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Abstract

The oxygen reduction reaction (ORR) is an important cathode process in fuel cells
and metal-air batteries which promises enormous energy storage and conversion
capability for portable electronics and electric vehicles. However, this reaction is quite
sluggish and therefore requires a highly effective electrocatalyst, such as the
state-of-the-art platinum materials, to drive the energy storage devices. The main obstacle
for commercial applications lies in the poor electrocatalytic activity of non-platinum
materials and the high cost (and scarcity) of platinum-based electrocatalysts. To achieve
an ideal combination of high performance and low cost, functional carbon materials like
graphene and carbon nanotubes have become more and more predominant in the field of
research for their numerous advantages. However, it is essential that the origin of activity
in ORR electrocatalysis is understood and the electrode configuration optimized before an
effective electrocatalytic cathode can be rationally designed. In this thesis, there are three
major sections covering the topics of the optimized structure for a porous carbon
electrode, the ORR on metal-free heteroatom-doped carbons and the ORR on metal

oxide/carbon hybrid electrocatalysts.

In the first section, a study of the electrode configuration of graphene-chitosan
composites for ORR is reported. Graphene nanosheets, a two-dimensional carbon
allotrope, can gather into various assemblies depending on the amount of introduced
chitosan binder. In particular, the assembled composite configuration can have substantial
impact on the ORR overpotential. The mass and charge transport inside the
graphene-chitosan composite was shown to be most influenced by the assembled
structure, due to the distant separation of individual graphene nanosheets in a chitosan

medium. Furthermore, a minimal amount of chitosan binder can ensure efficient transport



for both mass and charge, provided that the active material itself is electrically

conductive.

The second part focuses on the ORR performed on oxygen and halogen-doped
carbons (and sulfur) as important metal-free electrocatalysts. These attempts were aiming
to provide information about the activity origin of metal-free nitrogen-doped carbons;
direct study on N-doped carbon was thus not part of the focus. In the study of
oxygen-doped carbons, limited activity improvement was found for most of the oxidized
carbon nanotubes, although it was determined that the basal plane epoxides could be the
most active of the common oxygen functional groups. Other surface oxygen groups
(carboxyls and carbonyls) are also responsible for the improved ORR activity.
Halogen-doping on reduced graphene oxide showed some small activity improvement for
bromine and iodine doping, but not for chlorine. The electronegativity contrast of the
dopant does not seem to be a crucial factor for highly efficient ORR. An accidental
doping of sulfur in the form of sulfide did not seem to encourage the ORR on the doped
graphene.

Metal oxide/carbon hybrids have recently attracted attention for their synergistic
effect in ORR electrocatalysis. By combining spinel manganese oxide and graphene oxide
nanoribbons (GONR), the covalently bound Mn;O,-GONR interface was structurally
resolved and determined to be the origin of the synergistic effect. In addition, the
functional roles of each electrocatalytic component in the hybrid are really what govern
the apparent four-electron ORR. A further study on amorphous manganese-oxygen
nanoclusters attached to partially impaired carbon nanotubes showed that the amorphous
nanoclusters act like a fully exposed covalent C-O—Mn junction in the Mn3O0,-GONR

hybrid and can deliver similar activity to crystalline Mn;O,-GONR hybrid. Importantly,



these manganese-oxygen nanoclusters are the direct active sites for both catalytic O, and

H,0, electro-reduction.
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Chapter I.

Literature Review on the Oxygen Reduction Reaction
and the Electrocatalyst Development
&

Thesis Outline



1.1 Introduction

Electrochemical energy storage and conversion systems are anticipated to
dominate in our future electrical energy grid."* Our modern society has a growing
demand for sustainable power sources in order to implement next generation portable
multimedia and communication technologies, and fully electrified transportation.?*
Although fossil fuels remain an effective power source, their non-renewable nature
means that they will inevitably become exhausted, and the use of fossil fuels is
considered a major cause of global warming.*® In order to replace fossil fuels, there is
an urgent need to develop high-capacity electrochemical power sources. In this
respect, both fuel cells and metal-air batteries are highlighted in this category of

electrochemical devices."*®’

Unlike internal combustion engines, these electrochemical devices directly
convert chemical energy to electrical energy through electrochemical reactions
between a light-weight anode (e.g., hydrogen, hydrocarbons or metals) and a cathode
of gaseous oxygen (O.). Featured examples are hydrogen (H,) fuel cells,* and
lithium-air (Li-air) rechargeable batteries,” in which the devices possess enormous
energy-storing capability as given by the very high specific energies (33,500 Wh kg™
for H, fuel cell and 11,700 Wh kg™ for Li-air battery) and the high cell voltage.'?
Figure 1.1 shows a direct comparison of the specific energy of H, fuel cells and Li-air
batteries (indicated by red arrows) with other types of conventional batteries and fuel
cells. It is important to recognize that the essential element in these devices is the use
of virtually unlimited O, from the air in the cathode process.®®® Without the need to
carry the air (which is therefore “weightless”), both fuel cells and metal-air batteries

are able to deliver the massive energy storage capacities.
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Figure 1.1 Expected specific energies of conventional batteries and fuel cells.?

