanotube is electroactive along its entire length, evidencing the
reactivity and conductivity of the CNTs and further indicating the complete Hypp Ssaturation
of the ultra-small palladium nanoparticles decorated on the carbon nanotubes. Having
evidenced the reactivity and conductivity of palladium nanoparticle decorated carbon
nanotubes, the following chapters will sequentially explore electrocatalytic nano-impacts of
single decorated carbon nanotubes in which various redox reactions such as hydrogen
oxidation reaction (HOR), oxygen reduction reaction (ORR), methanol and formate oxidation
reactions are catalysed, so that the fundamentals and dynamics of electrocatalytic processes

can be investigated by the measurement of electrocatalytic impact current at the nanoscale.
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Chapter 4

Single Nanoparticle Voltammetry: Contact
Modulation of the Mediated Current

As a paradigm electrocatalytic reaction, the hydrogen oxidation is first investigated on
individual palladium coated carbon nanotubes via the electrocatalytic nano-impact method.
The cyclic voltammetric responses of individual palladium coated carbon nanotubes are
reported. Upon impact - from the solution phase - with the electrified interface, the
nanoparticles act as individual nanoelectrodes catalyzing the hydrogen oxidation reaction. At
high overpotentials the current is shown to reach a quasi-steady-state diffusion limit, allowing
determination of the tube length. The electrochemical response of the individual nanotubes
also reveals the system to be modulated by the electrical contact between the electrode and
carbon nanotube. This modulation presents itself as fluctuations in the recorded Faradaic
current.

The work has been published in Angewandte Chemie International Edition[1] and was
performed in collaboration with Dr. Christopher Batchelor-McAuley, Mr. Samuel A. 1.
Whitby, Dr. Kristina Tschulik and Prof. Dr. Lidong Shao. Dr. Christopher Batchelor-
McAuley and Dr. Kristina Tschulik helped with the interpretation of the experimental results.
Mr. Samuel A. I. Whitby is recognised for his contribution in collecting some of the
experimental results. Prof. Dr. Lidong Shao carried out the synthesis, transmission electron
microscopy and energy-dispersive X-ray spectroscopy for the palladium decorated carbon

nanotubes. Dr. Kristina Tschulik conducted the scanning electron microscopy analysis.
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4.1 Introduction

Electrochemical reactions can be monitored at single nanoparticles impacting at an inert
electrode.[2-7] One distinct aim of such investigations is to facilitate insight into the
structure-activity relationship of specific nanoparticle systems.[8] Almost invariably, these
mediated nanoparticle studies are performed using a single potential held upon the substrate
electrode. However, extraction of physically significant kinetic and thermodynamic
information from a single electrochemical potential is not feasible and repeat experiments
performed over a range of potentials to yield statistically useful information must be
undertaken.[9] Moreover, data analysis of the resulting currents assumes the process to not be
influenced by the properties of the electrical contact between the ‘inert’ electrode and the
nanoparticle. Previous studies of the electrochemistry of single nanotubes have required the
employment of complex fabrication techniques.[10] Conversely, in this chapter the hydrogen
oxidation (HOR) is studied on individually impacting nitrogen-doped multi-walled carbon
nanotube supported palladium nanoparticles (N-CNT-Pd) via cyclic voltammetry (CV)
enabling the non-destructive sizing of single decorated CNTs. These studies clearly
demonstrate that, for this experimental case, although at high overpotentials diffusion limited
currents are obtained, the mediated electrochemical process is modulated by the contact
between the electrode and the nanoparticle. Consequently, extraction of physically significant
data regarding the kinetics of the electrochemical process will require greater insight into

properties of the electrical contact between the nanoparticle and the inert substrate.
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4.2 Experimental section

4.2.1 Chemicals

PR24-LHT carbon nanotubes were purchased from Pyrograf Products Inc. (Ohio, USA).
Palladium nitrate solution (10 wt% Pd(NOs), in 10 wt% HNO3) and potassium nitrate
(KNO3) were acquired from Sigma-Aldrich and used as received without further purification.
Hydrogen (>99.98% H;) and nitrogen were supplied from BOC, Surrey, U.K. All solutions
were made up with deionised water of resistivity not less than 18.2 MQ c¢cm (Millipore) at 298

K and degassed with nitrogen before use.

4.2.2 Preparation of nitrogen doped multi-walled carbon nanotubes

decorated with palladium nanoparticles (N-CNT-Pd)

(We thank Prof. Dr. L. Shao for preparing the palladium nanoparticle decorated carbon

nanotubes and characterizing it with the TEM technique)

N-CNT-Pd was prepared by the following route: functionalization was first carried out on
carbon nanotubes (CNTs) by oxidation in HNOj3;. Gaseous NH3; was then flowed over
oxidized CNTs (O-CNTSs) in a tubular quartz reactor at 600°C for 4 h to introduce nitrogen-
containing functional groups on the CNTs (N-CNTSs). Palladium ions were added to a
solution of functionalized CNTs for coordination with functionalities as anchoring sites.
Appropriate hydrolysis treatment was applied to the impregnated materials to crystallize the
precursors to achieve a 2.4 wt% loading (measured by inductively coupled plasma (ICP)) of

Pd supported on N-CNTs (N-CNT-Pd) with a high dispersion scale.
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4.2.3 Characterization of N-CNT-Pd

The prepared N-CNT-Pds were characterized with Transmission Electron Microscopy (TEM),
Energy-dispersive X-ray Spectroscopy (EDX) mapping and Scanning Electron Microscopy
(SEM) respectively. A FEI aberration-corrected Titan 80-300 TEM was employed to conduct
structural investigations in TEM mode, and the typical TEM images are shown in Figure
1(A). SEM Imaging of N-CNT-Pd was conducted with a Leo Gemini Il Field Emission Gun
Scanning Electron Microscope (Zeiss, Germany) using a detector in in-lens geometry at an
acceleration voltage of 5 kV. A suspension of N-CNT-Pd was briefly sonicated in water and
then drop cast on a sample holder prior to SEM analysis. The software ImageJ (The National
Institute of Health, USA) was employed to analyze the SEM images and determine the size

distribution of the N-CNT-Pds.

4.2.4 Cyclic voltammetry (CV) of hydrogen oxidation on the dropcast N-

CNT-Pds

A suspension of 4.6 x 102 M N-CNT-Pd was prepared by adding 1.2 mg of CNT-Pd to 5 mL
chloroform. The suspension was then sonicated for 1 min in a Fisher Scientific FB15050
ultrasonic bath to get a well dispersed solution. A glassy carbon (GC) electrode (diameter: 3.0
mm) was polished with three grades of diamond spray (3, 1 and 0.1 microns) and sonicated in
water followed by drying with N,. 20 uL suspension of N-CNT-Pd was then drop-casted on
the GC electrode and left to dry under a N, atmosphere. Subsequent cyclic voltammetry was
carried out at 298 K in a double Faraday cage with three electrode system using an Autolab
potentiostat (Metrohm-Autolab BV, Netherlands). The as-prepared GC electrode was used as
the working electrode, an Ag/AgCl electrode (+0.255 V vs. SHE) as the reference electrode

and a platinum foil as the counter electrode. 5 mL of aqueous solution containing 0.20 M
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KNO; was bubbled with H, for 10 min to make a H-saturated solution before the
measurements, and an atmosphere of H, was maintained during the experiment. Analogous

experiments were also carried out in the same solution but H; replaced by No.

425 Voltammetry of hydrogen oxidation on single N-CNT-Pd:

chronoamperometry and CV

The voltammetric measurements of hydrogen oxidation on single N-CNT-Pd were conducted
with the methods of chronoamperometry and CV. A carbon fibre micro-wire electrode of 7
pm diameter and 1 mm in length was used as the working electrode, together with the same
reference electrode and counter electrode as above. The fabrication method of carbon fibre
micro wire electrodes has been reported previously.[11] 5 mL of aqueous solution with 0.20
M KNOj3 was bubbled with H, for 10 min to get a H-saturated solution, and an atmosphere
of H, was maintained during the experiments. Then a known concentration of solution
dispersed N-CNT-Pd was added, following by immediate chronoamperometric or CV scans.

The control experiments were carried out in the same solution but H; replaced by Ns.

4.3 Results and discussion

4.3.1 Characterization of N-CNT-Pd

The N-CNT-Pds were characterized with TEM (Figure 4.1a, 4.2a and 4.2c), SEM (Figure
4.1b) and EDX mapping (Figure 4.1c) respectively. Tube shaped nanostructures are observed
in both the TEM (Figure 4.1a and 4.2a) and SEM images (Figure 4.1b), and highly dispersed
spherical Pd nanoparticles on the surface of the nanotube are shown in the TEM image. The
diameter distribution of Pd nanoparticles on the nanotube surface is shown in Figure 4.2 with
an average diameter of the Pd nanoparticles of 1.37 £ 0.30 nm (43 samples). Typical SEM
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images were analysed. The corresponding length and width distribution of N-CNT-Pds are
displayed in the Figure 4.3, giving the mean length and width of N-CNT-Pd to be 4.9 = 4.0
um (37 samples) and 128.6 + 58.0 nm (28 samples) respectively. In Figure 4.1c, the EDX

maps evidence the presence of the elements C, N, O, Pd on the N-CNT-Pd.

Figure 4.2: (a), (c) TEM images of the N-CNT-Pds and (b) the diameter distribution of the Pd
nanoparticles in the image (c), giving the mean diameter of the Pd nanoparticles is 1.37 £
0.30 nm (43 samples).
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Figure 4.3: The length (a) and width (b) distribution of the N-CNT-Pds from the SEM
analysis, giving the mean length and width of the N-CNT-Pds are 4.9 + 4.0 um (37 samples)
and 128.6 + 58.0 nm (28 samples) respectively.

4.3.2 CV of hydrogen oxidation on the dropcast N-CNT-Pds

First, the oxidation of hydrogen at the N-CNT-Pd was studied via drop-casting the material
onto a GC electrode. As shown in Figure 4.4, in the potential window of study and in a
hydrogen saturated solution, 0.77 mM (Henry’s law constant: Ky, = 1292 Pa dm?® mol™),[12]
the bare GC electrode shows no voltammetric feature corresponding to the HOR. A 20 pL
suspension of N-CNT-Pd (4.6 x 102 M) was then drop-cast onto the GC electrode and left to
dry under a N, atmosphere. Assuming a homogeneous coverage over the surface this amount
of material would constitute ~5 layers of carbon nanotubes on the surface. The CV response
of the N-CNT-Pds modified electrode was recorded in the presence (blue line) and absence
(red line) of saturated hydrogen. The voltammogram shows a quasi-irreversible peak (Emig-
point = -0.348 V vs. Ag/AgCl) for hydrogen oxidation in the presence of saturated hydrogen at
the N-CNT-Pd modified electrode. The minimized reductive peak likely reflects the
apparently sluggish electron transfer kinetics of the redox reaction. The expected half-wave
potential for reversible hydrogen oxidation in this system can be estimated according to the

following expression [13]:
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where 6, ,, is the dimensionless half-wave potential of hydrogen oxidation, cp, is the
hydrogen bulk concentration, ¢’ is the standard state concentration (equal to 1 M), and Dy,
and D+ are diffusion coefficients (m? s™) for protons and hydrogen gas. The half-wave
potential (6,,,) for hydrogen oxidation is theoretically predicted to occur at -0.194 V vs
SHE.[13-15] Therefore, a value of -0.449 V (vs. Ag/AgCl) is estimated for the half-wave
potential of hydrogen oxidation in the present work and is marked on the voltammogram in
Figure 4.4 (green dashed line). The characteristic potential for a reversible CV is the mid-
point potential; however, for the present experimental case the analytically determined half-
wave potential provides a close approximation to the predicted reversible mid-point
potential,[16] demonstrating that the characteristic oxidative wave observed at the N-CNT-

Pds modified electrode in the presence of H; results from the oxidation of hydrogen.

——bare GC in H,
——N-CNT-Pd/GC in N,
——N-CNT-Pd/GC in H,

40 4
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Figure 4.4: Voltammogram of bare GC electrode (d = 3.0 mm) in H,-saturated KNO3 (0.20
M) solution (black line); voltammogram of N-CNT-Pd modified GC electrode in 0.20 M
KNOj3 solution with (blue line) and without (red line) Hy, 50 mVs™. Green dashed line
represents the reversible half-wave potential (E;/;) for HOR (-0.194 V vs SHE).
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Figure 4.5: (a) CVs of the GC electrode modified with N-CNT-Pds in hydrogen-saturated 0.2
M KNO; at different scan rates: 25, 50, 100, 200, 400 mV/s; (b) Plot of oxidative peak

current and square root of scan rate.

As shown in Figure 4.5a, CV of the hydrogen oxidation at the dropcast N-CNT-Pds was
further investigated at varying scan rate ranging from 25-400 mV/s. The oxidative peak
current as a function of scan rate is shown in the Figure 4.5b, where its magnitude was found

to scale linearly with the square-root of scan rate. The peak potential is also found to be a
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function of scan rate (Figure 4.6). All these features confirm that hydrogen oxidation on the

dropcast N-CNT-Pds is a characteristic diffusion controled process.
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Figure 4.6: Peak potentials of the GC electrode modified with N-CNT-Pds in hydrogen-
saturated 0.2 M KNOj at different scan rates: 25, 50, 100, 200, 400 mV/s.

Moreover, Tafel analysis (Figure 4.7) gives the value of the transfer coefficient based on:
RT
B = Tafel Slope X N

where Tafel slope in Figure 4.7 is 11.75, R is the gas constant (8.314 J mol™ K™), T is the

experimental temperature (298 K) and F is Faraday’s constant (96,485 C mol™). Therefore,

the transfer coefficient 5 is calculated to be 0.30.
The Randles-Sevcik Equation for this irreversible hydrogen oxidation process at 298 K is:
I, = 299 x10°n./B DY2[C] Av'/?
where I, is the peak current, v is the voltage scan rate, Ip/vl/2 is given by the slope in Figure

4.5 which equals to 1.33 x 10™ n is 2 for this experimental case, S is the transfer coefficient,

C is the bulk concentration of H, (0.77 mol m®) and 4 is the area of the GC electrode (6.975
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x 10°® m?). Thus, the diffusion coefficient (D) of H, is calculated to be 5.72 x 10° m?s™, this

is in close agreement with the reported literature value of 5.0 x 10 m? s™.[17]
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Figure 4.7. CV (blank subtracted) of the GC electrode modified with N-CNT-Pds in
hydrogen-saturated 0.2 M KNO3 at 50 mV/s. Inset: Tafel plot of the highlighted part of the
CV.

4.3.3 Chronoamperometry of hydrogen oxidation on single N-CNT-Pd

Having evidenced the ability of the N-CNT-Pd to effectively catalyse the HOR, the work
now turns to focus upon the detection of individual impacting carbon nanotubes. A clean
carbon fibre microwire (length: ~1 mm; diameter 7 um) in a H,-saturated solution containing
0.2 M KNOs and 7.0 x 10™ M N-CNT-Pd. A potential of 0.1 V (vs. Ag/AgCI) was applied
to the microwire and the resulting current recorded. In the absence of N-CNT-Pd within the
solution the chronoamperometric response showed a monotonic decrease in the current

corresponding the capacitative charging of the electrode. In the presence of the carbon
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nanotubes and after ~10 chronoamperometric scans had been run clear steps in the current
were recorded (Figure 4.8a, b, c, d). This increased current is ascribed to being due to
catalysis of the hydrogen oxidation reaction at the carbon fibre surface due to arrival of N-
CNT-Pd. Moreover, the sharp onsets (as a function of time) of the current features are
strongly indicative of the arrival of single entities at the electrode surface. The transport of
the carbon nanotubes from solution to the carbon fibre electrode is taken to occur solely by
virtue of Brownian motion, such that, the N-CNT-Pds randomly and stochastically collide
with the electrified interface. It was found that once in electrical contact with the electrode,
the N-CNT-Pds were relatively stable and remained immobilized for ca. tens of seconds.
After an initial impact event repeat chronoamperograms can be recorded exhibiting the
catalytic current. Figure 4.8e and f show two chronoamperometric profiles in which the

current is observed to step-off, indicating the loss of the catalytic material from the surface.

(a) (b) (c)

8.0+1.3 nA o] 4{| T0+0.4 nA

<
-
2 = 24
JU W ; N J‘i"“ ””"'*"J “"

1.

40+

0 10 20 0 10 20 20

Time /s Time/s Time/s

0 0
40 30
(d) © ] sl 4]
b WM
0- I : I
0 :
0 10 20 0 10 20 0 10
Time /s Time /s Time/s

I/nA
I/ nA
I/ nA
o

20

Figure 4.8: Chronoamperometric profiles showing catalytic oxidative Faradaic steps of N-
CNT-Pd in 0.77 mM Hy, 0.2 M KNOg3 at 0.1 V (vs. Ag/AgCl). a, b, ¢ and d show the collision
of N-CNT-Pd with the wire electrode, while e and f show the falling off of N-CNT-Pd from

the wire electrode.
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4.3.4 CV of hydrogen oxidation on single N-CNT-Pd

Due to the long residence times (immobilization) of the N-CNT-Pd at the carbon microwire
electrode, as evidenced by the duration of the Faradaic ‘steps’ observed on the
chronoamperograms (Figure 4.8), it is possible — after the arrival of the N-CNT-Pd — to
experimentally record a cyclic voltammogram at individual CNTs. A known concentration of
N-CNT-Pd suspension was added into a Hj-saturated solution containing 0.2 M KNOg,
followed immediately by CV scanning. The CV signals of hydrogen oxidation caused by the
collision and immobilization of the N-CNT-Pd was normally observed after a few scans.
Figure 4.9 shows six examples (from a total of 30 recorded events) of cyclic voltammograms
measured for individual impact events. The scale bars give an indication of the magnitude of

the Faradaic current above the background capacitative signal.
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Figure 4.9: Cyclic voltammetric profiles of H, (0.77 mM) oxidation in 0.2 M KNO3 of an
immobilised N-CNT-Pd on the carbon fibre micro-wire electrode. Green dashed line depicts

the analytically calculated half-wave potential for HOR. Scan rate: 50 mV s™.

80



4.3.4 Length comparison: SEM vs single nanotube voltammetry

Modelling the carbon nanotubes as cylindrical electrodes allows the cyclic voltammetric
responses to be readily quantitatively analysed.[18] DigiSim was used to simulate the
voltammetric response of a fixed carbon nanotube radius of 64 nm by assuming one electron
transfer (a + e = b) and with the concentration of the reactant doubled ([b] = 0.00154 mol L
1, allowing it to be concluded that for each micron in nanotube length (I = 1 x 10°® m) the
expected current for an individual tube is 0.55 nA. Overlay of the experimental (black solid

line) and simulated (red dashed line, | = 12 um) voltammograms is shown in the Figure 4.10.

10

I/ nA

E vs (Ag/AgCl)/V

Figure 4.10: Overlay of the experimental cyclic voltammetric profiles (black solid line) of
HOR at single N-CNT-Pd and the simulated voltammetric response (red dashed line) for the
HOR at a single carbon nanotube of length 12 um. Black dot line is the blank CV at the wire

electrode in the absence of the CNT. Scan rate: 50 mV s™.

Due to the small Pd interparticle distance on the nanotube surface (cf. the diffusion layer
thickness), under diffusion limited conditions the reaction rate will not be sensitive to the
surface coverage of the palladium on the carbon nanotubes. Consequently, comparison of the

81



quasi-steady-state currents measured from cyclic voltammetry of the impacted N-CNT-Pd
allows assessment of the nanotube lengths. These electrochemically measured lengths were
compared to the data obtained from SEM and the corresponding size distributions are shown
in Figure 4.11. The excellent correspondence between the SEM and electrochemical sizing
allows the conclusion that the observed impacts are associated with the arrival and

immobilization of individual N-CNT-Pds at the carbon fibre electrode surface.
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Figure 4.11: Comparison of length distribution of N-CNT-Pd from the CV method (30
samples) and SEM analysis (37 samples). Inset: lqss distribution from 30 CV profiles of single
immobilised N-CNT-Pd in 0.77 mM H,, 0.2 M KNOs.

4.4 Conclusions

In this chapter, we studied the hydrogen oxidation on single decorated carbon nanotube with
the nano-impact method. A facile procedure which enables rapid and easier gathering of
single nanoparticle voltammetry was established. Subsequently in the following chapters the

‘nano-impacts’ method is used to explore the fundamentals of the oxygen reduction reaction
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(Chapter 5), the methanol oxidation and formic acid oxidation (Chapter 6) which are at the
heart of much energy technology of current interest for example in fuel cells and batteries.

More significantly, it is found that both the chronoamperometic and voltammetric profiles
for the single carbon nanotubes exhibit distinct fluctuations in the mediated Faradaic signal.
The CVs of the individual tubes evidence that the noise in the current is intimately associated
with the Faradaic charge transfer and is not capacitative in origin. Due to the magnitude of
the currents involved it is unlikely that these fluctuations are due to shot noise associated with
the discrete nature of the charge carrier (hydrogen in the present case).[19] Second, the use of
multi-walled carbon nanotubes renders it unlikely that the fluctuations arise due to
conduction along the length of the tube.[20] Consequently, it is concluded that the
electrochemical response reflects the modulation of the mediated current by the contact
between the nanotube and electrode surface. This modulation will be presented as a variable
and uncompensated resistance on the system, which will serve to distort the voltammetric
response and lead to the measurement of apparently slower electron transfer Kinetics.

By recording the voltammetry of single carbon nanotubes the stochastic detection and
sizing of the material can be readily obtained from the diffusion limited current. However,
extraction of meaningful kinetic data will require greater insight into the nanotube/electrode
contact. Finally, it is highlighted that, feasibly, the mechanism causing the Faradaic
fluctuations may be operative in a range of experimental reports employing drop casted
electrodes; the direct observation of the phenomena is only attainable in the present case due
to the study of individual carbon nanotubes. Further investigations on the contact of the

carbon nanotubes with the electrode are presented in detail in Chapter 7.
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Chapter 5

New Insights into Fundamental Electron Transfer

from Single Nanoparticle Voltammetry

In this chapter, the reductive redox behavior of oxygen in agueous acid solution leading first
to adsorbed superoxide species at single palladium coated multiwalled carbon nanotubes (of
length ca. 5 um and width 130 nm) is reported. The small dimensions of the electroactive
surface create conditions of high mass-transport permitting the resolution of electrode kinetic
effects. In combination with new theoretical models it is shown that the physical location of
the formed product within the double layer of the electrode profoundly influences the
observed electron transfer kinetics. This generically important result gives new physical
insights into the modelling of the many electrochemical processes involving adsorbed
intermediates. The work presented here has been published in Journal of Physical Chemistry
Letters[1] and was performed in collaboration with Ms. Chuhong Lin, Dr. Christopher
Batchelor-McAuley, Dr. Eduardo Laborda and Prof. Dr. Lidong Shao. Ms. Chuhong Lin and
Dr. Eduardo Laborda carried out all the simulations. Dr. Christopher Batchelor-McAuley
helped with the interpretation of the experimental results. Prof. Dr. Lidong Shao performed

the synthesis and characterization of the nanomaterials.
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5.1 Introduction

Electron transfer at solid/liquid interfaces underpins energy transformation science and
technology most notably in fuel cells, solar cells and batteries [2-4]. The rapid and successful
development of the latter is vital to solving energy issues across the globe. Whilst useful
advances might be made through the semi-empirical investigation of diverse materials [5, 6]
it is likely crucial for the essential step changes to emerge that the fundamentals of electron
transfer processes at interfaces are much better understood.

Interfacial electron transfer is inevitably coupled with mass-transport and chemical
reactions. The relative low rate of diffusion especially in aqueous media, often leads to the
masking of both the qualitative and quantitative details of the electron transfer mechanism
and kinetics. In order to reveal the latter it is essential to maximize the rate of diffusion of
reactants and products to and from the interface. A major advance was realized with the
introduction of microelectrodes [7-11] where the reduction in physical size, r, of the electrode
impacts the mass-transport coefficient (kyr = D/r; D = diffusion coefficient of the pertinent
species). Nevertheless it is clear that the use of nanoscale electrodes offers major further
improvement and various possible methods for their construction have been proposed [12-14].

In the last Chapter, we established a procedure for nanoscale voltammetry:[15] an
electrode is inserted in an aqueous solution containing the reactants of interest and a dilute
suspension of catalytic nanoparticles introduced. Over time a single nanoparticle impacts the
electrode and adheres to it for a sufficiently long time for cyclic voltammetry to be conducted
on the single adsorbed entity. If the latter is electrocatalytic then voltammetry occurs
exclusively on the catalytic nanoparticles and the recorded current-voltage curves give insight
into the electron transfer at the nanoparticles/solution interface under mass transport

conditions reflecting the single adsorbed particles. This presented technique allows the study
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of new nanomaterials, not just the bulk material as commonly found for
ultramicroelectrodes,[ 16] under very high mass transport regimes.

To seek new insights into electron transfer most generally, in this chapter we apply the
‘nano-impacts’ method to the reduction of oxygen at palladium in aqueous acid. We use
nitrogen-doped-multiwalled carbon nanotubes, N-CNT-Pd, (length ca. 5 um; width 130 nm)
covered in Pd nanoparticles (diameter ca. 1.4 nm), as reported in previous chapter.[17] The
electronic structure of multi-walled carbon nanotubes is semi-metallic and their conductivity
sufficient that no significant potential drop occurs along the length of the nanotube.[18]
Herein, the role of the nanotube is assumed to be effectively graphitic in nature and acts
solely as a conductive substrate, facilitating electrical connection to the palladium
nanoparticles.

The oxygen reduction reaction (ORR) mechanism on metal electrode surfaces is much
studied[4, 19-23] but still under debate. Two common system dependent overall routes have
been proposed: either a direct four electron reduction to H,O or a series pathway via two
electron transfer to form hydrogen peroxide (H,0O,) and subsequent reduction of H,O, to
H,0.[24] The ORR on a palladium surface in H,SO, proceeds at least partially via a series

pathway.[25-27]

5.2 Experimental section

5.2.1 Chemicals

PR24-LHT carbon nanotubes and palladium nitrate solution (10 wt% Pd(NOs3), in 10 wt%
HNO3) were purchased from Pyrograf Products Inc. (Ohio, USA) and Sigma-Aldrich
respectively. Sulfuric acid (>95%, H,SO,4) was acquired from Fisher Scientific (UK) and

used as received without further purification. Oxygen (>99.5%, O,) and argon (>99.998%, Ar)
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were supplied from BOC, Surrey, U.K. All solutions were prepared with deionised water of

resistivity not less than 18.2 MQ cm (Millipore) at 298 K and degassed with argon before use.

5.2.2 Synthesis and Characterization of N-CNT-Pd

Nitrogen doped carbon nanotubes decorated with palladium nanoparticles (N-CNT-Pd) were
prepared by the procedure presented in the previous chapter.

Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) were
used to characterize the prepared N-CNT-Pds. The typical TEM images of N-CNT-Pd shown
in Figure 5.1(a) was collected from a FEI aberration-corrected Titan 80-300 TEM. SEM
Imaging of N-CNT-Pd (Figure 5.1(b)) was conducted with a Leo Gemini Il Field Emission
Gun Scanning Electron Microscope (Zeiss, Germany). ImageJ (The National Institute of

Health, USA) was employed to analyze the SEM images.

5.2.3 Cyclic voltammetry of ORR on N-CNT-Pds modified glassy carbon

electrode

A glassy carbon (GC) electrode (of diameter ca. 3.0 mm) was polished with three grades of
diamond spray (3.0, 1.0 and 0.1 microns) and then sonicated in water and dried with Ar. A
suspension of 4.6 x 10 M N-CNT-Pd was prepared by adding 1.2 mg of N-CNT-Pd to 5
mL chloroform, following by sonication in a Fisher Scientific FB15050 ultrasonic bath for 1
min. 20 uL. N-CNT-Pd suspension was then drop-cast on the GC electrode and left to dry
under Ar atmosphere.

Cyclic voltammetry (CV) was then conducted in a double Faraday cage with an Autolab
potentiostat (Metrohm-Autolab BV, Netherlands) using three electrode system at 298 K. The

modified GC electrode was used as the working electrode, with a saturated calomel electrode
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(SCE) as the reference electrode and a platinum foil as the counter electrode. An O,-saturated
solution was then prepared before the measurements by bubbling a 5 mL H,SO4 solution (0.5
M) with O, for 10 min, and an atmosphere of O, was maintained during the experiment. Two
analogous experiments were also carried out with the same electrolyte: a bare GC electrode in

the O,-saturated solution and a N-CNT-Pd modified GC electrode in Ar-saturated solution.

5.2.4 Voltammetry of ORR on single N-CNT-Pd: chronoamperometry and

CcVv

For the voltammetric measurements of ORR on single N-CNT-Pd, a carbon fibre microwire
electrode (of ca. 7 um in diameter and ca. 1 mm in length) was used as the working electrode,
with the same reference electrode and counter electrode used as above. The fabrication
procedure for carbon fibre microwire electrodes was reported in the literature.[28] An O,-
saturated solution was prepared by bubbling a 5 mL H,SO, solution (0.5 M) with O, for 10
min, and then a known concentration of N-CNT-Pd suspension was added and bubbled with
O, for 10 seconds to make a diluted and well dispersed suspension of N-CNT-Pd, followed
by immediate chronoamperometric or CV scans. An atmosphere of O, was maintained during

the experiments.

5.3 Results and discussion

5.3.1 Characterization of N-CNT-Pd

The TEM and SEM images of the N-CNT-Pds are shown in Figure 5.1. The energy-
dispersive X-ray spectroscopy maps of N-CNT-Pd, the size information of the carbon
nanotubes (4.9 £ 4.0 um in length and 128.6 £ 58.0 nm in width) and the size distribution of
the Pd nanoparticles (1.37 £ 0.30 nm in diameter) were reported in the previous chapter.[15]

90



Figure 5.1: (a) TEM image (scale bar 20 nm), (b) SEM image (scale bar 1 um) of N-CNT-Pd.

5.3.2 CV of ORR on the dropcast N-CNT-Pds

The ability of the N-CNT-Pd to catalyse the ORR was evaluated by drop-casting onto a
glassy carbon (GC) macroelectrode (ca. 3.0 mm in diameter). As shown in Figure 5.2(a)
(black line), no voltammetric signal from ORR was observed at the bare GC electrode in an
O,-saturated solution. Then the GC electrode was drop-cast with a 20 uL suspension of N-
CNT-Pd (4.6 x 10> M) and dried under a N, atmosphere. Assuming homogeneous coverage
over the electrode surface constitutes ~5 layers of carbon nanotubes on the surface. Figure
5.2(a) shows the CV profiles of the N-CNT-Pds modified GC electrode in 0.5 M H,SO,
saturated with Ar (red line) and with O, (blue line). It was concluded that N-CNT-Pd in
combination with a carbon electrode allows the investigation of the O, reduction at single N-
CNT-Pd tubes via the nano-impact method to which we turn next. The increased reductive
current can be ascribed to the catalytic performance of the palladium nanoparticles decorated
on the carbon nanotube surface since the nitrogen doped carbon nanotube (N-CNT) without

palladium coated does not show an obvious reductive wave (Figure 5.3 red line).
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Figure 5.2: (a) Voltammogram of the bare GC electrode (d = 3.0 mm) in 0.5 M H,SO,
saturated with O, (black line); voltammogram of the N-CNT-Pd modified GC electrode in 0.5
M H,SO, saturated with Ar (red line) and with O, (blue line), 50 mV/s. (b) Voltammogram in
0.5 M H,SO, saturated with O, of the carbon microwire electrode before (black line) and

after (red line) collision and immobilized with N-CNT-Pd.

20+

__—

-20

Current/ pA

-40

—GC
— N-CNT modified GC
— N-CNT-Pd modified GC

-60

-80 g T g T g T g T g T g T g 1
-0.4 -0.2 0.0 0.2 04 0.6 0.8 1.0

E vs (SCE) /V

Figure 5.3: Voltammogram of the bare GC electrode (d = 3.0 mm) (black line), N-CNT
modified GC electrode (red line), N-CNT-Pd modified GC electrode (blue line) in 0.5 M
H,SO, saturated with O, 50 mV/s.
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Figure 5.4: Tafel plots of (a) the raw CV of ORR on the N-CNT-Pd modified GC electrode
(the blue line in Figure 5.2a), (b) the raw CV after baseline correction, (c) the raw CV after
blank subtraction (the red line in Figure 5.2a as a blank); (d) the raw CV of ORR on the
single N-CNT-Pd (the red line in Figure 5.2b), (e) the raw CV after baseline correction, (f)
the raw CV after blank subtraction (the black line in Figure 5.2b as a blank).

As shown in Figure 5.4, the transfer coefficient was measured by plotting In|l| for the
forward sweep versus E with the data directly from CV experiments (red line in Figure 5.2b)
with linear fitting to get the slopes. For more accurate measurement, two background
correction strategies including baseline correction and blank subtraction are employed. The
resulting value of transfer coefficient varies from 0.31 to 0.56 for the N-CNT-Pd modified
GC electrode and from 0.32 to 0.53 for the single N-CNT-Pd depending on the background
technique used. This transfer coefficient is consistent with the reported Tafel slopes in the
literature where a value of 120 mV dec™ or greater (equivalent transfer coefficient o < 0.49)

is reported for the ORR on Pt(111) supported Pd film electrodes.[25]
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5.3.3 Chronoamperometry of ORR on single N-CNT-Pds

Chronoamperometry was carried out with a carbon fiber microwire electrode (of length ca. 1
mm and diameter ca. 7 um) by recording the current in an O,-saturated solution containing
0.5 M H,SO4 and 1.4 x 10" M N-CNT-Pd at a potential of 0.0 V (vs. SCE). Individual
impacting single N-CNT-Pd particles were detected and two example chronoamperometric
scans with clear steps are shown in Figure 5.5. The increased current as shown in Figure 5.5a
is due to the catalysis of ORR at single N-CNT-Pd which collided with and became
immobilized on the microwire electrode as evidenced elsewhere.[15] The carbon nanotube
transport from solution to the carbon microwire electrode is by virtue of Brownian motion,
leading to the random and stochastic collision of the N-CNT-Pds with the electrified interface.
Once in electrical contact with the electrode, the N-CNT-Pds were relatively stable and
remained immobilized for ca. tens of seconds. After an initial impact event the catalytic
current is observed in subsequent chronoamperograms. Figure 5.5b shows a
chronoamperometric profile in which the current is observed to step-off, indicating the

departure of the catalytic material N-CNT-Pd from the electrode surface.