The oxygen reduction reaction (ORR) is a central process in fuel cells and
metal-air batteries and its capability essentially governs the device performance.
However one complication associated with the use of these technologies is the
sluggish reaction kinetics that requires an appropriate electrocatalyst to promote the
ORR for a practically workable cell.***** Unfortunately, such electrocatalysts are
usually very expensive and scarce in nature; they are not likely to be commercially
available for consumer devices. Moreover, the electrocatalytic activity of these
precious materials is still unsatisfactory to meet the power demand for massive
machines. Therefore the development of high performance electrocatalysts at an

affordable cost is a most urgent task.

The search for excellent ORR electrocatalysts has been ongoing for almost two
centuries.** Until now, precious Pt-class materials remain as the state-of-the-art
standards for ORR electrocatalysis and current research strives to find a low-cost
alternative to replace the precious materials.** A general overview of the progression
of electrocatalyst development is illustrated in Figure 1.2."> Non-precious materials

such as transition metal compounds (metal oxides and chalcogenides) and transition



metal macrocycle complexes had been exploited as potential candidates, although
none of them could transcend the activity of Pt-class electrocatalysts and there were
other problems with bringing them into application.’®? Recently, carbon-based
materials have emerged as superior candidates for their low-cost and versatility of
physical forms and chemical properties.”>**** The high specific surface area and the
satisfactory electronic conductivity of particular graphitic carbon materials (e.g.,
graphene, carbon black and carbon nanotubes) are bonuses for their use in
electrocatalysis.”>? In particular, the ability to adopt specific bonding and electronic
configurations with heteroatoms, especially nitrogen, has granted the carbon-based
materials decent electrocatalytic activity for the ORR, together with excellent
tolerance against poisoning chemicals.?*#*3® All these advantages certainly raise the
hope for the use of carbon-based materials as low-cost, high-performance ORR

electrocatalysts.

(1) Wang et al. Nat Mater, 2012, 12:81
(2) Tian et al. Science, 2007, 316:732
(3) Stamenkovic et al. Nat Mater, 2007, 6:241

(4) Wu et al. Science, 2011, 332: 443
(5) Yang et al. Angew Chem Int Ed, 2011, 50:7132
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Figure 1.2 An overview of the progression of ORR electrocatalyst development.*®

Like other potential materials under research and development, the exploitation

of carbon-based materials suffers from a series of scientific problems. The most



challenging obstacles are associated with the unclear origin of the electrocatalytic
activity and the unclear reaction mechanism on the modified carbons.®3 Still, the
research has progressed by the use of beneficial empirical elements (e.g., high
temperature and nitrogen-containing precursors) without an explicit understanding
backed up by experimentally-validated theory.'”***** The ORR mechanism on
modified carbons remains controversial due to the lack of knowledge of the active site
structure and this has significantly hampered the rational development of high
performance ORR electrocatalysts.’>?*% For example, nitrogen doping was known to
greatly improve the electrocatalytic activity of carbons at high temperatures, although
the reason behind this fact remains open to conjecture even after a few decades of
effort. Another major issue comes with the appropriate selection of electrode structure
(and composition) for the ORR. Unlike simple solution electrochemistry, the ORR
involves complex charge-transfer reactions and mass transport conditions at the
electrocatalytic surfaces.” This requires a suitable electrode configuration for both
participating processes in order to support the overall reaction kinetics. In this context,
much effort has been dedicated to resolving the origin of the electrocatalytic activity

and the mechanism, with a view to optimizing the electrode structure.

In this review, we provide an overview of current understanding of the ORR
electrocatalysis and the recent development of carbon-based electrocatalysts. Since
the use of aqueous electrolytes is the norm in fuel cells and metal-air batteries,®** the
discussions will be based on ORR in these systems. A general introduction on the
ORR processes and current opinions for improving the electrocatalytic activity will be
delivered in the first section. Next, three major categories of carbon-based ORR
electrocatalysts under intensive development will be highlighted: structurally

engineered porous carbon electrodes, heteroatom-doped carbons and metal



oxide/carbon hybrid electrocatalysts. In each section, an overview of the research and
the current understanding of the origin of the improved electrocatalytic activity will
be presented, together with critical discussions on the conclusions that have been

drawn.