(a) (b)
4. 6
T 3 T .12

2.0+0.8nA
12 184

T T

0 20 40 0 20 40
Time/s Time/s

Figure 5.5: Chronoamperometric currents showing catalytic reductive Faradaic steps of N-
CNT-Pd in 0.5 M H,SO, saturated with O, at 0.0 V (vs. SCE). (a) an example of the collision
of N-CNT-Pd with the carbon microwire electrode; (b) an example of the falling off of a N-
CNT-Pd from the wire electrode.
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Figure 5.6: Experimental steady-state currents for ORR on the collided N-CNT-Pd, where the
red and blue dashed lines represents the theoretical quasi-steady state current for a cylindrical
electrode lqss whent=0.2 s and t = 10 s, where two electrons are transferred in ORR.

Figure 5.6 provides some steady-state currents measured for ORR, which are found to be
close to the value of the diffusion-limited currents (the dashed lines) for a two electron
transfer process. Calculation of the quasi-steady state current of chronoamperometry on a
micro cylinder is carried out based on the following expression:[29]

. 4nnFDCl 4Dt

lgss = W T= 7
where n is the number of electron transferred (n = 2), F is the Faraday constant (96485 C
mol ™), D is the diffusion coefficient of O, (1.96 x 10° m? s™),[30] Cq is the concentration of
0, (1.23 mM), | is the length of the nanotube (I = 4.9 um), 7 is the dimensionless time
parameter where r is the radius of the nanotube (r = 64.3 nm). Thus, the expected quasi-
steady state current for t = 0.2 s and 10 s is estimated to be 2.2 nA and 1.7 nA respectively, as
shown in the red dashed line and blue dashed line in Figure 5.6. This current range, as shown
in Figure 5.6, is consistent with the experimental values (black squares) which are obtained

by averaging a few seconds of the steady state current on the chronoamperomograms,
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indicating that the ORR on N-CNT-Pd is a two-electron transfer process and except the

diffusion, other mass transport effect can be ignored in this experiment.

5.3.4 CV of ORR on single N-CNT-Pds

The current steps observed on the chronoamperograms indicate a residence time of the N-
CNT-Pd long enough to permit the recording of a cyclic voltammogram at individual CNTs.
Figure 5.2b shows the CV signal of ORR during the initial impact event of N-CNT-Pd which
lands on the electrode within a few minutes of adding a known concentration of N-CNT-Pd
suspension into an O,-saturated solution containing 0.5 M H,SO,. Note that for the recorded
CV profiles the sizes of the current fluctuations are variable between different adsorbed
carbon nanotubes. An example of a CV with similar wave as Figure 5.2b but distinct Faradaic
current fluctuations is shown in Figure 5.7. The fluctuation of such Faradaic currents

observed is explained in detail in Chapter 7.[31]
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Figure 5.7: Six continuous CVs (red curves) of the carbon microwire electrode during an
impact event in O, saturated 0.5 M H,SO4 with N-CNT-Pd dispersed. The black curve is the
CV of the carbon microwire electrode in O, saturated 0.5 M H,SOy in the absence of N-CNT-
Pd. Scan rate: 50 mV/s.
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5.3.5 Comparison: CV of ORR on single N-CNT-Pd vs on its ensembles

For the irreversible process of one electron transfer, the mass transport constant at the

voltammetry peak current, my, of a planar macro electrode is:[32]

mr = 0.496+/a (5.1)

RT

where o is the electron transfer coefficient and 0.43 is taken as a representative value in this
work for oxygen, F is the Faraday constant (96485 C mol™), D is the diffusion coefficient of
0, (1.96 x 10° m? s%),[30] v is the voltage scan rate (0.05 V s?), R is the gas constant
(8.314 J mol™ K™) and T is the temperature (298 K). Therefore, the mass transport constant

of a planar macro electrode, mrnacroy, is calculated as 2 x 10°mst

While the mass transport constant, mrcyr), Of a single carbon nanotube as a cylindrical

micro electrode at the voltammetry peak current is approximately:[33]

m — 2(0.446p + 0.335p°15), withp = |F0? (5.2)
T(ent) = o \UAS0p T U.339p : P= & '

where ry is the radius of the carbon nanotube (ca. 6.4 x 10" m) and the other parameters are
as the same as the above. The mass transport constant of the carbon nanotube as a cylindrical

micro electrode, is then estimated to be 4 x 102 m s,

Using the Butler-VVolmer equation:

i [-m]} (5.3)

i == FAkO {Coe[_F - CRe RT

where A is the area of the electrode, ko is the standard rate constant, Co and Cg are

respectively the concentration of the species O and R at the electrode surface in O + e «> R
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and # is the overpotential. From this the change in the overpotential due to the altered mass

transport can be estimated to be:

F
MmIEND _ [—%(n(czvr) —n(macro))] (5.4
MT(macro)

Therefore, the overpotential difference, shown as the potential shift in the voltammogram,
can be derived from the ratio of mrcyry aNd My (macroy, 9iving a value of 0.32 V.

The CVs of S,0¢% reduction on the above electrodes exhibit the expected large potential
shifts relating to the huge difference of the electrode size, as shown in Figure 5.8: The CV of
single N-CNT-Pd does not show a clear reduction wave because of the high overpotential of

S,05” reduction on it, causing the wave to shift into the region of the solvent decomposition.

Normalized |
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Figure 5.8: Voltammograms of Na,S,0g (3 mM) reduction in 0.5 M K,SO, of the N-CNT-Pd
modified GC electrode (black line), of a carbon microwire electrode immobilized with N-
CNT-Pd ensembles by immersing in a concentrated suspension of N-CNT-Pd in advance (red
line) and of a carbon microwire electrode after collision and immobilized with N-CNT-Pd
(blue line). Inset: Tafel plot of the red line.

Figure 5.8 shows a comparison of the CVs of Na,S,0z (3 mM) reduction in 0.5 M K,SO4

at the N-CNT-Pd modified GC electrode (black line), at a carbon microwire electrode
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immobilized with N-CNT-Pd ensembles by immersing in a concentrated suspension of N-
CNT-Pd in advance (red line), and at a carbon microwire electrode after collision and
immobilized with N-CNT-Pd (blue line). It is found that the overpotential shifts significantly
in terms of the decreasing size of the “electrode”, and the CV of single N-CNT-Pd does not
even show a clear wave of reduction in the potential range of study because of the high
overpotential of 82082' reduction on it. The Tafel plot shown in inset of Figure 5.8 gives a
transfer coefficient of 0.18 for Szng' reduction on the N-CNT-Pd ensembles.

For the ORR experiments, comparing Figure 5.2a and Figure 5.2b, it is observed that the
voltammetric waves shifts negatively about 0.1 V (the quarter-wave potential as the
characteristic potential[34]: ~0.3V for modified GC electrode and ~0.2V for the single CNT)
when the size of the electrode drops from millimeter scale of GC to sub-micrometer scale of
the CNTs. This slight potential shift might reflect the “reversibility” of the first electron
transfer step (reduction of O, to the superoxide ion). However, this step is usually thought to
be the rate-determining step and the low transfer coefficient seen in the CV signal of ORR is
commonly believed to signal “electrochemical irreversibility”.[35] Under reversible
conditions the apparent transfer coefficient of a one-electron transfer is one, and the wave-
shape reflects a redox process under Nernstian control not any underlying electron transfer
kinetics.

Over the potential range used for Tafel analysis neither transport effects nor substantial
changes in ko between dropcast ensembles and single nanotubes are expected, therefore the
observed kinetic limitation must have a more “complicated” cause. It is necessary to revisit
the fundamentals of electron transfer theory in the light of these unexpected data. In
particular for reactions where the product of the electron transfer is an adsorbed species, the
electrical double layer is expected to have a significant effect on the kinetics of the electron

transfer. A model is proposed here to study the effect of the electrical double layer on the
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kinetics of the electron transfer in which solution phase oxygen is reduced to adsorbed

superoxide ions.[36]

5.3.6 Theory of heterogeneous electron transfer leading to absorbed species

including double layer effects

To understand the contradiction, the first electron transfer step in ORR is studied in the
simulation. The Gibbs energy surface for the electrochemical reduction of a neutral species
(O(sol)) to a negatively charged adsorbate (O, (ads)) in eq.(5.5) is calculated and hence the
corresponding reaction current can be obtained. Details about the simulation can be found in

the appendix of this chapter.[1]
X(sol) +e ==X (ads) (5.5)

Figure 5.9 provides an example situation for reaction (5.5). Figure 5.9a is a Gibbs energy
surface at the equilibrium potential E¢q and the white dashed line shows the minimum energy
path. The Gibbs energy surface describes both the adsorption process from X(sol) to X" (ads)
and the change of the charge carried by the redox species. Figure 5.9b shows the minimum
energy path, varying as a function of the overpotential E — E¢q.

As discussed, neither the mass transport process nor the Kinetics is the rate-determining
factor for ORR in experiment. It is reasonable to assume that the small value of the transfer
coefficient is caused by other factors, such as the electrical double layer effect. It is found in
Figure 5.9b that the charged species X (ads) and the transition state (TS) are more potential-
dependent than the neutral reactant X, indicating the sensitivity of these charged species to
the electric field within the double layer. Furthermore, the calculated position of X (ads) and
TS in Figure 5.9b are significantly inside the electrical double layer, which signals the
possibly dominant importance of the electrical double layer for the first electron transfer step
of ORR.
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Figure 5.9: Example of the Gibbs energy surface of reaction (5.5): (a) the Gibbs energy
surface at the equilibrium potential; (b) reaction paths with different overpotentials on the d
direction. g, d are reaction coordinates. -q relates to the charge carried by the reacting species
and d is the distance from the electrode surface. The Debye length (see text) x* = 2.0 A.
Other simulating parameters are common for all the simulations in this chapter and can be

found in the Appendix.
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Figure 5.10: Electrochemical responses to the change of Debye length: (a) the effective
transfer coefficient calculated at low overpotentials; (b) the hypothetical Gibbs energy
difference between X(sol) and X~ (ads). The dashed lines represent the Nernstian condition.
The Debye lengths are 0.2, 0.5, 1.0, 2.0, 3.3 A and the standard heterogeneous rate constant
kois1ms™.

Figure 5.10 shows the response of reaction (5.5) to the change of the Debye length ™.

Figure 5.10a shows the effective transfer coefficient as a function of «* with a fast standard

heterogeneous rate constant ko. Under reversible Nernstian condition, an ideal effective
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transfer coefficient should equal 1 as the relatively large ko leads to reversibility of the
reaction. However, it is found that even for an artificially fast ko (in order to achieve full
electrochemical reversibility) as applied in Figure 5.10, the presence of the electrical double

layer leads the effective transfer coefficient deviating from 1. Figure 5.10b shows the Gibbs

energy difference GX; — Gy Varying as a function of the Debye length, demonstrating

(ack)
that the apparent “irreversibility” inferred from the transfer coefficient can be caused by the
decrease of the driving force as a consequence of the interaction between the electric field
within the double layer and the charged species participating in the reaction. Similar
conclusions were reported that the electrical double layer can affect the driving force and the
transfer coefficient based on the classical Frumkin correction which describes the
modification of the Butler-Volmer equation by considering (including) the potential at the
point where the charged transition state is located.[37-39] However, the charge transfer in the
present model does not occur at a fixed distance to the electrode, which provides

advancement on the classical Frumkin correction.

5.4 Conclusions

In this chapter, the data obtained at single nanoparticle catalysts has under conditions of
extreme rates of mass transport coupled with theoretical modeling, allowed the key insight
that the voltammetric characteristics of the ORR at Pd are likely dominated by double layer
effects. As a consequence of the proposed model even for fast electron transfer reactions the
illusion of slower kinetics is induced. The reduction of oxygen on Pd involves the initial
formation of absorbed superoxide O,  (ads) with fast electron transfer kinetics but with an
apparent transfer coefficient of 0.3~0.5 due to double layer effects arising from the

coulombic interactions of the adsorbed superoxide species inside the double layer. This work
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provides a feasible and potential way to re-evaluate some of the many electrode processes,

many of technological significance, which are thought to include adsorbed species.

Appendix

The ion transfer reaction explored in this chapter is given by:
X (sol)+e”" e==X" (ads) (5.5)

The change in the Gibbs energy upon the ion transfer will be modelled on the basis of the
extension of the Anderson-Newns Hamiltonian presented by Schmickler et al[40] and
modified by Voth and Koper[41] that can be written in three parts:

H=H,+H,+H,, (5.6)
where Hso corresponds to the contribution of the solvent and its interaction with the ion, Hg
accounts for the electronic energy taking into account the interaction between the metallic
and reagent’s levels, and Hiy; relates to different electrostatic and non-covalent forces (see
below). The solvent and electronic Hamiltonians are the same as presented by Schmickler
whereas the third component is introduced to account for other forces that the ion experiences

as travelling across the electrical double layer.
1. Solvent energy and solvent-reactant interaction

During the charge transfer reaction, the reorganization of solvent molecules surrounding the
redox species can be divided into the contribution of fast and slow solvent modes.[42] Here,
the reorganization energy related to the fast modes is symbolized as /s and that of the slow
modes is A. The fast and slow modes represent different sorts of reorientation, which are

related to the solvents loosely or strongly interacting with the redox species.[43] The values
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of A+ and 4 are equivalent in this model. The fast reorientation process is considered to be
faster than the charge transfer rate. Therefore it does not explicitly appear in the Hamiltonian
expression (5.7) but it is included in the expression of the reactant energy level &, as shown in

eq.(5.19).[44]

The slow modes are described as a set of harmonic oscillators and the interaction between
these modes and the reactant is assumed to be linear and proportional to the charge of the

redox species:[40, 45, 46]
1
Ha =5 2 0o, (P +07)+(2-n,) 2 he,0,4, (5.7)

where v represents the different phonon modes and w, the frequency, p, and q, the
dimensionless momenta and coordinates, z the charge of the oxidized state (z = 0 in reaction
(5.5)), ny occupation number of the reactant’s valence orbital and g, the coupling between the

phonon and the redox centre. The reorganization energy 4 is defined as:[47]
1 2
A= Ezrza)vgv (5.8)

which is assumed to be a constant anywhere in the solution. Thus, the partial desolvation of
the ion as approaching the electrode surface is ignored in this chapter.

The coordinate of the slow modes (qv in eq.(5.7)) is replaced by a single solvent coordinate
q=q,/9g,, which not only represents the vibration modes of the solvent molecules in the

inner sphere but also refers to the charge carried by the solvent. As the charge of the
surrounding solvent is opposite to that of the redox species, for the reaction in eq.(5.5), the
range of g during the reaction varies between -1 and 0. In the case that inner-sphere
reorganization was also significant, the definition of the reorganization energy of the redox

system also includes the inner-sphere contribution.

2. Electrostatic and non-covalent interactions
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In order to account for electrostatic and non-covalent interactions between the reactant and
the metal electrode and the ‘components’ (species and electrostatic potential) of the electrical

double layer, the model Hamiltonian is modified with the term Hip:

Hint = (1_ n, )GX&M + naG (59)

X~ &M

where Gxem includes the components related to the neutral reactant and fo_&M to the

negatively charged product. The Hamiltonian is constructed as a linear switching function.[41]
The electrostatic potential in solution as a function of the distance to the electrode surface
is described by the Gouy-Chapman model[48] such that the corresponding contribution to the

energy of the negatively charged X is calculated as:

(d)=—€,(E—E, )exp(-«d) (5.10)

X~ ,EDL

where « is the Debye constant, E is the applied potential on the working electrode, Ep, the
potential of zero charge and ey is the elementary charge, approximately 1.60x10™*° C. The
Debye length «* in the Gouy-Chapman model is related to the electrolyte concentration in
solution. For a 1:1 electrolyte in water, at 298.15K, the relationship between x* and the

electrolyte concentration ¢ is described by:[48]
k" =0.304c,” (5.11)

Some examples are listed in Table S1. However, it is worth noting that in this simulation,
the Debye length is mainly applied as a simulating parameter to describe the structure of the
electrical double layer and the relationship between x* and ce cannot be quantitatively
described by eq.(5.11), as the simulating system which includes a charged adsorbate on the

electrode surface does not strictly fit the ideal Gouy-Chapman model. The Debye length
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gives an estimation of the thickness of the double layer though the real structure is more

complex especially in presence of specific adsorption.

¢ (mol L™ Kt (A)
10 0.96
1 3.04
0.1 9.62
0.01 30.4

Table 5.1: The Debye length and relative electrolyte concentrations for 1:1 electrolyte in
water at 298.15 K.

The potential energy functions considered in this sub-section account for any relevant
interaction different from the interactions with the solvent (Section 1), the metal electronic
levels (Section 3) and the electrostatic contributions (eq.(5.10)). The interactions between the
X and X~ with the metallic, solid electrode and the environment in the electrical double layer
include  attractive  dispersion  forces, electron cloud overlap  repulsion,
displacement/reorientation of species adsorbed on the electrode surface, etc. A detailed,
“first-principles” description of the above interactions is complex. Instead, they will be
introduced here through Morse-like potentials that enable us to obtain a qualitative, simple
and manageable view of the system. In particular, we will assume that in the region next to
the electrode the interactions of the ion are predominantly repulsive (eq.(5.12)) and those of

the neutral atom can be described by a ‘complete’ Morse potential (eq.(5.13)):[49]

G =D, exp(-a(d —d(,))2 (5.12)

repulsive
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Gattractive = De {I:l_exp(_a(d _do )):'2 _1} (513)

where D is the binding energy for the hypothetical X-metal bond, a is a constant with an

approximate value of 1 A™ and dy is the equilibrium bond length.

The image interaction caused by the induced image charge on the electrode surface as the

ion approaches the metal is also taken into consideration:[50]

1 e?
G _ (d)=- -0 5.14
()= e 2 (514

3. Electronic energy

Under the one-electron approximation where a single electron on the reactant is considered,

the electronic Hamiltonian is given by:[51]

Hy =N+ (&0 +V,c'c ) (5.15)
k

where ¢£° is the energy of the valence level on the reactant in the absence of interactions and

relative to the Fermi level of the electrode (which is taken as the zero reference value), the
first sum corresponds to the energy of the k metallic levels (&) and the third term relates to
the electron exchange between the metal and the electroactive species where Vg is the
hopping integral that characterizes the strength of the interaction between the redox system
and the electrode and ¢* and ¢ the creation and annihilation operators. For the case of only
one electron considered in the bonding/antibonding orbital, it is not necessary to take into
account the spin of this electron.

As a consequence of the interaction between the valence orbital and the metallic levels,

the reactant’s valence level is broadened and the corresponding density of states is:[52]
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1 A(d)
2 ) e AV +a(dY (510

such that its occupation probability and electronic energy are given by:

+00

na(q,d)='|.

—o0

f(e)p(e)de (5.17)
G, =j_+:gf(8) (e—¢,)de (5.18)

where f (&) is the Fermi-Dirac distribution function. A and A are chemisorption functions;

thus, the original energy level is shifted by A and broadened by A due to the interaction with

the electrons in the metal electrode. It is important to note that ¢, (q,d) corresponds to the

‘effective’ energy of the valence level relative to the Fermi level and after considering the
different interactions with the solvent, the metal electrode and the electrical double layer as

discussed in previous sections:

& (q,d)=8§ +ﬂfq)2((sol) _Zﬂ‘q _GX&M (d)+G . (519)

X" &M
Given that the Fermi level is taken as reference, &2 is dependent on the applied potential:
86(1) = ga,eq +e077 (520)

where 7 is the overpotential. Also note that the interaction of the hydrated species X with the
fast solvent modes is also included in the expression of the ‘effective’ electronic energy.
However, as the charge carried by the reactant in the present process X is actually 0, the

solvation energy 4qy, is effectively zero.
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Within the wide-band approximation, the energy broadening parameter A is assumed to be
independent of the energy level ¢. On the other hand, A depends on the distance to the

electrode surface and it shows an approximately exponential decay:[53]

A(d)=A,exp(—pd) (5.21)

where A, is the energy broadening at the electrode surface, f is a constant approximately 1

A and z is the position of the centre of the reactant from the electrode surface. Also, in order
to get the analytical expression for the electronic energy, a step distribution function is

applied instead of the Fermi-Dirac one:

1 e.<e<g

f(e) :{ (5.22)

0, &>¢;

where & is the bottom of the conduction band and & is the Fermi level.

Under the approximations above mentioned, the following expression is obtained for the

electronic energy:

G, =n,(a,d)s,(q,d)+ Az(:) In[(ea ‘Z;Fj’)‘i)g:)fii)(d )2] (5.23)

4. Gibbs energy expression for the whole reaction system

As can be concluded from that discussed in the previous sections, the Gibbs energy for the

whole electrochemical system can be expressed as:
G (0,d) =G, (0.d)+G, (q,d)+{1-n,(q,d)}G _  (d)+n,(q,d)Gyen(d) (5:24)
Each energy term is given by:

G (d)=D,[1-exp(-a(d—d,))] ~&,(E~E,,)exp(-xd)+G,, (d)  (5.25)

X~ &M
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Gyen (d) =D, exp(—2a(d —d,)) (5.26)

G, =49°-n,(q,d)-24q (5.27)
G, =n,(q,d)e (q.d)+ Az(:) In{(«% ‘Z;Fj’)d)g:)fi‘l)(d)zl (5.28)

The self-consistent orbital energy for the reactant X(sol) is:
ga(q,d):eon—z/lq—Gx&M(d)+GXi_&M (d) (5.29)

5. Numerical simulation of the cyclic voltammetry

Gibbs energy surfaces are calculated from eq.(5.24) and the corresponding minimum energy
path is determined. On the minimum energy path, there can be one or more local extreme
points, which characterize the initial, final and stable intermediate states. The activation
energies for the reductive and oxidative processes are calculated from the minimum energy

path by:

AGfe%t = GTS - GX(soI) (5-30)

AG™ =G -G (5.31)

X~ (ads)

where Grs is the energy of the transition state, corresponding to the saddle point on the

energy surface. G, and GX__ are local energy minima corresponding to the initial state

(ads)
(the reactant) and the finial state (the adsorbate), respectively.

The reaction rate constants are calculated by the following equations:

AG act
kox/red = k0 exp(_ k o-xlfred J (532)

B
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where ko is the pre-exponential term, which is considered as a constant under room
temperature. kg is the Boltzmann constant and T is the absolute temperature. The equilibrium
potential Eeq is defined as the potential where the reaction rates of the reduction and oxidation
processes are equal. Therefore, the activation energies under different applied potentials are

defined as:
Aeggred (E - Eeq ) = AGSEred (E) - AGSSred (Eeq ) (533)

where E — Eeq IS the overpotential 7.

For the ion transfer reaction, the reaction rate at electrode surface can be described as:

jX(soI) = _kredCX(sol) (1_ FX" (ads)) + koxrx,‘ (ads) (534)
arxf )
aas) _ _
— = KieaCxcson (l Fx" (ads)) koxl"x_ o (5.35)
where t is the time upon which the perturbation is applied and FX__( " is the surface coverage

of the adsorbed X" (ads). Here only a monolayer adsorption is considered on the electrode
surface. The mass transport of X(sol) in the solution is described by Fick’s second law for

linear diffusion:

oc o°c

where z is the coordinate perpendicular to the electrode surface.
The resulting problem was solved numerically by means of the Newton-Raphson method
and according to the alternating direction implicit (ADI) method, the details of which can be

found elsewhere.[54] The simulation was written in C++ and simulations were performed
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using an Intel(R) Xeon(R) 3.60G CPU and the runtime being approximately 10 minutes per

voltammogram.
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Chapter 6

Improving Formate and Methanol Fuels: The
Catalytic Activity of Single Pd Coated Carbon

Nanotubes

In this chapter, the oxidation of formate and of methanol on nitrogen doped carbon nanotubes
decorated with palladium nanoparticles are studied at both the single nanotube and ensemble
levels. Significant voltammetric differences were seen. In particular, Pd oxide formation as a
competitive reaction with formate or methanol oxidation is significantly inhibited at high
overpotentials under the high mass transport conditions associated with single particle
materials in comparison with that seen with ensembles where slower diffusion prevails.
Higher electro-oxidation efficiency for the organic fuels is achieved. The work has been
published in ACS Catalysis[1] and was carried out in collaboration with Miss Hannah Hodson,
Dr. Christopher Batchelor-McAuley and Prof. Dr. Lidong Shao. Miss Hannah Hodson
collected some experimental data. Dr. Christopher Batchelor-McAuley helped with the
interpretation of the experimental results. Prof. Dr. Lidong Shao performed the synthesis and

characterization for the carbon nanotubes.
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6.1 Introduction

Increased interest in alternative fuel sources has led to the separate application of both
formate and methanol in fuel cells. Their use as power sources is appealing due to their high
energy density, ease of transportation and storage in contrast to hydrogen fuel cells.[2-6] Pd-
based materials have been intensively studied as superior and cost-effective electro-catalysts
in the oxidation of both formate and methanol.[7] For formate oxidation, it has been
suggested that Pd-based catalysts have a better performance when compared with Pt as the
catalytic reactions on Pd follow a direct pathway and no poisoning intermediates are
produced.[8, 9] Pd-based materials are also considered to be better catalysts in alkaline media
for methanol oxidation than Pt-based materials owing to their improved kinetics and, again,
lower poisoning from adsorbed intermediates.[10] However, the instability of the Pd-based
catalysts can lead to relatively low energy transformation efficiency.[11, 12] Improving the
electro-catalytic stability remains a critical obstacle in the development of Pd-based
electrocatalysts in both formate and methanol fuel cells, and the fundamental understanding
of Pd deactivation due to its high surface sensitivity is still incomplete.[7, 13]

The electro-catalytic behaviour of newly produced materials are commonly assessed by
dropcasting the catalysts onto electrode surfaces and then performing electrochemical tests to
analyse their performance. However, the interpretation of such a multilayered, porous drop-
cast surface is complex and hard to analyse.[14-20] Moreover, the most commonly used type
of electrode in these studies is macro-electrodes at which the mechanism and kinetics can be
masked by the limited, slow mass transport conditions.

In this chapter, we report the development of an improved electrode modification method
by modifying a carbon microwire electrode in-situ with well-separated individual catalyst
entities. This modification is achieved by inserting the wire electrode in a very dilute

suspension of the nitrogen doped carbon nanotubes decorated with palladium nanoparticles
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(N-CNT-Pd). Also present in the solution is the redox species of interest (formate or
methanol). Over a period of time individual catalyst entities (N-CNT-Pd) continuously and
randomly collide with the wire electrode due to their Brownian motion. Some of the N-CNT-
Pd become immobilised on the electrode surface forming a layer of low coverage. After
immobilisation the voltammetric response of the modified electrode is recorded in the same
solution. In addition to these surface modification studies, a single particle electrochemical
method based on “nano-impacts” was applied. This technique relies on the random collision
of individual nanoparticles with a potentiostated electrode where control of the potential leads
to mediated electron transfer on the surface of impacting nanoparticle.[1, 21-27] The current
amplification from mediated electron transfer is analysed and can be applied to the
fundamental mechanisms and dynamics of electrochemical processes at the single entity
level.[28] In this chapter, formate oxidation on individual impacting N-CNT-Pd was studied
with the nano-impact method. The above methods including both in-situ modification and the
nano-impact experiments lead to the spatial isolation of the catalyst particles on the electrode
surface creating high mass transport conditions for the oxidation processes, which provide
new insights into the electro-catalytic mechanisms of formate and methanol oxidation on

palladium, and how this is influenced by mass transport.

6.2 Experimental section

6.2.1 Chemicals

Sodium formate (>98%), methanol (99.99 %), NaClO4 and NaOH were received from
Sigma-Aldrich. Nitrogen gas (N,) was supplied from BOC, Surrey, U.K. All solutions were

prepared with deionised water of resistivity not less than 18.2 MQ cm (25°C, Millipore).
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Preparation and characterization of nitrogen doped carbon nanotubes decorated with

palladium nanoparticles (N-CNT-Pd) are shown in previous chapters.[28, 29]

6.2.2 Cyclic voltammetry of formate and methanol oxidation on N-CNT-

Pds modified glassy carbon electrode

A suspension of N-CNT-Pd (9.2 x 102 M) was prepared by adding 2.4 mg of N-CNT-Pd to
5 mL chloroform, following by sonication in a Fisher Scientific FB15050 ultrasonic bath for
1 min. A glassy carbon (GC) macro-electrode (d = 3.0 mm) was polished with three grades of
diamond spray (3.0, 1.0 and 0.1 pum) and then sonicated in water and left to dry under N,
atmosphere. The as-prepared N-CNT-Pd suspension was then drop-cast on the GC electrode

and dried under N, atmosphere.

Electrochemical measurements were conducted in a double Faraday cage with an Autolab
potentiostat (Metrohm-Autolab BV, Netherlands) using three electrode system at 298 K. For
the drop-cast experiments, the modified GC electrode was used as the working electrode,
with a platinum foil and a saturated calomel electrode (SCE) as the counter electrode and the
reference electrode respectively. Before the measurements a solution containing 5 M formate
and 5 M NaClO4 (or 10 M methanol and 1 M NaOH) was bubbled with N, for 10 min to
remove dissolved O,, and atmosphere of N, was maintained during the experiment. Two
control experiments were carried out: an unmodified GC electrode in 5 M formate + 5 M
NaClO, (or 10 M methanol + 1 M NaOH) and a modified GC electrode in 5M NaClO,4 (or 1

M NaOH).
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6.2.3 CV of formate and methanol oxidation on the carbon microwire
electrode in-situ modified with N-CNT-Pd and the nano-impact

experiments

In the in-situ modification experiments, the working electrode was carbon fibre microwire
electrodes (of ca. 7 um in diameter and ca. 1 mm in length) which were fabricated according
to the procedure introduced in the literature.[30] Formate or methanol solution was degassed
with N for 10 min, and then a known concentration of N-CNT-Pd suspension was added and
bubbled with N, for 30 seconds to make a well dispersed and diluted suspension of N-CNT-
Pd. CV was recorded immediately after a clean carbon microwire electrode was inserted in
the suspension containing formate or methanol and after the electrode was in-situ modified in
the same solution for certain time. The nano-impact experiments were conducted by scanning
chronoamperometry immediately after a clean carbon microwire electrode was inserted in the
above solutions. For counting and analysis of the current spikes, the software called

“SignalCounter” was used.[31]

6.3 Results and discussion

We first investigate the cyclic voltammetry (CV) of formate and methanol oxidation on
glassy carbon (GC) electrodes dropcast with N-CNT-Pd to evidence the catalytic ability of
the N-CNT-Pd towards these oxidation processes. Mechanistic considerations are made.
Second we measure and analyse the CV of first formate and second methanol oxidation on
carbon microwire electrodes which have been modified in-situ with individual spatially well-
separated N-CNT-Pd tubes via their random collision and immobilization on the wire

electrode. Third nano-impact experiments are conducted by recording chronoamperometry at
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a carbon microwire electrode in an aqueous suspension of N-CNT-Pd in the presence of
formate. Current spikes in the chronoamperograms resulting from formate oxidation on
individual (single) impacting N-CNT-Pd are detected and analysed. Similar experiments are
attempted for the oxidation of methanol. Finally, the results from all the experiments are

compared and chemical mechanisms inferred and discussed.

6.3.1 Cyclic voltammetry of drop-cast Pd nanoparticle decorated carbon

nanotubes

The cyclic voltammetric responses of formate and methanol oxidation were separately
investigated on N-CNT-Pd modified GC electrodes (of ca. 3.0 mm in diameter). To study the
formate oxidation, an unmodified GC electrode was first voltammetrically scanned in an
aqueous solution containing 5 M NaClO4 and 5 M formate. No voltammetric signal was
observed, as shown in Figure 6.1a (dotted line). Subsequently 0.96 ug N-CNT-Pd was drop-
cast onto the GC electrode and left to dry under a N, atmosphere. The amount of N-CNT-Pd
dropcast in the experiment corresponds to a coverage of ~1 monolayer assuming the CNTs
are perfectly tessellated on the electrode surface (see section 1 and 2 of the appendix of this
chapter). In reality a tangled, irregular multilayer is likely formed. Figure 6.1a shows the CV
of the above modified GC electrode in 5 M NaClOy in the absence (dashed line) and presence
(solid line) of 5 M formate respectively. The CV of the modified GC electrode in the formate
solution shows a clear formate oxidation peak at -0.08 V vs. SCE and a back anodic peak at
around -0.02 V vs. SCE (solid line). No oxidation feature was observed in the absence of
formate (dashed line). The formate oxidation is known to be highly surface sensitive and at
high overpotentials it is inhibited by the formation of a palladium oxide layer.[7, 12] It has
been suggested that on the reverse scan the reduction of the oxide layer leads to the

recommencement of the electrochemical process.[12]
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Figure 6.1: (a) Voltammograms of a GC electrode (d = 3.0 mm) modified with 0.96 pg of N-
CNT-Pd recorded in 5 M NaClOy (aqg) in the absence (dashed line) and presence (solid line)
of 5 M formate. Also shown is the voltammetic response of the bare GC electrode in 5 M
NaClO, + 5 M formate (dotted line). Scan rate: 50 mV s™. (b) Voltammograms of a GC
electrode (d = 3.0 mm) modified with 1.20 pg of N-CNT-Pd in 1 M NaOH (aq) in the
absence (dashed line) and presence (solid line) of 10 M methanol. Also shown is the
voltammetric response of the bare GC electrode in 1 M NaOH + 10 M methanol (dotted line).

Scan rate: 50 mV s2.