1.2 Fundamentals of ORR electrocatalysis

1.2.1 Basic ORR and the reaction pathways

In general, the ORR represents the cathode reactions that reduce an O, molecule
into water and various oxides, depending on their reaction pathway and the electrolyte
system.®#?*3 Table 1.1 provides a summary of the ORRs in aqueous electrolyte
systems and their corresponding reaction potentials.® Simplistically, the ORR can
proceed through two different reaction pathways. When a total of four electrons are
inserted into an O, molecule at once to form two water molecules in acid solution or
four hydroxide ions under alkaline conditions, the ORR process is said to be a direct
four-electron (4e) pathway. If an O, molecule only receives two electrons at first,
followed by a delayed gaining of two additional electrons, then a two-step
two-electron ([2+2]e) pathway is dominant.® The generation of peroxide intermediates
is the main characteristic that distinguishes the stepwise mechanism from the 4e

pathway.

Table 1.1 A list of ORRs and their reaction potentials in aqueous electrolytes.

Electrolyte Reaction pathway Reaction potential
Alkaline 4e pathway:
Aqueous 0, + 2H,0 + 4e” - 40H™; +0.401 V (NHE)
Electrolyte [2+2]e pathway:

0, + H,0 + 2e” - HO,” + OH™;  -0.065V  (NHE)




HO,™ + H,0 + 2~ — 30H" +0.867V  (NHE)

Acidic 4e pathway:
Aqueous 0, + 4H* + 4e~ - 2H,0; +1.229V  (NHE)
Electrolyte [2+2]e pathway:
0, + 2H* + 2e™ - H,0,; +0.70V  (NHE)
H,0, + 2H* + 2e~ = 2H,0 +1.76 V  (NHE)

From a device perspective, it is always preferable to drive the ORR in a 4e
pathway for maximum utilization of transferred electrons. Although the [2+2]e ORR
also involves a total of four electrons, there exist three major drawbacks when the
generation of intermediate peroxides is highly probable.***#4447 Firstly, the peroxide
intermediates are usually quite stable against further electrochemical reduction; this
causes additional reaction overpotential for the peroxide reduction.®*® Secondly, the
peroxides can easily leave the electrode surface (since they are quite stable) and lead
to an overall two-electron yield per O, molecule. This can result in a reduced current
flux and therefore less efficient energy conversion. Thirdly, the accumulated peroxide
species can react with the electrode causing degradation to the electrocatalyst and the
membrane separator through chemical oxidation.**** To circumvent these adverse
consequences, the peroxide generation should be inhibited through careful selection

of the reaction pathway.

associative OOH ™+ OH~ —» 40H™

y ([12+2]e ORR)

% ® H,0
Ozgs9y = Ozase) Ofugsy + 20H"—> OHyye + 30H™—> 40H™
N\ —_ (4¢ ORR)
Ogads) t Oats) — 20H +20H™ —» 40H™
dissociative (4e ORR)

Figure 1.3 The associative (¢) and dissociative (2) ORR mechanism in alkaline

electrolyte.*



Unfortunately, the mechanism is in fact much more complicated in realistic
situations, where the ORR has to occur at an electrode surface. As an inner-sphere
reaction, the ORR in either pathway involves multiple interactive processes with a
heterogeneous electrode surface including O, adsorption, charge transfer and product
dissociation.”*° In this respect, the boundary between the 4e and the [2+2]e pathway
can become ambiguous when the transitional states on O, adsorption (e.g., adsorbed
peroxides) are concerned. Hence, a refined classification has employed “dissociative”
and “associative” descriptions based on the initial adsorbed O, configurations to
distinguish between the different mechanisms for 4e ORR.>* Figure 1.3 presents a
schematic diagram of the associative and dissociative reaction mechanisms.
Basically the dissociative mechanism can only go through the 4e pathway where two
oxygen atoms of an O, molecule simultaneously attach to electrocatalytic sites (i.e.,
side-on mode) and the O—O bond is cleaved as the first elementary step. In contrast,
the associative mechanism refers to the single attachment at one end of an O,
molecule (i.e., end-on mode; an adsorbed peroxide), while the cleavage can be either
at the first attachment (generates a free peroxide) or at the O-O bond (the 4e ORR).
Note that the [2+2]e pathway can only undergo the associative mechanism.>* Again,
this classification relies on the production of peroxide species to differentiate the two
pathways, except this time the “peroxide” may be a temporary intermediate attached
on the electrode surface. Importantly, the application of the refined definition of
reaction pathways not only relates to the ORR processes occurring on a physical
surface, it also allows computational input to help determine the mechanism on a

particular electrocatalyst.

Beside these conventional electrochemical pathways, the occurrence of peroxide

intermediates has introduced an alternative pathway in the associative mechanism.