In order to characterize the palladium oxidation process, the voltammetric response of a
bulk palladium microelectrode (radius = 5.4 um) was recorded in the absence of formate. The
CV (black line in Figure 6.2a) in 5 M NaClO,4 shows a pair of asymmetric redox peaks for Pd
oxide formation and reduction: a broad Pd oxidation wave on the forward scan and a sharp

peak for Pd oxide reduction on the backward scan. The reduction of the Pd oxide is found to
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occur at ~0.0 V vs. SCE. This potential is comparable to the peak potential of formate
oxidation (-0.08 V vs. SCE) as recorded on the dropcast N-CNT-Pd (solid line in Figure 6.1a).
On the reverse scan of the voltammetry of formate oxidation at a dropcast N-CNT-Pd
electrode, a sharp increase of the oxidation current is observed (solid line in Figure 6.1a).
This sharp increase in current is found to occur at the potentials of Pd oxide reduction where
Pd active sites are released.[12] This observation further evidences that the decrease of the

oxidation current on the forward scan is caused, at least in part, by the formation of a Pd

oxide layer.
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Figure 6.2: (a) Voltammograms of Pd microelectrode (r = 5.4 um) in 5 M NaClO, in the
absence (black line) and presence (red line) of 0.5 M formate. Scan rate: 50 mV s™. (b)
Voltammograms of Pd microelectrode (r = 5.4 um) in 1 M NaOH in the absence (black line)

and presence (red line) of 0.5 M methanol. Scan rate: 50 mV s,

We next consider the oxidation of methanol at a N-CNT-Pd modified GC electrode and at
the Pd microelectrode. Voltammograms are shown in Figure 6.1b and Figure 6.2b

respectively. The results for methanol oxidation mirror those found for formate. An anodic

peak was observed at -0.18 V vs. SCE on the modified GC electrode in 1 M NaOH
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containing 10 M methanol (solid line in Figure 6.1b), and a small oxidation peak on the
backward scan at around -0.45 V vs. SCE. In the absence of methanol, the voltammetric
response of both the dropcast N-CNT-Pd (dashed line in Figure 6.1b) and the Pd
microelectrode (black line in Figure 6.2b) demonstrate that Pd oxide reduction occurs near -
0.4 V vs. SCE in 0.1 M NaOH. This value of -0.4 V is more negative than the peak potential
for methanol oxidation (-0.18 V vs. SCE) on the dropcast N-CNT-Pd (solid line in Figure
6.1b). Hence, a significant surface coverage of Pd oxide has probably formed before the
methanol oxidation peak current, and the further deactivation of the Pd active sites lead to the
significant inhibition towards methanol oxidation.[11] Moreover, the methanol oxidation is
significantly less favourable at the relatively negative potentials for Pd oxide reduction, hence
a much smaller back anodic peak (solid line in Figure 6.1b) is observed as compared to that
found with the formate oxidation (solid line in Figure 6.1a). The measured back peaks in the
two cases are independent of the potential limit (beyond a minimum threshold value). It
should be noted that the increased current at high potentials (> 0.3 V vs. SCE) in Figure 6.1b
(solid line) corresponds to further methanol oxidation on the background carbon of the
nanotube and also the oxidation of the solvent.

Formate oxidation on palladium is reported to result in the formation of carbon dioxide via
a direct two-electron transfer pathway,[8, 9] while methanol oxidation is reported to undergo
a six-electron transfer process at low overpotentials.[32] For a microdisc electrode, the

equation for the expected diffusion limited current 1s:[33]
Lijm = 4nFDCr,

where n is the number of electrons transfered, F is the Faraday constant (96485 C mol'l), D is
the diffusion coefficient (6.5 x 10" m? s for formate[34] and 4 x 10" m® s for

methanol[35]), C is the concentration of formate or methanol, and 7, is the electrode radius.
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Therefore, for 0.5 M formate or methanol, the theoretical diffusion limited current at a Pd
microelectrode with radius of 5.4 pm can be estimated as 1.4 x 107 A and 2.5 x 10° A
respectively. However, the experimentally measured oxidative peak currents of 0.5 M
formate (2.2 x 10° A) and 0.5 M methanol (2.6 x 10® A) at a Pd microelectrode (r = 5.4 um)
(red lines in Figure 6.2) are much smaller than the hypothetical diffusion limited values,
evidencing that both the formate and methanol oxidation on Pd are surface reaction rate
limited processes, rather than transport controlled.

It is worth mentioning that the modified GC electrode showed a slightly higher peak
current of formate oxidation (8.3 x 10° A) in the solution without the supporting electrolyte
NaClOy (see Figure 6.3), indicating that the extremely high concentration of formate used is
able to be self-supporting during the measurement, and suggests that some Pd active sites
may be blocked by ClO,*. Aqueous 5 M formate solution was used in the following
experiments.

90

60

-0.8 ‘ -0.4 ‘ dO 0.4 0.8
E/V vs SCE

Figure 6.3: Voltammograms of a GC electrode (d = 3.0 mm) modified with 0.96 ug of N-
CNT-Pd recording in 5 M formate (aq) in the absence (red line) and presence (black line) of 5
M NaClO,. Scan rate: 50 mV s™.
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6.3.2 CV of a carbon microwire electrode in-situ modified with a dilute

coverage of individual N-CNT-Pds

The previous section reported the voltammetric response of a multilayered, porous drop-cast
surface. The interpretation of such layer is complex and is hard to analyse.[14-17] In order to
study the formate oxidation on adsorbed but spatially well separated individual N-CNT-Pds,
a carbon microwire electrode (I = ~1 mm; d = ~7 um) was first treated with an in-situ
modification method by dipping the wire electrode in a suspension of N-CNT-Pd (0.65 pM)
containing formate (5 M) for 0.5 h, followed by a CV sweep. During the modification process,
about one hundred individual N-CNT-Pds (see section 1 and 3 of the appendix of this chapter)
collided with and became immobilized on the microwire electrode, giving an electrode
modified with enough N-CNT-Pd to give a clear formate oxidation signal in CV. For the wire
electrode used, one monolayer of N-CNT-Pds, assuming the CNTs are perfectly tessellated
on the electrode surface, would be 3.4 x 10* CNTs (see section 1 of the appendix of this
chapter). Therefore only 0.3% of surface area is covered by one hundred N-CNT-Pds, which
gives large spatial separation of N-CNT-Pds on the wire electrode surface. No voltammetric
response was detected when CV was recorded immediately after the wire electrode was
dipped in the suspension of N-CNT-Pd (dashed lines in Figure 6.4a). After in-situ
modification in the formate solution dispersed with N-CNT-Pd for 0.5 h, the wire electrode
showed a Faradaic current resulting from formate oxidation in the CV (solid lines in Figure
6.4a). Similar experiments were conducted to study methanol oxidation in 1 M NaOH
containing 10 M methanol. It was observed that methanol oxidation signal was also shown in
the CV at the wire electrode after one hour of in-situ modification in the suspension of N-

CNT-Pd containing methanol (solid lines in Figure 6.4b).
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Figure 6.4: (a) CV recorded immediately after a carbon microwire electrode (I = ~1 mm; d =
~7 pm) was inserted in a 0.65 pM suspesion of N-CNT-Pd containing 5 M formate (dashed
line) and after the electrode was in-situ modified in the same solution for 30 mins (solid line).
Scan rate: 50 mV s™. (b) CV recorded immediately after a carbon microwire electrode was
inserted in a 0.65 pM suspesion of N-CNT-Pd containing 1 M NaOH + 10 M methanol
(dashed line) and after the electrode was in-situ modified in the same solution for 60 mins

(solid line). Scan rate: 50 mV s™.

In sharp contrast to the clear oxidation peaks shown in the CV of the drop-cast
experiments, the wire electrode after in-situ modification with N-CNT-Pd exhibits steady
state currents at high overpotentials for both formate and methanol oxidation, indicating
neither processes are inhibited by Pd oxide formation under these experimental conditions!
Note that for the CV of the N-CNT-Pd modified wire electrode, current fluctuations, as
shown in Figure 6.4, are variable due to the different state of absorbed carbon nanotubes on
the wire electrode surface. Such Faradaic current fluctuations will be explained in detail in

chapter 7.[36]
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6.3.3 Nano-impacts of N-CNT-Pd

I/ nA

Figure 6.5: (a) Typical chronoamperogram obtained at 0.2 V vs. SCE for a carbon microwire
electrode in a 0.65 pM suspesion of N-CNT-Pd containing 5 M formate. (b) The height
distribution of 135 current spikes at 0.2 V vs. SCE. (c) Squares: the mean current of
individual spikes at different potentials from nano-imapcts of N-CNT-Pd, where n is the
number of the spikes. (d) Comparison of cyclic voltammetry of formate oxidation at the wire

electrode in-situ modified with well separated N-CNT-Pd (black line) and nano-impacts
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analysis (red line) of formate oxidation on individual impacting N-CNT-Pd.
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Nano-impact experiments of N-CNT-Pd were performed with the aim of separately studying
the formate and methanol oxidation on individual impacting single N-CNT-Pd. To achieve
this, a clean carbon microwire electrode was first inserted in a suspension of N-CNT-Pd (0.65
pM) containing 5 M formate. Chronoamperograms were then recorded at a series of applied
potentials from -0.5 V to +0.25 V vs. SCE. Figure 6.5a shows a typical chronoamperogram at
+0.2 V vs. SCE where oxidative spikes are observed, evidencing the impact of the individual
carbon nanotubes. No spikes were detected at this potential in the absence of N-CNT-Pd
(Figure 6.6a). A total number of 135 current spikes at +0.2 V vs. SCE were recorded, giving
an average current of 4.1 + 1.5 x 10™"" A and their height distribution is shown in Figure 6.5b.
The average duration of the spike is short, about 30 ms. This short duration is possibly caused
by the formation of CO, gas bubbles on the palladium surface[37] or due to adsorbed carbon
intermediates, COq), produced by the further reduction of CO,,[38] leading to the
deactivation of Pd active sites. The mean currents of the individual spikes as a function of
potential from nano-impacts of N-CNT-Pd are shown in Figure 6.5c, where it is observed that
the average current at the potentials more positive than -0.2 V vs. SCE show a plateau at
around 40 pA. No spikes were detected at potentials more negative than -0.4 V vs. SCE
(Figure 6.6b). The average current from the spikes is found to onset at the potentials at which
formate oxidation is observed in the CV (Figure 6.1a), evidencing that the detected current
spikes correspond to Faradaic currents associated with formate oxidation catalyzed by the

individual impacting N-CNT-Pd.
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Figure 6.6: Chronoamperogram of a carbon microwire electrode (a) at +0.2 VV vs. SCE in 5
M formate in the absence of N-CNT-Pd; (b) at -0.4 V vs. SCE in a 0.65 pM suspesion of N-
CNT-Pd containing 5 M formate.

By modelling the N-CNT-Pd as a cylindrical electrode (r = 6.5 x 10° m; 1= 75 x 10™® m),
for a mass transport control process, the expected peak current on single N-CNT-Pd from the
oxidation of formate (5 M) can be estimated as 3.68 x 107 A. The average current of the
spikes from formate oxidation is about 40 pA, which is significantly smaller than the
expected peak current (3.68 x 107 A) for a mass transport control process. It further
evidences that formate oxidation on individual N-CNT-Pds is a surface reaction rate limited
process, rather than being under mass transport control. Moreover, from the dropcasting
experiments, the expected current of formate oxidation at a single N-CNT-Pd (ca. 5 um in
length, 130 nm in diameter) can be estimated as 7.9 pA by directly dividing the peak current
(8.3 x 10 A) (red line in Figure 6.3) by the amount of dropcast N-CNT-Pds (1.05 x 107) (see
section 2 of the appendix of this chapter). This value of 7.9 pA is much less than the average
currents (~40 pA) detected from the nano-impact experiment. Therefore the higher currents
likely result from the physical isolation of the carbon nanotubes in the impact experiment; in
contrast the dropcast material will inevitably form irregular aggregated multilayers on GC

electrode surface.
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In the nano-impact experiments, the collision of individual N-CNT-Pd with the wire
electrode creates extremely high mass transport conditions for formate oxidation because of
the small physical size of the individual carbon nanotubes.[28, 29] Nano-impact analysis
shows that the average current from formate oxidation on individual N-CNT-Pd remains
stable even at the high overpotentials. The stable oxidation current is in agreement with the
steady state current observed in the in-situ modification experiments (Figure 6.5d), further
evidencing that under high mass transport conditions Pd oxide formation is significantly

inhibited and as a result higher electro-oxidation efficiency for formate was achieved.
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Figure 6.7: Chronoamperogram of a carbon microwire electrode at 0.0 VV vs. SCE in a 0.65
pM suspesion of N-CNT-Pd containing 1 M NaOH and 10 M methanol.

The nano-impact experiments were also performed to detect the signals of methanol
oxidation on individual N-CNT-Pds, but no spikes were detected (Figure 6.7). Based on the
dropcasting experiments, the expected current from methanol oxidation on single N-CNT-Pd
is calculated to be 1.2 pA. Although the average current from individual impacting N-CNT-

Pds might be several times bigger than 1.2 pA in the nano-impact experiments according to
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the results of formate oxidation, it is still too small to be detected due to the comparable

background noise (~ 20 pA) (Figure 6.7).

6.3.4 Comparison and inferences
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Figure 6.8: Comparison of cyclic voltammograms of formate oxidation (a) and methanol
oxidation (b) on N-CNT-Pd drop-cast GC electrode (black lines) and the carbon microwire
electrode in-situ modified with well separated N-CNT-Pd (red lines).

We next compare the CV of formate oxidation and methanol oxidation on the GC
electrode drop-cast with N-CNT-Pd and their CV at the wire electrode modified with a dilute
coverage of well separated N-CNT-Pd. A striking difference is that a steady state current is

observed in both formate and methanol oxidation at spatially well separated individual N-
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CNT-Pd, instead of the current peaks as shown in the CV response of the dropcast N-CNT-Pd
(Figure 6.8). Consequently it is concluded that for well separated individual N-CNT-Pd, the
palladium oxidation (eq. (6.3)) as a competitive reaction is significantly inhibited; hence the
majority of Pd active sites on palladium nanoparticles remain active even at highly oxidizing
potentials. The Pd active sites therefore continue to contribute to the catalysis of the formate
or methanol oxidation at high potentials. Since the specific reaction routes for formate and
methanol oxidation on palladium are intensively studied and reported differently[9-10, 39-43],

the overall equations are shown here as representatives (eq. (6.1), (6.2)):

HCOO~ - CO, + HY + 2e~ 6.1)
CH;0H + H,0 - CO, + 6H" + 6e” (6.2)
Pd + H,0 —» PdO + 2H* + 2e~ (6.3)

It was reported previously that palladium oxide formation was retarded in the presence of
the formic acid or methanol.[11, 44] Thus, a likely factor responsible for the observed steady
state current is that well separated individual N-CNT-Pd absorbed on the wire electrode
surface experience very high mass transport conditions for formate or methanol oxidation. It
provides a basis for the preference of formate or methanol oxidation during the competitive
processes with palladium oxidation. In contrast an intermingled porous ‘mat’ of carbon
nanotubes on the GC electrode is inevitably formed when using the dropcast technique. The
resulted relatively limited mass transport conditions for the oxidation of formate or methanol
facilitate the formation of the Pd oxide layer; probably the mass transport is a mixture of
linear semi-infinite diffusion and thin layer transport. For well-separated individual N-CNT-
Pds, there are large numbers of redox species around which creates high mass transport

conditions, while overlapping diffusion regime is formed on the ‘mat’ of N-CNT-Pds due to
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the confined volume of the available redox species.[18-20, 45, 46] Similar CVs to those seen
with the dropcast N-CNT-Pd were observed when the carbon microwire electrode was
inserted in a suspension of N-CNT-Pds of an extremely high concentration (9.2 pM) (ten
times higher than that used in the in-situ modification method) for about 10 s, creating a
higher population of large N-CNT-Pd ensembles which stick to the wire electrode surface,
and are then transferred into the solution containing formate or methanol to run a CV. As
shown in Figure 6.9, the oxidation current falls off at high overpotentials in the CV of both
formate and methanol oxidation, further evidencing that the current inhibition by Pd oxide
formation occurs on the large ensembles of the N-CNT-Pd. It is also demonstrated that the
voltammetric response of the N-CNT-Pd towards formate or methanol oxidation can be easily

tailored by using different methods to modify the electrodes.
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Figure 6.9: Voltammograms of the carbon microwire electrodes modified with higher
population of large N-CNT-Pd ensembles in 5 M formate (a) (scan rate: 50 mV/s), 1 M
NaOH + 10 M methanol (b) (scan rate: 72 mV s%).

Overall, Pd oxide formation and formate or methanol oxidation are two competitive
processes. The inferior efficiency of formate and methanol oxidation on Pd in their
application of fuel cells due in part to the significant inhibition of Pd oxide formation towards

these oxidation processes. From the above comparison, it is seen that Pd oxide formation as a
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competitive reaction can be retarded under high mass transport conditions for formate and
methanol oxidation, which, in this work, was created on the well separated catalyst, N-CNT-
Pd. This highlights how the design of the catalyst in fuel cells as well as the local mass

transport conditions plays an important role on the energy conversion performance.

6.4 Conclusions

In this chapter, we recorded and compared the voltammograms of formate/methanol
oxidation on dropcast N-CNT-Pd and on wire electrodes modified with well-separated
individual N-CNT-Pd. It was found that the inhibition from the Pd oxide formation on the
oxidative processes on the dropcast N-CNT-Pd became retarded with the use of well
separated individual N-CNT-Pd where high mass transport conditions prevail. Further
evidence was seen in the study of formate oxidation on a single N-CNT-Pd via the nano-
impact method in which the oxidation process was also not hindered by Pd oxidation at high
overpotentials. The discovery of the superior electro-catalytic performance under high mass
transport conditions suggests requirements for the design of fuel cell development and offers

the scope for new catalytic approaches to be developed.

Appendix

1. Estimation of the number of N-CNT-Pd in 1 monolayer on the GC

electrode surface and the wire electrode surface

The average size of the N-CNT-Pd used was characterised by SEM analysis in Chapter 4.
The size is about 5 um in length and 130 nm in diameter. Assuming the CNTSs are perfectly
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tessellated on the GC electrode surface, the total length of nanotube in 1 monolayer can be
estimated to be 54 metres through directly dividing the electrode geometrical area (6.98 x 10
® m? by the diameter of N-CNT-Pd (130 nm). Then, the number of N-CNT-Pd can be
estimated to be (1.1x 10”) based on the average length of the N-CNT-Pd (5 pm).

Similarly, the geometrical area of the wire electrode (2.20 x 10® m?) is divided by the
diameter of the N-CNT-Pd (130 nm) to get the accumulated length of N-CNT-Pd (0.17

metres) in 1 monolayer on the wire electrode surface, which corresponds to 3.4 x 10* CNTs.