Since peroxides are meta-stable in nature, they can spontaneously self-decompose
into O, and H,0 (acid)/OH" (base) through the disproportionation reaction, as shown

in Eq. 1.1.%>°°
2 H202/H02_ d 02 + 2 Hzo/OH_ (Eq 11)

This means that any as-produced peroxides, being free or adsorbed, are prone to
decompose and regenerate the reactant. As such, the electrochemical reduction is
terminated with a total yield of two electrons, and this process is not advantageous if
the regenerated O, molecule is not bound to the electrode surface. Fortunately, this
chemical reaction typically requires a good catalyst to accelerate the decomposition in
order to be important.>”*® However, under circumstances where this reaction can be

highly favoured, it may be considered as a plausible ORR pathway.

Table 1.2 Summary of possible ORR pathways through different mechanisms.

Pathways Mechanism of O, adsorption
4€ (side-on attachment) Dissociative
4€ (end-on attachment) Associative
[2+2]e Associative
2e (+ peroxide decomposition) Associative

From this discussion it can be seen that there are various mechanistic pathways
for the ORR, rather than a simple discrimination between direct or serial reaction
pathways. A summary of the ORR pathways and mechanisms are given in Table 1.2.
Although there are sharp differences among the ORR pathways from a theoretical
point of view, there is no simple method to distinguish between them in a practical
system. This is because accurate in-situ detection of all forms of intermediate
peroxides is very challenging.® In this case, one cannot differentiate among the

dissociative and the associative mechanisms for a 4e ORR in a real experiment. If the



surface peroxide in the [2+2]e pathway can be reduced so rapidly that no peroxide can
be detected, the result would be an apparent “4e ORR”.°*®®! |n another situation
where an electrode can rapidly reduce O, into peroxide while providing an excellent
catalytic platform for peroxide decomposition, the large current flux and the absence
of detectable peroxide also resemble an apparent 4e ORR.®*®! It is worthy of note that
all of above examples can deliver an apparent 4e ORR behaviour in voltammetry
experiments, implying that unravelling the true mechanism, especially for highly
efficient ORRs, is very difficult. One outstanding attempt by Jaouen and co-workers
has demonstrated a direct 4e ORR on a Fe/N/C electrocatalyst by the elimination of
other possible mechanisms through a series of comparative experiments coupled with
mathematical modelling.®®®® Still, it is almost impossible to explicitly resolve the
ORR mechanism on an electrocatalyst. This is the main obstacle holding back rational

development of ORR electrocatalysts.
1.2.2 Fundamental ORR processes and electrocatalysis

There are three fundamental processes in ORRs, regardless of their mechanistic
pathways: (1) the diffusion of O, molecules through the bulk of the electrolyte to the
proximity of electrode surface, (2) O, adsorption to the electrode surface (or active
site) and (3) electron transfer to an adsorbed O, molecule.® For an efficient ORR, all
three processes should be facilitated or any of them could become rate-determining.

This section will discuss their importance towards the ORR performance.

The diffusion of reactant molecules is usually the first obstacle for reactions
occurring in a solution. Once dissolved in the electrolyte, the O, molecules must
diffuse across the bulk to near the Helmholtz plane for the surface adsorption and
subsequent reaction activation.®” In this process, the movement of reaction species

follows Brownian behaviour and the net displacement of a particular species is driven
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by the concentration gradient. Once an ORR is activated, the O, concentration will
quickly deplete around the electrode and this creates a gradient of O, concentration.
The distant O, molecules will then diffuse towards the electrode as a feeding current.
At the same time, the accumulated products (e.g., peroxides and hydroxides) also
need to escape from the electrode or they could hinder the reactant diffusion. If the
electrokinetics is much faster than the reactant supply, the ORR can be greatly
retarded by the diffusion process.”’ For a maximal feeding current, the mass transport
for both the reactant and products must be facilitated in order to support the ORR
kinetics. However, this is less serious when the diffusion processes take place in a
low-viscosity aqueous electrolyte. In fact, the main problem arises in a non-ideal
electrode for which the ORR occurs at the electrode/electrolyte boundaries within a
porous composite electrode. The diffusion within the porous electrode is usually
limited by the dense binder matrix and can be modulated by the electrode structure.
Mass transport within a porous composite electrode will be covered in the next

section.

The adsorption of an O, molecule to an electrode surface is a necessary step
before any ORR could occur, as binding is necessary for the following intermolecular
charge transfer.*®® Therefore, the preferential sites for O, adsorption are often
considered as the ORR active sites. Since the adsorbed configuration will determine
the ORR pathway, it is not difficult to imagine that the factors enabling the

chemisorption would have important roles for the subsequent ORR.>*°0®°70

or
instance, an O, molecule arriving in a side-on mode will undergo a dissociative
mechanism (definitely a peroxide-free 4e ORR), whereas in an end-on mode the O,

molecule may go through an associative mechanism.>*"* However, the factors desired

for O, adsorption cannot directly predict the primary adsorbed configuration, at least
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not with current computational methods. At present, there are two major postulates on
the beneficial elements for preferential adsorption, either based on a quantum
chemical approach,**®™72 or a classical theory of O, reactivity.”*”*™® Since the
concepts are best exemplified with carbon-based models, the below discussion will

employ carbon materials as the principal system.