2. Estimation of the number of N-CNT-Pd dropcast on the GC electrode

The mass of one pure CNT with 5 um in length and 130 nm in diameter can be calculated to
be 8.9 x 10 g from the density of 1.34 x 10° g m™. With the consideration of Pd decoration,
the mass of one N-CNT-Pd is estimated to be 9.1 x 10™* g according to the decorated
percentage of Pd (2.4%, measured by inductively coupled plasma, ICP)[29]. Thus, the
number of N-CNT-Pd dropcast on the GC electrode surface (1.05 x 10’ for formate oxidation;
1.3 x 10" for methanol oxidation) is derived by dividing the dropcast amount of N-CNT-Pd
(0.96 ng for formate oxidation; 1.2 ug for methanol oxidation) by the mass of one N-CNT-Pd.
These dropcast values are very close to the theoretical number (1.1 x 10”) for 1 monolayer as

estimated in section 1.

3. Estimation of the amount of N-CNT-Pd adsorbed on the wire electrode

with in-situ modification method

The amount of N-CNT-Pd adsorbed on the wire electrode with in-situ modification method
can be derived from the stead state current (about 4 x 10 A) of the formate oxidation at the
modified wire electrode (Figure 6.4a) and the average current (about 4 x 10" A) of formate

oxidation on individual N-CNT-Pd from nano-impacts analysis (Figure 6.5). Therefore, the
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number of the N-CNT-Pd adsorbed on the wire electrode for the study of formate oxidation is

estimated to be about one hundred.
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Chapter 7

Single-Carbon Nanotube-Electrode Contact

In previous chapters, fluctuations in the current-time response of some electrocatalytic
reactions including the hydrogen oxidation reaction (HOR) (Chapter 4), the oxygen reduction
reaction (Chapter 5), formate oxidation and methanol oxidation (Chapter 6) mediated at
single carbon nanotube surfaces with the use of the nano-impacts method is clearly observed.
To elucidate the origins of the current fluctuation, in the first part of this chapter, we compare
the chronoamperometric and cyclic voltammetric responses of HOR at a single palladium-
coated carbon nanotube immobilised on the gold surface to analogous data on a carbon
substrate to determine the possible influence of the substrate material on the nanotube-
electrode electrical contact. No significant distinction between the gold and carbon was found,
indicating in the light of the considerable differences in the substrate materials’ intrinsic
electronic structures that it is the nano-motion of a nanotube at the electrode surface, which is
likely responsible for the observed current modulation. This nano-motion creates a varying
contact resistance, to which the noise in the current-time signal of the mediated reaction is
attributed. In addition, stochastic ex-situ adsorption of single nanotubes onto the gold
electrode followed by careful drying of the electrode surface was found to drastically reduce
the current fluctuation, again implying that the physical motion of the nanotube at the
electrode is responsible for the modulation of current. This work has been published in J.
Phys. Chem. C.[1]

Although removal of the solvent via drying the contact has been found to experimentally

improve the systems response, an apparently large contact resistance is still observed from
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the voltammograms of HOR at single immobilised carbon nanotubes as revealed by the much
higher overpotentials than expected. Thus, in the second part of this chapter, a new
methodology is developed to enable the measurement of the resistance across individual
carbon nanotube-electrode contacts. Carbon nanotubes (CNTSs) are suspended in the solution
phase and occasionally contact the electrified interface, some of which bridge a micron sized
gap between two microbands of an interdigitated gold electrode. A potential difference is
applied between the contacts and the magnitude of the current increase after the arrival of the
CNT gives a measure of the resistance associated with the single CNT-gold contact. These
experiments reveal the presence of a high contact resistance (~50 MQ) which significantly
dominates the charge transfer process. Further measurements on ensembles of CNTs made
using a dilute layer of CNTSs affixed to the interdigitated electrode surface and measured in
the absence of solvent showed responses consistent with the same high value of contact

resistance. This work has been published in J. Phys. Chem. Lett.[2]

7.1 Single Carbon Nanotube Voltammetry: Investigating the

Origin of the Current Fluctuations

7.1.1 Introduction

Success in detecting nanoparticle-mediated redox activity is in part predicated upon the redox
reaction of interest being significantly slower on the ‘inert' electrode substrate than on the
nanoparticle surface of study. This large discrepancy in rates may be achieved either by the
use of a suitable ‘inner-sphere’ electron transfer reaction, or by the insulation of the
supporting electrode with a ‘thin’ partially passivating layer.[3, 4] The use of carbon as a
supporting electrode material is often beneficial due to the commonly associated sluggish

heterogeneous electron transfer kinetics.[5] Alternative metallic materials which often exhibit
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slow electron transfer kinetics, such as mercury[6-8], are complicated by the ready formation
of chloride salts[9] which can and do lead to erroneous results.

One prime aim of such mediated reaction studies is the ability to rapidly screen and study
the structure-activity relationship of individual nanoparticles. In the catalytic nano-impacts
experiments (see Chapter 2 section 2.2), assuming the nanoparticle is sufficiently conductive,
the electrochemical reaction kinetics will likely be determined by the interfacial electron
transfer: the rate of reaction may either be limited by the transfer of electrons between the
nanoparticle and the supporting inert electrode, or at the nanoparticle/solution interface.
Furthermore, as the nanoparticle approaches the potentiostated electrode from the solution
phase the rate determining step will likely vary as a function of the nanoparticle/electrode
separation. At large separations the electron transfer from the nanoparticle to the electrode
will be determined by the tunnelling probability;[10] consequently, under this regime the rate
of electron transfer will likely exhibit an exponential variation as a function of the inter
nanoparticle/electrode distance.[10, 11] For contacts with a diameter smaller than the mean
free path of an electron, the interfacial resistance will scale as the inverse square of the
contact radius (the so-called Sharvin limit corresponding to ballistic transfer across the
interface);[11] conversely for contacts larger than the electron mean free path, the transfer
can be considered diffusive and the interfacial resistance will be proportional to the inverse
contact radius (Holm/Maxwell limit).[12] Subsequently, at shorter distances and with the
formation of an electrical contact, the interfacial rate of transfer may be sufficiently large for
the rate determining step to switch to that of the nanoparticle/solution interface. However, the
resistance of such a nanoparticle/electrode contact will depend upon a variety of factors, not
least the size of the contact area. For smaller, highly symmetric nanoparticles (spherical for

example), it is reasonable that the nanoparticles’ electrical contact with the electrode will be
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dominated by a single point. However, for larger and less symmetric particles the total
current will constitute the summation of multiple parallel contributions.[12]

Such investigations into the activity of individual nanoparticles are also reliant on
prolonged contact of the impacting nanoparticle with the electrode surface to allow the
extraction of kinetic data; for instance a complete (forward then backward) scan at 50 mVs™
over a potential range of 2 V requires a residence time of at least 80 s. The HOR at an
individual nitrogen-doped, palladium nanoparticle-modified carbon nanotube (N-CNT-Pd)
impacting with a carbon fibre wire electrode has been monitored voltammetrically (Chapter
4). The residence times of the N-CNT-Pds at the electrode surface are considerable (cf. >10s
seconds), implying a relatively strong physical contact with the electrode. However, during
the course of the impact the Faradaic current fluctuates significantly; these fluctuations were
observed as ‘noise’ in current-time measurements. Consequently, the first part of this chapter
aims to identify the physical origins of these fluctuations in the recorded current. This is
undertaken by comparing the voltammetric responses of individual N-CNT-Pds towards the
HOR at both carbon and gold substrates. The electronic structures of these two materials
differ significantly. The carbon fibre used within this work is predominantly graphitic in
nature; consequently the material is a semi-metal and the density of states of the two
materials at their respective fermi levels differs by two orders of magnitude(0.28 states atom™
eV?! for Au vs. 2.2 x 107 states eV'! atom™ for HOPG).[5] The difference in electronic
structure is clearly reflected, as well as in the case of the anisotropic resistivity of graphitic
carbon.[13-15] Given that the fluctuations in current likely arise from its modulation at the
nanoparticle/electrode interface, by altering the electronic structure of the electrode the

physical origin of this modulation can be probed.
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7.1.2 Experimental section

7.1.2.1 Chemicals

Preparation and characterization of the nitrogen-doped carbon nanotubes decorated with
palladium nanoparticles (N-CNT-Pd) is shown in Chapter 4. KNO3; was obtained from
Sigma-Aldrich and was used as received without further purification. All solutions were
made up with deionised water of resistivity not less than 18.2 MQ cm (25°C, Millipore) and
outgassed with N, before taking measurements at 298 K. Hydrogen (> 99.98% H,) and

nitrogen were supplied by BOC, Surrey, UK.

7.1.2.2 Cyclic voltammetry of HOR at macroelectrodes

The Pt, Au and glassy carbon (GC) macroelectrodes used in the initial HOR experiment were
of diameter 1.6 mm, 3.0 mm and 3.0 mm respectively. The Au microelectrode used for
nanoimpact experiments was 48 um in diameter. Working electrodes were polished with 1,
0.3 then 0.05 pum alumina slurries, rinsed with deionised water and dried with N, before use.
Cyclic voltammetry of HOR at the Pt mactoelectrode was measured against a mercurous
sulphate reference electrode (MSE) (+0.64 V vs. SHE) while that on the GC and Au
macroelectrodes was recorded vs. Ag/AgCI (+0.235 V vs. SHE). In both cases, a Pt sheet
works as the counter electrode. Experiments were carried out at T = 298 K in a thermostatted
Faraday cage using an Autolab potentiostat (Metrohm-Autolab BV, Netherlands). A 0.2 M
KNOj electrolyte was degassed with N, and then saturated with H, (~0.78 mM) by bubbling

for 5 min before voltammograms were recorded.

7.1.2.3 Nanoimpact experiments on an Au microelectrode

Nanoimpact experiments on the Au microelectrode were performed with a two-electrode

setup, an Ag wire serving as both a counter and pseudo-reference electrode. A suspension of
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N-CNT-Pd was prepared by sonicating 2.4 mg N-CNT-Pd in 5 mL 0.2 M KNOj; solution in a
Fisher Scientific FB15050 ultrasonic bath until the nanoparticles were well-dispersed. 20 pL
of this suspension (containing 9.6 pug N-CNT-Pd) was then added to 180 pL 0.2 M KNO3;
electrolyte which had previously been N,-degassed and H,-saturated. The solution was then
bubbled briefly for a few seconds to disperse the nanoparticles. Higher nanoparticle
concentrations were subsequently obtained by addition of further aliquots of the 2.4 mg N-
CNT-Pd suspension. To detect nanoimpacts, the potential was held at +0.6 V vs. Ag wire for

consecutive periods of 30 seconds. The voltammetry of the HOR was recorded at 50 mV s™.
7.1.2.4 Ex-situ adsorption of a single N-CNT-Pd on an Au microelectrode

An Au microelectrode was immersed in a suspension of 2.4 mg N-CNT-Pd in 5 mL 0.2 M
KNO; for a few seconds followed by its subsequent removal. The electrode surface was then
left to dry in air. During the immersion time the stochastic collision of a single nanoparticle
with the electrode surface resulted in its adsorption with the evaporation of the remaining
solvent partially strengthening the nanotube-electrode contact. The voltammetry of the N-
CNT-Pd modified Au microelectrode was then recorded in the same Hj-saturated electrolyte
as used in the previous nanoimpact experiments. An MSE reference electrode supplied by

ALS, Japan and a Pt counter electrode were used.

7.1.3 Results and discussion

7.1.3.1 Cyclic voltammetry of HOR at macroelectrodes

The oxidation of a hydrogen saturated aqueous solution (0.77 mM) containing 0.2 M KNO3;

was studied voltammetrically at platinum, gold and GC macroelectrodes (Figure 7.1). On the
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platinum electrode a clear quasi-reversible wave was observed at -0.4 V vs. Ag/AgCl

corresponding to the two-electron oxidation of hydrogen, as given by;

H, —2e~ - 2H*

The diffusional tail of the voltammogram is distorted at higher potentials (between -0.3
and -0.1 V vs. Ag/AgCl) due to the desorption/adsorption of the hydrogen from the platinum
surface.[16] Note that the position of the HOR wave on Pt is not at 0.0 V vs. SHE. This arises
predominantly from the non-unity stoichiometry of the redox reaction and the fact that under
standard conditions (1 bar pressure hydrogen) the solution phase concentration of protons and

hydrogen differ by almost three orders of magnitude.[17]
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Figure 7.1: Cyclic voltammetric response of the HOR ([H2]sa:. = 0.77 mM) on a Pt (blue solid
line), Au (red dashed line) and GC (black dotted line) macroelectrodes; notably the HOR
peak ~-0.4 V (vs. Ag/AgCI) is absent on Au and GC. The response on Pt was recorded
against an MSE (+0.64 V vs. SHE) reference electrode so has been shifted by +0.405 V for
comparison with the GC and Au scans taken vs. Ag/AgCl (+0.235 V vs. SHE).

In contrast to the voltammetric response recorded at the platinum electrode, the GC and

gold electrodes exhibited no appreciable activity towards the HOR prior to the oxidation of
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the solvent medium which occurs from about +0.4 V vs. Ag/AgCI on both substrates. This is
despite their ability to catalyse the proton reduction at a moderate overpotential.[1] However
this disparity from the response on Pt enables their application to nanoimpact experiments as
‘inert’ substrate electrodes upon which the reaction mediated at the catalytically active

nanoparticle may be probed.
7.1.3.2 Nanoimpact experiments on an Au microelectrode

In chapter 4, a carbon fibre wire electrode (length = 1mm; diameter = 7um) was immersed in
a suspension of N-CNT-Pd which was saturated with H,. The current steps in the recorded
chromoaperomograms is observed due to the arrival of an N-CNT-Pd at the electrode surface
where upon impact it is able to catalyse the HOR, hence leading to an increase in the
recorded current. The carbon fibre wire electrode is selected as a substrate electrode because
it is microscopic in only one dimension, which significantly increases the probability of an
impact occurring by virtue of the attainment of a quasi-steady state diffusion regime.[18] This
offsets the slow mass transport of the N-CNT-Pd resulting from its low diffusion coefficient
of 2 x 10™ m? s.[19] Since the fabrication of an analogous gold microwire electrode is
infeasible due to its differing mechanical properties, a gold microdisc electrode of diameter
48 um was instead employed. The distinctly smaller size of the gold microelectrode used as
compared to the carbon fibre wire electrode requires a distinctly higher concentration of
solution phase nanotubes to observe a reasonable impact frequency. During the course of an
electrocatalytic impact the currents passed are in the nano-ampere range, consequently the
use of a two-electrode system is possible in the absence of significant ohmic distortion. The
silver wire was therefore used as both a combined pseudo-reference and counter electrode.
An oxidising potential (0.6 V vs. Ag wire) was applied to the gold working electrode and

the resulting current recorded. In the presence of N-CNT-Pd clear current steps were
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observed (Figure 7.2a, blue line, shows a representative current step). The magnitudes of the
recorded steps are, although variable, highly comparable to those recorded for the same
nanotube impacts on the carbon fibre wire electrode. Consequently, these current steps are
again concluded to relate to the arrival of a single nanotube to the electrode surface, where

upon contact the palladium present catalyses the HOR.
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Figure 7.2: (a) ‘Steps on’ in the chronoamperometric profiles corresponding to impacts of
single N-CNT-Pd with the Au microelectrode at + 0.6 V vs. Ag wire (blue) and carbon fibre
electrode at + 0.1 V vs. Ag/AgCI (black). The step height above the baseline + std. deviation
is labelled; (b) CVs recorded during impacts of single N-CNT-Pd with the Au microelectrode
vs. Ag wire (blue) and carbon fibre electrode vs. Ag/AgCI (black). A blank in H,-saturated
0.2M KNO3 without N-CNT-Pd is overlaid (grey dashed). The magnitude of Iss or Igss above
the blank + std. deviation is labelled. All the measurements were conducted in H, saturated
0.2M KNO; N-CNT-Pd suspension. CVs were recorded at v =50 mV s™.

Next, upon observing an impact of a carbon nanotube at the electrode surface, a cyclic
voltammogram of the oxidation of hydrogen at the individual carbon nanotubes was recorded.
Figure 7.2b (blue line) depicts a typical example of the cyclic voltammetric response of
individual carbon nanotubes catalysing the oxidation of the solution phase hydrogen on a
gold supporting substrate. Also depicted in Figure 7.2b (dashed line) is the response of the

gold microelectrode in the absence of N-CNT-Pd. No peak corresponding to the oxidation of
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hydrogen was observed on the bare gold surface; this is consistent with that found on the gold
macroelectrode (Figure 7.1).

Comparison of the chronoamperometric and voltammetric responses recorded for the
single carbon nanotubes impacting at both the carbon and gold electrodes demonstrates that
the electrochemical responses are indistinguishable on the two substrates. This is apparent
from Figures 7.2 which shows fluctuations in the steady-state HOR current, for comparative
step heights or steady-state current magnitudes respectively, as standard deviations. Given the
extreme differences between the electronic structures of the two electrode materials
(described above), this insensitivity to the electrode substrate is of distinct importance.
Moreover, the relatively long residence times of the carbon nanotubes at the electrode
surfaces (cf. tens of seconds) indicate a strong association of the carbon nanotubes to the
electrode surface. This result highlights the differences between physical and electrical
contact, in that although the nanoparticle is resident at the electrode, the properties of the
electrical connection are clearly variable with time. The carbon nanotubes are highly
conductive due to their multi-walled structure,[20] and their large sizes preclude current
fluctuations relating to a shot noise process arising from the finite nature of the solution phase
hydrogen concentration.[21] Given this, it is reasonable to conclude that these fluctuations
are associated with the electrical connection between the electrode and nanoparticle. Of the
cases featuring similar nanoparticle residence times, similar fluctuations have been observed,;
for example in the electrochemical response of individual spherical gold nanoparticles
catalysing proton reduction on impact with a carbon fibre electrode.[22] Consequently, the
physical origin of the observed fluctuations is likely common to all the aforementioned
systems and is not related to the specific case of impacting carbon nanotubes. Hence, it is
credible that the pre-dominant source of the observed current fluctuations relates to the

nanoscopic motion of the nanoparticle at the electrode surface which serves to modulate the
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electrical connection. In order to evidence this, we further turns to considering the response
single carbon nanotubes which were adsorbed at the gold interface and the contact dried prior

to electrochemical experimentation.

7.1.3.3 Ex-situ adsorption of a single N-CNT-Pd on an Au microelectrode
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Figure 7.3: Cyclic voltammetric responses of the HOR from separate immersion experiments
on the modified Au microelectrode (red, blue), where a single CNT-Pd is adsorbed ex-situ
onto the electrode surface before drying, as compared to the unmodified Au microelectrode
(black dashed). CVs are recorded in Hp-saturated 0.2 M KNO3;. The maximum current at

higher potentials is labelled + std. deviation.

The same gold microelectrode was immersed in the previously-described 2.4 mg N-CNT-Pd /
5 mL 0.2 M KNOj suspension for a few seconds, removed and allowed to dry in air. This
enabled the stochastic ex-situ adsorption of a nanotube as described above. The modified
electrode was then, after drying, inserted into the previously H,-saturated electrolyte. Figure
7.3 depicts the representative voltammetric responses of the HOR on the Au microelectrode
after modification with N-CNT-Pd. In a majority of cases the current amplitude was

comparable to that expected for a single nanotube (2.75 nA for a single nanotube given an
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average length of 5 um) (see Chapter 4, Section 4.3.4). The voltammograms are distinctly
different from the majority of observed responses of the in-situ impacted electrodes: notably,
the magnitude of the voltammetric wave is not significantly different suggesting that in both
examples, a single carbon nanotube is located on and in electrical contact with the gold
electrodes. However, of most importance is that the large current fluctuations are no longer
observable, and that HOR is inhibited at higher potentials, although this inhibition is
reversible as evidenced by the increase in the current on the reverse scan. This ‘switching-off’
of the HOR at higher over potentials is likely associated with the electrochemical oxidation of
the carbon nanotube-supported palladium nanoparticles. The removal of current fluctuations
via drying of the electrode evidences that the noise is not inherent to the electrode material or
the nanoparticle, but arises from the electrical contact between the nanoparticle and electrode,
whereby drying of the electrode improves the contact properties. The extraction of physically
meaningful data regarding the kinetics of an electron transfer process has the pre-requisite
that large fluctuations in the current are not observed during the course of the Faradaic
process. Such good electrical contacts may be formed via the drying of the electrode (as

demonstrated) or may adventitiously occur over the course of an in-situ nanoparticle impact.

7.2 Quantifying Single Carbon Nanotube-Electrode Contact via

the Nanoimpact Method

7.2.1 Introduction

The development of energy transformation technologies is, in part, built on the production of
new and advanced catalytic materials.[23-25] These materials often seek to lower the
overpotential associated with a redox reaction, prime examples being the reduction of oxygen

or the oxidation of organic fuel stocks.[26-29] Carbon nanotubes feature extensively in this
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work both as catalyst supports and as catalysts in themselves, either chemically modified or
not.[28, 30] In the early stages of development the synthesized material of interest (i.e.
CNTs) is often added as a layer on to a supporting electrode, the resulting electrochemical
response of the modified electrode is recorded and used to evidence the ‘activity’ of the
catalyst. Section 1 of the appendix of this chapter provides an illustrative overview of some
of the numerous reports in the literature based on the use of CNTs as electrode materials and
as the bridge between two electrodes. Importantly, it is commonly implicitly assumed that an
ohmic contact with a relatively small resistance between the supporting electrode and the
material of study is made. This issue of electrical connectivity becomes yet more complex
when multilayer formations of the catalyst are considered.

The first part of this chapter has demonstrated how the connectivity of the material to the
electrode surface influences the electrochemical response.[1, 31] Specifically the behavior of
individual CNTs has been shown to be highly sensitive to the nature and quality of the
contact with the electrode. Although removal of the solvent via drying the contact has been
found to experimentally improve the systems response, an apparently large contact resistance
is still observed (see section 2 of the appendix of this chapter). However, direct information
regarding the connectivity of a carbon nanotube to an electrode surface is not readily
obtainable using conventional electrochemical techniques. The second part of this chapter
seeks to answer the question of the magnitude of the resistance between a single CNT and
electrode, and then extends the study to consider ensembles of CNTs which are shown to
have a similar high contact resistance to the single tube measurements. To enable single tube
measurements, the nano-impact method is applied based on using multi-walled carbon
nanotubes (MWCNTs) to bridge a micron sized gap between two electrodes. The work in
previous chapters (and the first part of this chapter) using the nano-impact method relates to

the measurement of electrical currents arising from an electrochemical reaction at the
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nanoparticle/solution interface. Conversely, in the work presented in the second part, by
contacting two electrodes with different potentials a current is induced to occur across the
CNT. The magnitude of the current increase after the bridging of the CNT allows the
associated resistance to be readily measured, revealing the presence of a high contact
resistance of the single CNT-gold contact. The MWCNTs are semi-metallic and their inner
conductivity sufficient that no significant potential drop occurs along the length of the
nanotube. Conventional methods of measuring contact resistances as previously reported
require complicated device fabrication and can only measure a single or a few CNTs in an
experiment.[32, 33] In contrast, the present methodology enables a simple, statistical and
non-destructive measurement of the contact resistance between the CNT and electrode, and is

a novel application of the nano-impacts technique.

7.2.2 Experimental section

7.2.2.1 Chemicals

PR24-LHT carbon nanotubes (CNTSs) and ethanol (> 99.8 %) were purchased from Pyrograf

Products Inc. (Ohio, USA) and Sigma-Aldrich respectively.

7.2.2.2 Characterization of CNTs

Transmission electron microscopy (TEM) and dark-field optical microscopy were used to
characterize the CNTs. TEM Imaging of CNTs (Figure 7.5a) was conducted with a
transmission electron microscope JEOL JEM-3000F equipped with an EDX spectrometer
with an accelerating voltage of 300 kV. Sample preparation involved dropcasting suspensions
of CNTs in ethanol on holey carbon grids (Agar Scientific) and allowing the surface to dry.

Optical measurements were performed on a Zeiss Axio Examiner microscope using a 20x oil-
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immersion objective (NA = 0.5, EC Plan-Neofluar). A Hamamatsu ORCA-Flash 4.0 Digital
CMOS camera (Hamamatsu, Japan) was applied to provide 16-bit images with 4 megapixel
resolution. Camera exposure control was carried out with the software Zen 2 (blue edition,
Carl Zeiss Ltd., Cambridge UK). 20 pL CNTs suspension in ethanol (1.2 x 10™* M) was
dropped on a clean slide and dried in air before the optical measurements. ImageJ (The
National Institute of Health, USA) was employed to analyze the TEM and optical microscopy

images.

7.2.2.3 Gold thin-film interdigitated band array electrode (IDE-Au)
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Figure 7.4: (a) Illustration of the interdigitated gold electrode (IDE-Au); (b) An optical

microscope image of IDE-Au. Inset: a picture of the whole electrode.

A gold thin-film interdigitated band array electrode (IDE-Au) (ED-IDA3-Au, Micrux
Technologies, Spain) is used in this work. The array consists of 180 pairs of bands which are
5.0 mm in width and separated by 5.0 mm gaps. An illustration of the electrode, an optical

microscope image and a picture of the whole electrode are shown in Figure 7.4. More details
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about the electrodes (ED-IDA3-Au, Micrux Technologies, Spain) can be found at

http://www.micruxfluidic.com/archivos/MicruX_thin-film_IDE_electrodes.pdf.

7.2.2.3 Chronoamperometry of the IDE-Au dropcast with CNTs

0.7 ng of CNTs were drop-cast on a gold thin-film interdigitated band array electrode (IDE-
Au) (ED-IDA3-Au, Micrux Technologies, Spain) and dried under a N, atmosphere.
Chronoamperometry was recorded at the modified IDE-Au where a potential difference was
applied between the two arrays. The two band arrays of the IDE-Au act as two separate
electrodes. The measurements were conducted in a Faraday cage with an Autolab potentiostat

(Metrohm-Autolab BV, The Netherlands) at 298 K.

7.2.2.4 Nano-impact experiments of CNTs on the IDE-Au

A suspension of CNTs in ethanol (1.2 x 10™** M) were sonicated in a Fisherbrand ultrasonic
bath S60 (230V 50/60Hz 150W) for 10 min to get a well dispersed suspension. The nano-
impact experiments were conducted by inserting the IDE-Au into the suspension of CNTs

then recording the chronoamperometry at the IDE-Au in the Faraday cage at 298 K.

7.2.3 Results and discussion

7.2.3.1 Characterization of CNTSs

The CNTs used in this work were characterized with Transmission Electron Microscopy
(TEM) and dark-field optical microscopy. In order to form a suspension of the carbon
nanotubes in solution, sonication of the sample was conducted in a Fisherbrand ultrasonic
bath S60 (230V 50/60Hz 150W). The influence of sonication upon the tube length is assessed
using dark-field optical microscopy. As shown in Figure 7.5a, tube shaped nanostructures are
observed in the TEM image and the diameter distribution of the tubes is displayed in the inset
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of Figure 7.5a. The analysis of typical TEM images gives the mean diameter of the CNTSs to
be 100 £ 29 nm (96 samples). The inset of Figure 7.5b shows a representative optical
microscopy image of CNTSs after sonication for 10 min. Well dispersed individual CNTs were
observed. The analysis of the images gives the length distribution of the CNTs (Figure 7.5b)

and the mean length to be 7.1 £ 6.7 um (412 samples).

100 150 200
Diameter / nm
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Length ./ um

Figure 7.5: (a) Typical TEM image of the CNT. Upper inset is the diameter distribution of the
CNT. Lower inset shows the amorphous outer edge and structured inner part of the CNT. (b)
Length distribution of CNTs shown in dark-field optical microscopy images. The inset is a
typical image of CNTs. The contrast of the image has been inverted for clarity.

Comparison of the optical microscopy images of CNTs with sonication for 0, 10, 120 min
was performed and shown in Figure 7.6, and the size measurements give an average length of
CNTs to be 13.3 £ 10.3 um (292 samples), 7.1 + 6.7 um (412 samples), 3.2 = 2.3 um (312
samples) respectively. In Figure 7.6, the CNTs without sonication treatments (Figure 7.6a)
are observed to be relatively long but significantly aggregated, while with long time (120
min) of sonication (Figure 7.6c¢) the majority of CNTs were broken to be too short (3.2 + 2.3
um) to bridge the gap (5 um) of the IDE-Au. Hence, the CNTs with 10 min of sonication

were used in the following experiments.
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Figure 7.6: Dark-field microscope images of CNTs with vibration for 3min (a), sonication for
10min (b), sonication for 120min (c) and comparison of the length distribution of the CNTs

(d).
7.2.3.2 Chronoamperometry of the IDE-Au dropcast with CNTs

As a first approximate route to determining the resistance between the electrode and carbon
nanotube a suspension of carbon nanotubes (0.70 ng) in ethanol was dropcast on to a gold
interdigitated band electrode array (IDE-Au). Upon evaporation of the solvent (drying under

an N, atmosphere) the carbon nanotubes form a sub monolayer coverage (<0.1%) on the
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surface. A significant number of these tubes will contact both sets of arrays on the electrode
surface. Hence, upon application of a potential difference between the two sets of electrodes
an electrical current is passed, the magnitude of which is equal to the sum of the currents
across all of the bridging contacts. The chronoamperometric response of the modified IDE-
Au was measured using potential differences of 0.1, 0.3, 0.6, 0.9 V between the two sets of

electrodes (Figure 7.7).
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Figure 7.7: (a) Chronoamperometric profiles of IDE-Au dropcast with 0.7 ng of CNTs at 0.1,
0.3, 0.6 and 0.9 V. (b) The average current at 0.1, 0.3, 0.6 and 0.9 V. Dashed red line is the

linear fitting curve.

The magnitude of the recorded current scales approximately linearly with the applied
potential difference and in the absence of CNTs the current across the two electrodes is
negligible. A plot of the average current measured against the applied potential was fitted and
the resistance between the two arrays of microbands was determined to be 5.9 x 10* Q.
According to the image analysis in optical measurements, about 79 wt. % of the CNTSs is
longer than 5 um and their average length is about 12 um. The mass of a single CNT with 12
um in length and 100 nm in diameter would be 1.26 x 10™* g given the density of 1.34 x 10°

g m>.[34] When 0.7 ng of CNTs was dropcast on the IDE-Au the maximum number of the
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CNTs which are able to bridge the gaps of the IDE-Au can be estimated to be 4.4 x 10°.
Therefore, the expected resistance from a single CNT-gold contacts in air is calculated as 2.6
+ 0.4 x 10° Q by directly multiplying 4.4 x 10° to the total measured resistance (5.9 + 0.8 x
10* Q) of the dropcast CNTSs.

Although indicative of a large contact resistance between the carbon nanotubes and the
electrode, the above interpretation is subject to a number of assumptions. Specifically the
potential drop between the CNT-CNT contacts[35] and the orientation of the tubes will be
influential. Consequently, in order to gain a more accurate measurement of the resistance
associated with the carbon nanotube a series of experiments on individual nanotubes were

performed.

7.2.3.3 Nano-impact experiments of CNTs on the IDE-Au
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Figure 7.8: Chronoamperometry examples of IDE-Au in ethanol without CNT at 0.1 V.
Bridging contacts associated with individual carbon nanotubes were investigated by vertical

submersion of the interdigitiated electrode array into a carbon nanotube containing solution
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(1.2 x 103 M, subject to 10 min of sonication). The suspension contained no electrolyte. Due
to Brownian motion the tubes collide randomly with the array. If a potential difference is held
across the two interdigitated contacts and assuming an electrical contact is made between
them, then an increase in current will be recorded corresponding to the presence and arrival
of a carbon nanotube at the interface. The magnitude of the current gives a direct measure of
the resistance associated with the bridge between the two interdigitated electrodes.
Experimentally, in the absence of CNTs the background signal is related to small parasitic
current between the interdigitated arrays, which is slightly variable (Figure 7.8) and the
average corresponds to a resistance of ~ 0.5 GQ. In the presence of CNTs current features
were observed. A typical chronoamperometric profile is shown in Figure 7.9a (blue line).
Although no features are present on some chronoamperometric profiles, a number of scans
exhibit continuous current steps, where the current switches between two (Figure 7.9a) or
more (Figure 7.10) apparently discrete levels. These steps are ascribed as relating to the
collision of individual CNTs with the IDE-Au. Some of the impacting CNTs lie on the
surface of the IDE-Au, and for those with the length over 5 um their landing may bridge the
gap between neighboring bands and consequently switch ‘on’ the electric circuit (Figure
7.9b). The regular current steps in one or more consecutive scans were recognized to be one
collision event and attributed to the physical motion of the landing CNTs during the contact.
79 collision events (at 0.1 V) of individual CNTs were recorded with chronoamperometry
and the current steps were analyzed, giving a mean current of 5.5 + 0.3 x 10 A. The

distribution of the current steps is shown in the inset of Figure 7.9a.
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Figure 7.9: (a) Chronoamperometric profiles of IDE-Au in pure ethanol (black line) and a
suspension of CNT (1.2 x 10™** M) (blue line) at 0.1V. Inset: the distribution of current steps
from 79 collision events. (b) lllustration of the nano-impact experiment of CNTs at IDE-Au.
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Figure 7.10: Chronoamperometry showing two discrete current steps at IDE-Au in a
suspension of CNT (1.2 x 103 M) at 0.3 V.

In order to further evidence that the recorded current fluctuations are associated with the

carbon nanotubes, nano-impact experiments were also performed in the suspension of the
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CNTs with 120 min of sonication treatment. No current steps were detected in the
chronoamperometic profile (Figure 7.11). From the optical microscopy measurements after
120 min of sonication the CNTs have a mean length of 3.2 + 2.3 um (Figure 7.6c).
Consequently, after such a duration of sonication few of the tubes have the required length to
bridge the inter-electrode gap. Since the concentration of the remaining CNTs longer than 5
um is very low, the frequency of the collision events is decreased to undetectably low levels

during the period of the measurement.
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Figure 7.11: Chronoamperometric profiles of IDE-Au in a suspension of CNT (2.8 x 107 M)

after sonication for 120 min at 0.1V.