From recent quantum chemical calculations, it was suggested that the spin and
charge density distributions across a heteroatom-modified (especially nitrogen-doped)
carbon surface govern the O, adsorption.®® A density functional theory (DFT)
simulation by Zhang et al. suggests that the carbon atoms near a nitrogen group in a
graphene plane with high spin density or positive charge density are the
electrocatalytic active sites because they are energetically favourable for O,
adsorption.™ Another DFT study by Okamoto has introduced geometrical parameters
to the functional group, where more than one nitrogen atom in different arrangements
were incorporated in a graphene lattice.”” His results suggested that the polarization of
a C—N moiety in a graphitic basal plane can lower the adsorption barrier of O, in a
side-on mode (typically side-on adsorption has a larger barrier than end-on
adsorption), and the adsorption can be fairly favourable when there are more than
three nitrogen atoms in a structural moiety, in which each nitrogen atom is separated
by the lattice carbon atoms as shown in Figure 1.4a. Further, Kim et al. showed that
the adsorption of an O, molecule in an end-on mode is more favourable than in a
side-on mode and suggested that that the edge carbon atom adjacent to a valley-type
graphitic nitrogen atom may be the most probable active site for ORR with fast
kinetics (NO configuration in Figure 1.4b).”® In general, many calculation-based
results agree that the positive charge in the carbon atom next to an

electron-withdrawing nitrogen atom is a crucial factor for preferential O, adsorption.
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However, one flaw in the quantum chemical calculations is the absence of an applied
electric field to the model carbon structure. When an electrode potential is applied, the
expected charge distribution on the model nitrogen structure may be disrupted. In a
different viewpoint, Wang et al. suggested the positively charged sites on a carbon
surface efficiently extract electrons from the anode thereby facilitating the O,

adsorption and the reduction.”

O N Ty TN

EF Ed(|S
NO = 2.21(2.65)"
N1 1.11 (1.29)° 1.08 (1.52)"
N2-A  0.90 (1.26) 0.06 (0.50)
N2-B  0.85(1.21) 0.06 (0.50)
N2-C  0.99 (1.35) 0.26 (0.70)
N3 0.90 (1.44)  -0.26 (0.18)"
N4 0.88 (1.60)  —0.57 (-0.13)"

Figure 1.4 (a) Nitrogen-containing structural moieties for O, adsorption (top), and the
related formation energy of the N-doping (Ef) and the adsorption energy of O, (Eags)
in units of eV (bottom); the values in parentheses are the energies including the
correction of Gibbs free energy in the corresponding standard states.”” (b) Nitrogen
structures (blue) and the model O, adsorption sites (yellow) employed in the

calculation by Kim et al..”

In the view of classical chemical reactivity, preferential O, adsorption is a type of
chemisorption that is equivalent to a chemical oxidation.®*® This suggests that an
electrophilic O, molecule would adsorb to a nucleophilic site with labile electrons to

be donated, rather than to electron-deficient carbon atoms or stable electronegative
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nitrogen atoms.®® In short, the basic sites on an N-doped carbon surface, by the Lewis
definition, are the potential adsorption sites. An example using a carbonyl moiety as
the model (also generates similar basic sites as N-doped carbons) demonstrates that it
is the second or the third carbon neighbour to the doubly bonded oxygen atom (Figure
1.5).%° Analogously, the second or third carbon neighbour to an imine group would be
the adsorption site. This creates the principal difference from the results of DFT
calculation, which suggests that the first carbon neighbour (with positive charge) to a

nitrogen atom is the candidate adsorption site.

+HO; +0OH~

[e]

Figure 1.5 Garten and Weiss mechanism for ORR on quinone-functionalized

graphitic carbon surface.®

Alongside these models that focus on the beneficial factors for O, adsorption, a
complementary theory has been brought up by Narskov et al., which describes the

desired binding strength for O, and its possible transitional intermediate in order to
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facilitate the ORR in a dissociative mechanism.>* In their consideration, an efficient
catalytic surface cannot bind O, and its intermediate so strongly to prevent further
chemical change upon reduction. Thus there must be an optimal binding energy for
the reaction species, especially for the O, binding. An important outcome of the work
is the construction of a volcano plot, which provides a direct correlation of the ORR

activity of various transition metals with their O, binding energies.

There is more to be done to verify the correct mechanism of O, adsorption,
especially at identifying the adsorbed configuration of O, on an active site.
Nonetheless, these inferences and predictions have offered useful clues towards the
probable ORR active site structure from first-principles to guide the design of ORR

electrocatalysts.

Lastly, the charge transfer to an adsorbed O, molecule is probably the simplest
yet the most difficult process to study. It is the simplest because it involves a simple
transfer of electrons from an electrode to an adsorbed O, molecule. However, it can
be the most difficult to study when the adsorbed configuration is not known; there
could be a vast number of possbilities with all kinds of proposed reactant-substrate
complex.” To accurately investigate the charge transfer process requires knowledge
of the adsorbed O, configuration (and therefore the energy state), the reaction
complex and the effective physical properties of the electrode under an applied
electric potential. As stated earlier, the actual adsorbed O, configuration is typically
not accessible, let alone a correct prediction of the complex structure. Added to that,
the physical properties of electrode, such as the electrode structure, the conductivity
and the diffusion within the electrode, cannot be simply measured. As a result the

study of the charge transfer process has not been very successful to date.

1.2.3 Mass transport within a porous composite electrode
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When a porous electrode is used in an ORR, the reaction process can become
complicated as the mass transport within such an electrode has to also be considered

in addition to the simple diffusion process in the electrolyte.'™

Typically, a porous
electrode is in a composite material consisting of a powdered active material and a
polymeric ion-conducting binder (Figure 1.6).*""* In this situation, the ORR occurs at
the new phase boundaries inside the porous electrode and the mass transport within
the binder matrix will be hindered in both inward and outward directions as compared

to diffusion in the aqueous electrolyte.*"*?

It is worth mentioning that the charge
transport is also important in a porous electrode when the electron now needs to be

transported to the active material surface through the narrow, interconnected

conductive path.”® An efficient ORR will require facilitated kinetics for all transport

Processes.
Bare Porous
Glassy Carbon Composite
Composite
coating
e

Binder

Active
material

Figure 1.6 An illustration of a porous composite electrode. The enlarged view
describes the active material (brown) and the binder (red) in a composite matrix; the

empty portion may be filled with electrolyte and is the path for reactant diffusion.

In a porous composite electrode, the mass transport can be separated into two
processes: the O, diffusion to the electrode for reactant feed and the ion conduction to

remove the accumulated ionic products (in an alkaline electroly‘[e).6 In this case the

16



ORR will take part at new phase boundaries at the surfaces of electrically connected
active material within the composite matrix. Therefore, diffusion of reactants must
occur across the binder portion in order to reach the reaction surface. One direct
consequence is the slowdown of the movement of neutral O, molecules towards the
active material, depending on the density of the composite and the binder content.®
Yet, this situation may be circumvented if the composite can be made highly porous
(therefore less dense) for efficient electrolyte intake and with a high content of active
material so that the diffusion path to reach the active materials is shorter. Additionally,
the outward diffusion of ionic products (e.g., OH") requires an efficient ion-conductor
because the diffusion of charged particles is easily influenced by the charged surfaces
and the spectator ions in the electrolyte.*® In such cases, the binder is usually carefully
selected to possess good ionic conductivity to relieve the concentration stress within
the porous composite electrode. Without a capable ion conductor, the absorbed
electrolyte will have to transport two streams of reaction species within the narrow
porous channels at the same time; this would certainly hinder the mass transport

kinetics.

Not all of the active material surfaces are considered as reaction surfaces, but the
situation is in fact more complicated. Other than the two mass transport mechanism,
one must also consider the charge transport from the current collector to the active
material.®> Without an electron conduction path, the active materials cannot collect
electrons for the ORR and thus are not useful for the cathode reaction. Hence, the new
complex phase boundaries inside the composite electrode have to satisfy the transport
conditions for both charge and reaction mass in order to facilitate the ORR. From this,
it should be clear that the structure and composition of a porous composite electrode

must be firstly optimized before the electro-kinetics can be promoted.
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1.2.4 Improving the ORR activity

The understanding of the fundamental ORR processes provides useful insights
into the design of electrocatalytic active site and the desired electrode structure,
though it is also important to recognize that there are practical aspects that can
improve the ORR activity. In general, the ORR activity is defined by the magnitude of
reaction overpotential (the extra energy required to activate a reaction) and the
reaction current when performed on an electrocatalyst. For an efficient electrocatalyst,
the ORR would deliver a low reaction overpotential and a large reaction current
throughout the reaction potential range.’ To achieve these reaction features with
respect to a given electrolyte system, there are six key aspects that need to be taken
into account. The first three aspects are associated with the fundamental processes
(diffusion, adsorption and charge transfer) while the charge transport resistance, the
ORR pathway and the active electrode surface area also have significant impact on

the overall performance.®

As discussed, the three fundamental processes basically regulate the ORR
activation. Consequently, the potential barriers for the diffusion, adsorption and
charge transfer processes will hinder the reaction activation and increase the reaction
overpotential. To reduce the reaction overpotential, the diffusion process must be
facilitated, and the ORR active sites should be properly designed for preferential O,

adsorption and efficient charge transfer.