Quantitative evaluation of the electrical transport performance of single CNTs on the gold
substrate was further carried out by investigating the current steps at four different potentials
applied between the arrays of microbands. Figure 7.12a shows the representative
chronoamperometric profiles of IDE-Au in a suspension of CNTs (1.2 x 10™** M) at 0.1, 0.3,
0.6 and 0.9 V. It is found that the current steps increase with the increase of the applied
potential. During the measurements, 79, 58, 60, 44 current steps were collected at 0.1, 0.3,

0.6 and 0.9 V respectively, and the plot of average current against potential shows good
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linearity (Figure 7.12b). Note that the current for each step was obtained by averaging the
recorded current on the step. From the slope of the linear fitting the average total resistance of
a single CNT bridging two gold substrates was realised with the nano-impact method and
determined to be 1.1 + 0.1 x 10°® Q. It should be recognized that the magnitude of the

measured resistance is sensitive to the nature of the CNTs and the surface of the electrode.
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Figure 7.12: (a) Chronoamperometric profiles of IDE-Au in a suspension of CNT (1.2 x 103
M) at 0.1, 0.3, 0.6 and 0.9V. The Inset is a zoom in of the profile at 0.9V. (b) The average
step current at 0.1, 0.3, 0.6 and 0.9V. Dashed red line is the linear fitting curve.

Returning to the ensemble experiments where a layer of CNTs were dropcast so that when
0.7 ng of CNTs were affixed to the IDE-Au, the maximum number of the CNTs which are
able to bridge the gaps of the IDE-Au can be estimated to be 4.4 x 10° (see section 7.2.3.2).
Therefore, the expected resistance from a single CNT-gold contact in air is calculated as 2.6
+ 0.4 x 10% O by directly multiplying 4.4 x 10° by the total measured resistance (5.9 + 0.8 x
10* Q) of the dropcast CNTs. This value is comparable to that (1.1 + 0.1 x 10® Q) obtained
from the single CNT-gold contacts in ethanol via the nano-impact method. It is therefore
indicated that, in terms of the electron transport performance, the property of the CNT-gold

contacts in ethanol is similar to that in the dropcast CNTs which is dry and performed in the
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absence of a solution phase. The slightly higher value of single CNT-gold contact resistance
estimated from the ensemble measurement than that directly obtained using the nano-impact
method is attributed as relating to a possible overestimate of the number of CNT bridging
contacts formed.

We next consider the origin of this ~100 MQ bridging resistance. As schematically shown
in Figure 7.9b, for a single CNT with two ends contacting the gold substrate, the total
measured resistance (Ri:) consists of the internal resistance of the CNT (Rcnt) and two
contact resistances (2R;) between the CNT and gold substrate. It has been reported that R
contains both an intrinsic (Rix;) and extrinsic (Rex) component.[33] Rin IS the quantum
resistance (Rint = Rq = 3.25 k) arising from interfacing with a quantum confined system,[36]
while the Rex component results from the transport of carriers at the CNT-gold contact. The
literature reported resistivity of individual CNTs ranging from 7.8 uQem to 117 puQem,[37]
moreover, the Rent Of @ single CNT with 5 um in length (the distance between the electrode
arrays) and 100 nm in diameter can be estimated to be within the range of 5-74 kQ. This
value for Rent is significantly less than the measured resistance (1.1 + 0.1 x 10® Q) for an
individual bridging contact. Hence, the major component of the measured resistance is
associated with the contact between the gold and carbon materials.

In addition, the magnitude of the impact currents is found to be insensitive to the size of
the gap between the two electrodes. Nano-impact experiments were further conducted with
the IDE-Aul0 (both each band and gap are 10 um in width) in the suspension of CNTs with
10 min of sonication treatments. The chronoamperometric profiles of the IDE-Aul0 were
recorded at 0.1 V and 36 current steps were analysed, giving an average step current of 3.7 =
0.8 x 10™® A. Herein, only those over 10 um can bridge the gap of the IDE-Aul0 and be
detected in the chronoamperometric scans. It was found that the average step current from the

IDE-Aul0 is close to the value obtained with the IDE-Au5 used in this work (both each band
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and gap are 5 pm in width) (5.5 + 0.3 x 10™° A) at the same potential (comparison of current
steps distribution is shown in Figure 7.13), indicating that the total measured resistance
doesn’t show dependence on the length of the CNTs which is proportional to Rent. It is thus
further confirmed that the reminder R. plays a dominant role in the transport performance of

the CNTs on the gold substrate.
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Figure 7.13: Comparison of the distribution of the current steps detected at IDE-Au5 (both
each band and gap are 5 um in width) and IDE-Aul0 (both each band and gap are 10 um in
width).

The magnitude of this measured contact resistance (~50 MQ) is significant and implies
that, for many experimental cases, a practical limit in terms of the current per particle may
exist. For an isolated particle with an associated current of only 1000 pA and a contact
resistance of 50 MQ, a measurable (50 mV) drop in potential at the electrode/particle
interface will exist. An important and yet unanswered question is how the morphology and
architecture of large ensembles of tubes — with numerous electrode-CNT contacts — may

influence the connectivity of the entire CNT catalyst network.
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7.3 Conclusions

In this chapter, the first work studied chronoamperometric and voltammetric responses of
individual N-CNT-Pds at a gold electrochemical interface and compared to the response
observed for impacts at a carbon fibre microwire electrode. Although the electronic
properties of the electrode substrates differ significantly, the electrochemical responses are
found to be essentially indistinguishable: current fluctuations of a similar magnitude were
present for both substrates. Instead the fluctuations are attributed to the nano-motion of the
nanotube at the electrode surface, which modulates its electrical contact and therefore the
resulting current. Moreover, ex-situ adsorption to the gold electrode followed by drying of
the interface improves the electrical connection between the nanoparticle and substrate such
that the voltammetric response arising at a single carbon nanotube may be recorded in the

absence of large current fluctuations.

Next, a new method allowing the rapid measurement of the resistance across individual
CNT-electrode contacts was developed. The charge transfer process is shown to be
significantly dominated by the presence of a high contact resistance (~50 MQ). This is
consistent with ensemble measurements made in the absence of solvent where a dilute layer
of CNTs were affixed to the electrode surface. When studying new nanomaterials
electrochemically, either at the single particle or bulk (ensemble) scale, the desire is for the
experimental rate determining step to be the reaction at the catalyst/solution interface and not
that of the contact between the electrode and nanomaterial. The magnitude of the above

reported contact resistance suggests this may not always be the case.
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Appendix

1. Overview of some of the numerous reports in the literature based on the
use of CNTs as electrode materials and as the bridge between two

electrodes

Some illustrative reports of applications of CNTSs in the sustainable energy technologies (fuel
cells, batteries and solar cells) and in electrochemical sensors and biosensors are listed as
follows. In addition, some of the reports relating to the CNTs as the bridge between two

electrodes are shown.

Fuel cells:

CNTs Function References

Carbon nanotubule-Pt Carbon Nanotubule Membranes for

nanoparticles Conducting materials Electrochemical Energy Storage and

membranes Production. Nature 1998, 393, 346-349
Improved Charge Transfer at Carbon

MWCNTs Conducting materials Nanotube Electrodes. Adv. Mater. 1999,
11, 154-157
Preparation and Characterization of
Multiwalled Carbon Nanotube-

PYMWCNTs Catalyst support Supported Platinum for Cathode
Catalysts of Direct Methanol Fuel Cells.
J. Phys. Chem. B 2003, 107, 6292-6299
Characterization and Evaluation of Pt-

Pt-RU/MWCNTS Catalyst support Ru Catalyst Supported on Multi-Walled
Carbon Nanotubes by Electrochemical
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Impedance. J. Power Sources 2006,
160, 915-924

Pt-Pd/CNT

Catalyst support

Carbon Nanotube Supported Platinum—
Palladium Nanoparticles for Formic
Acid Oxidation. Electrochim. Acta

2010, 55, 4217-4221

Pt-Fe, Pt-Co, Pt-
Ni/CNT

Catalyst support

Fabrication of Bimetallic Pt-M (M =
Fe, Co, and Ni) Nanoparticle/Carbon
Nanotube Electrocatalysts for Direct
Methanol Fuel Cells. J. Power Sources
2009, 188, 347-352

NSWCNT

Electro-catalyst

Highly Efficient Metal-Free Growth of
Nitrogen-Doped Single-Walled Carbon
Nanotubes on Plasma-Etched Substrates
for Oxygen Reduction. J. Am. Chem.
Soc. 2010, 132, 15127-15129

CNT-Graphene

Electro-catalyst

An Oxygen Reduction Electrocatalyst
Based on Carbon Nanotube-Graphene
Complexes. Nat Nano 2012, 7, 394-400

Pt-RU/NCNT

Catalyst support

PtRu Nanoparticles Supported on
Nitrogen-Doped Multiwalled Carbon
Nanotubes as Catalyst for Methanol
Electrooxidation. Electrochim. Acta
2009, 54, 4208-4215

CoO/NCNT

Catalyst support

Oxygen Reduction Electrocatalyst
Based on Strongly Coupled Cobalt
Oxide Nanocrystals and Carbon
Nanotubes. J. Am. Chem. Soc. 2012,
134, 15849-15857
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CoMn,04/PDDA-CNTSs

Catalyst support

Noncovalent Hybrid of CoMn,04
Spinel Nanocrystals and Poly
(Diallyldimethylammonium Chloride)
Functionalized Carbon Nanotubes as
Efficient Electrocatalysts for Oxygen
Reduction Reaction. Carbon 2013, 65,
277-286

Pt/PAH-CNTs

Catalyst support

Carbon Nanotubes Decorated with Pt
Nanoparticles Via Electrostatic Self-
Assembly: A Highly Active Oxygen

Reduction Electrocatalyst. J. Mater.

Chem. 2010, 20, 2826-2830

Batteries:

CNTs

Functions

References

LBL-CNT-coated on
ITO

Conducting materials

High-Power Lithium Batteries from
Functionalized Carbon-Nanotube
Electrodes. Nat Nano 2010, 5, 531-537

Structure and Electrochemical

Performance of Nanostructured

FesO4/CNT Conducting materials | FesO4/Carbon Nanotube Composites as
Anodes for Lithium lon Batteries.
Electrochim. Acta 2010, 55, 1140-1144
Coaxial MnO,/Carbon Nanotube Array

MnO,/CNT Conducting materials | Electrodes for High-Performance

Lithium Batteries. Nano Lett. 2009, 9,
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1002-1006

CNT-conducting

polymer

Conducting materials

Flexible, Aligned Carbon
Nanotube/Conducting Polymer
Electrodes for a Lithium-lon Battery.
Chem. Mater. 2007, 19, 3595-3597

SnO,-Au/CNT

Conducting materials

One-Pot Synthesis of Carbon
Nanotube@SnO,—Au Coaxial
Nanocable for Lithium-lon Batteries
with High Rate Capability. Chem.
Mater. 2008, 20, 6951-6956

Solar cells:
Single Wall Carbon Nanotube Scaffolds
for Photoelectrochemical Solar Cells.
SWCNT-TiO, Conducting materials | Capture and Transport of

Photogenerated Electrons. Nano Lett.
2007, 7, 676-680

Pt nanoparticles on
SWCNT

Catalyst support

Platinum Nanoparticle-Adsorbed
Carbon Nanotube Yarns for Efficient
Fiber Solar Cells. ACS Nano 2012, 6,
7191-7198.

CNT-CdS

Conducting materials

Photoinduced Electron Transfer in
Agqueous Carbon Nanotube/Block
Copolymer/Cds Hybrids: Application in
the Construction of
Photoelectrochemical Cells. J. Mater.
Chem. 2009, 19, 8990-8998

SWCNT-Polymer

Conducting materials

Combining Single Wall Carbon
Nanotubes and Photoactive Polymers
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for Photoconversion. J. Am. Chem. Soc.
2005, 127, 10051-10057

SWCNT-TiO,

Conducting materials

Photoreactive TiO,/Carbon Nanotube
Composites: Synthesis and Reactivity.
Environmental Science & Technology
2008, 42, 4952-4957

Aligned carbon

Conducting materials

A Free-Standing Aligned-Carbon-
Nanotube/Nanocomposite Foil as an

Efficient Counter Electrode for Dye

nanotube .
Solar Cells. Energy & Environmental
Science 2012, 5, 8377-8383
Sensors:
_ Carbon-Nanotube Based
Electrochemical ) _ _
CNTs ) Electrochemical Biosensors: A Review.
biosensors )
Electroanalysis 2005, 17, 7-14
Solubilization of Carbon Nanotubes by
_ Electrochemical Nafion toward the Preparation of
CNT-Nafion ] o
biosensors Amperometric Biosensors. J. Am.
Chem. Soc. 2003, 125, 2408-2409
Carbon Nanotube/Teflon Composite
Electrochemical Electrochemical Sensors and
CNT-Teflon
sensors and biosensors | Biosensors. Anal. Chem. 2003, 75,
2075-2079
Low-Potential Stable Nadh Detection at
Carbon-Nanotube-Modified Glassy
CNTs Electro-catalyst

Carbon Electrodes. Electrochem.
Commun. 2002, 4, 743-746
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Pt nanoparticles/CNT

Conducting materials

Electrochemical Biosensing Platforms
Using Platinum Nanoparticles and
Carbon Nanotubes. Anal. Chem. 2004,
76, 1083-1088

CNTs as the bridge between two electrodes:

SWCNT

Conducting materials

Individual single-walled carbon
nanotubes as nanoelectrodes for
electrochemistry. Nano Lett. 2005, 5,
137-142.

SWCNT

Conducting materials

Carbon nanotube intramolecular p-i-n
junction diodes with symmetric and
asymmetric contacts. Sci. Rep. 2016, 6,
22203.

SWCNT

Conducting materials

High-work-function metal/carbon
nanotube/low-work-function metal
hybrid junction photovoltaic device.
NPG Asia Mater. 2015, 7, €220.

CNTs

Conducting materials

Defining and Overcoming the Contact
Resistance Challenge in Scaled Carbon
Nanotube Transistors. ACS Nano 2014,
8, 7333-7339.

SWCNT

Conducting materials

High-Performance Field Effect
Transistors from Solution Processed
Carbon Nanotubes. ACS Nano 2010, 4,
6659-6664.
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2. Comparison of CVs of HOR for different CNT-electrode contacts
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Figure 7.14: (a) CV of HOR at the glassy carbon electrode dropcast with N-CNT-Pd; (b) CV
of HOR for single N-CNT-Pd-electrode contact in the solution phase (black line) and for N-
CNT-Pd-electrode contact in the absence of solvent (blue line). Vertical dot line represents
the reversible half-wave potential (E;/2) for the HOR (-0.194 V vs. SHE).

In Figure 7.14a, the CV shows a quasi-irreversible peak for HOR at the ensemble Pd/CNT
modified electrode. The mid-point potential (-0.348 vs. Ag/AgCI) is relatively close to the
expected reversible HOR half-wave potential (-0.449 vs. Ag/AgCl) (-0.194 V vs. SHE)[38],
indicating the low resistance for the CNT ‘mat’-electrode contact. However, HOR at both
single CNT-electrode contact in the solution phase via the nano-impact method (black line)
and the dry CNT-electrode contact (blue line) occur at comparatively high overpotentials.
Although the removal of the solvent reduces the current fluctuation, there is still no major
change in the position of the HOR wave. Hence in this case we conclude that the conductivity

of CNT-electrode contact is not dominated by the presence of the solvent.
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Conclusions

Electron transfer at solid/liquid interfaces underpins energy transformation science and
technology most notably in fuel cells, solar cells and batteries. Smaller dimensions of the
electroactive surface create conditions of high mass-transport permitting the resolution of
faster electrode kinetic effects and hence providing better mechanistic understandings. This
thesis has investigated some key reactions involved in the energy conversion applications at
single catalytic nanoparticles-the palladium nanoparticle decorated carbon nanotube (CNT-Pd)
via the ‘nano-impact’ method. The following conclusions have been drawn:

1. The current amplification by the production of under-potential deposited hydrogen
(Hupp) from proton reduction on palladium nanoparticles decorated carbon nanotubes (CNT-
Pd) was used as an indicator to evidence the electrode collision of individual carbon
nanotubes. The present method not only enables the detection and characterization of the
individual CNT-Pd in a non-destructive and stochastic way but also reveals the good
conductivity and reactivity of the CNT-Pds.

2. A facile procedure which enables rapidly and easily gathering of single nanotube
voltammetry was established by investigating the hydrogen oxidation reaction (HOR) at
single CNT-Pds. Single catalytic CNT-Pds reside on the support electrode for such
sufficiently long time once colliding with the electrode that cyclic voltammetry of HOR on
single decorated carbon nanotube can be realized.

3. Single nanotube voltammetry of the oxygen reduction reaction (ORR), in combination
with new theoretical models, demonstrates that the reduction of oxygen on Pd involves the
initial formation of absorbed superoxide O, (ads) with fast electron transfer kinetics but with

an apparent low transfer coefficient due to double layer effects arising from the coulombic
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interactions of the adsorbed superoxide species inside the double layer. This gives new
physical insights into some of the many electrode processes involving adsorbed intermediates.

4. Comparison of the voltammograms of formate/methanol oxidation on CNT-Pd
ensembles and well-separated individual CNT-Pds shows that the inhibition from the Pd
oxide formation on the oxidative processes on the ensembles became retarded with the use of
well separated individual N-CNT-Pd where high mass transport conditions prevail,
suggesting requirements for catalyst design developments in fuel cells.

5. Finally, the investigation of the origins of the current fluctuation observed in single
nanotube voltammetry reveals that the physical motion of the nanotube at the electrode
surface is responsible for the modulation of current. A new method allowing the rapid
measurement of the resistance across individual CNT-electrode contacts further indicates that
the charge transfer process is significantly dominated by the presence of a high contact
resistance, providing major implications for the widespread use of CNTSs in electrochemical
applications.

The above significant discoveries on single catalytic nanoparticles demonstrate the
importance of methodology development for studying electrochemistry at nanoscale on both

fundamental and applied electrochemistry.
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