Electrode resistance also retards the electrochemical O, reduction by creating a
direct potential barrier.** This resistance can be intrinsic to the electrode material or
can originate from poor electrical contacts within a porous composite electrode. When
this resistance is significant, the applied electrode potential will have to overcome

such barrier (as an ohmic drop) by raising the potential in order to promote the
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reaction to a similar flux on a fully conductive electrode. Thus it is important to

ensure that the electrode is electrically conductive for charge transport.

Apart from the reduction of reaction overpotential, there are two common
strategies to increase the reaction current.® Firstly is by restricting the ORR to a 4e
pathway. In this way, the fundamental current per reaction would be double that of the
ORR in a 2e pathway. This is the main reason why researchers strives to design
electrocatalysts that have the ability to perform a 4¢ ORR. Secondly, electrode surface
area is another key contributor to the reaction current.”” Eq. 1.2.4.1 is a general
mathematical description of an electrochemical reaction current, which also works for

the ORR.%?
i), = nFAkC, (Eq. 1.2.4.1)

In the equation, the reaction kinetic current (i, reaction-based current) is the product
of average electron-transfer number (), Faradaic constant (F), electrode surface area
(4), kinetic rate constant (k) and bulk reactant concentration (Cp). It can be seen that
the electrode surface area plays an important role in determining the level of current
response. Since the larger the surface area, the more probable the reaction can initiate
at rising of electrode potential (reactions do not instantly start to its maximum
capability due to limited contact area and inhomogeneous surface) and therefore the
faster the reaction activation. Certainly, increasing the electrode surface area per given
weight of electrocatalyst can derive a larger reaction current at low applied

overpotential, if the reaction is not limited by the sluggish diffusion.
1.2.5 Analytical techniques for measuring the ORR activity

Analytical methods for the ORR activity measurement are essential for the

examination of electrocatalysts, in order to provide a platform for cross-laboratory
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comparison of electrocatalyst performance and also for understanding of the reaction

88-91

mechanism. In the following, we will briefly describe conventional

electrochemical techniques for the assessment of ORR activity.

As the most common technique in electrochemistry, cyclic voltammetry (CV)
has been widely used for preliminary screening for reaction potentials by sweeping
the electrode potential back and forth. This includes the ORR and other side reactions
(e.g., metal contamination and electrolyte reactions). CV is typically performed under
stationary reaction conditions and the system is controlled by natural diffusion. Since
the diffusion behaviour and the electric double layer at electrode surface can
complicate the mathematical description of the situation, CV does not provide

valuable information for the reaction mechanism.

Rotating electrode techniques are very popular for the measurement of ORR
activity. One obvious advantage of using a rotating electrode is the creation of a
laminar flow of electrolyte fluid, perpendicular to a planar electrode. This can
significantly suppress the double layer capacitance and facilitate the exchange of
reactant and product at the electrode surface. In this kind of hydrodynamic
environment, the diffusion process in the electrolyte can be accurately described by
mathematical models and therefore useful mechanistic parameters can be calculated
for an ORR. Typically, linear sweep voltammetry (LSV) is employed on a rotating
electrode for a first examination on the current propagation behaviour by a single
linear sweep of the electrode potential. This can determine the ORR onset potential
and, in some cases, the participation of multiple reaction steps. The current density
also provides information about the efficacy of an ORR process. These are the basic
pieces of information obtainable from a simple LSV experiment on a rotating

electrode.
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Based on the analytical approach and setup, rotating electrode techniques can be
categorized into the rotating disk electrode (RDE) and rotating ring-disk electrode
(RRDE) methods. Both methods are able to provide the average electron transfer
number (n) as an important mechanistic parameter in an ORR. In the RDE method,
the analysis relies on the Koutecky-Levich equation (K-L equation, Eq. 1.2.5.1) in
order to calculate the n number from a double reciprocal plot of the measured current
(7) and the square root of the electrode rotation rate (w) at a given reaction potential.92
The K-L equation describes a partially diffusion-controlled electrochemical process,
in which the current contributions come from the Levich current (i;, Eq. 1.2.5.2) and a
kinetic current (i, as in Eq. 1.2.4.1). The Levich current is a mathematical solution to
a disk reaction under a linear diffusion field generated by electrode rotation, in which

F is the Faraday constant, A4 is the electrode area, C, is the bulk reactant concentration,

v is the kinematic viscosity and  is the electrode rotation rate in rpm.

=142 (Eq. 1.2.5.1)

[ i ik
i, = 0.2nFAC,D?/3v~1/6¢1/? (Eq. 1.2.5.2)

By knowing the system constants (F, A, Cy,, D, v and w), the n number can be

calculated from the slope of the double reciprocal plot.

The RRDE method employs a current feedback system at the ring electrode for
simultaneous detection of the reaction intermediates.”” The working principle is
illustrated in Figure 1.7.°* Basically, an ordinary LSV is carried out to scan the
potential at the disk electrode, while a constant oxidising potential is held at the ring
electrode to oxidize any possible labile intermediates. If we assume that an ORR
simply follows the reactions as shown in the figure, then the » number can be

calculated from both the disk (i3) and ring (i;) currents and a known value of
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collecting efficiency (N) following Eq. 1.2.5.3.”*%° In addition, the ring current is a

direct reflection of the amount of generated peroxide and hence it makes possible the

calculation of percentage production of peroxide, as expressed in Eq. 1.2.5.4.%%%
__ 4ig
n= Tati /N (Eq. 1.2.5.3)
_ _ 2007i/N
YoHOS iatic/N (Eq. 1.2.5.4)

Both #» number and %HO, represent important criteria for assessing the ability of an

electrocatalyst to deliver 4e ORR and to suppress peroxide production.

Platinum —
Ring CB 2e + 2H*
——— H,0,
O,
Tetlon Graphite 4e" + 4H*
Disk » H,0O
At ring:
H,0, + O, +2e +2H*

Electrolyte Flow

Figure 1.7 The working principle of RRDE method and the expected reactions.”

Tafel analysis is another useful method for understanding the reaction
mechanism. This analysis employs a simplified form of the Butler-Volmer equation,
the so-called Tafel equation, to evaluate the rate-determining step in an ORR. The
Tafel equation is shown in Eq. 1.2.5.5, where iy is the exchange current, S is the
symmetry factor, R is the ideal gas constant, 7 is the temperature and # is the applied

overpotential.”*”

. . F
In(i) — In(iy) = ﬁ—T n (Eq. 1.2.5.5)
From a plot of In(i) versus 7, the slope of the linear region can provide the reaction
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mechanism about the rate-determining step.”® For a rate-determining single-electron
transfer, the Tafel slope is typically close to 120 mV dec™'. However, when a chemical
step following the charge transfer is rate-determining, then a Tafel slope of 60 mV
dec ™! should be obtained. This enables identification of the rate-retarding processes in

an ORR.

Lastly, the stability of electrocatalysts on operation and the tolerance against
chemical poisoning are also common criteria for assessing the applicability of an
electrocatalyst.”° Constant potential amperometry (CPA) is a technique which
monitors the current response over a time period at a constant applied reaction
potential.®*° When there is a gradual decrease in reaction current within a short
period, the electrocatalyst is very likely unstable under the given conditions. In
another situation where there is a sharp drop in current when a poisoning chemical
(e.g., CO and methanol) is introduced, then the electrocatalyst is certainly
incompatible with the poisoning chemicals. Although CPA cannot quantify the
activity of an electrocatalyst, it is nevertheless useful to help foresee potential

shortcomings before bringing a class of materials into application.

1.3 Recent development of ORR electrocatalysts

1.3.1 A brief history of ORR electrocatalyst development

The history of the development of ORR electrocatalysts is perhaps centred
around two classes of materials: precious metals and biological molecules.***® Both
catalysts are considered to be derived from nature, given that precious metals like Pt

are simply extracted from natural ores and particular peptide entities occur naturally
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in living organisms. As the archetypes of most artificial electrocatalysts, they are
capable of delivering highly efficient 4e ORR at a very fast rate and are still used as

the standard models for activity evaluation.”

Ever since Pt demonstrated excellent ORR performance in the very first fuel cell
invention in 1839, extensive research effort has been invested in advancing this
category of electrocatalyst by alloying and modifying the nanostructures.'* Due to the
lack of versatile chemistry, there has been only limited improvement. More recently,
the expensive market price and the low abundance of Pt have driven the investigation
of into non-precious metal oxides (and chalcogenides).”> However, there have not
been major breakthroughs on pure metal oxide materials because of their high
intrinsic resistances. In addition, most metal oxides can only work in alkaline media
as they are prone to dissolution in acidic electrolytes. This remains one of the major

limitations for this family of materials.*®**2

Alternatively, the focus has shifted to the active sites of biomolecules after the
bottleneck was encountered for Pt-based electrocatalysts. In particular, the O,-binding
ability of haemoglobin and the efficient ORR catalyzed by cytochrome ¢ oxidase
(CcO)."8%1% have stimulated researchers to imitate their active sites for developing
superior ORR catalysts. This eventually led to studies of various small molecules
based on non-precious transition metal macrocycles for better ORR activity, for
example, the phthalocyanine- and porphyrin-based transition metal complexes.’**
One distinguished example was demonstrated by Collman et al. in which a rationally
designed dicobalt face-to-face porphyrin complex can effectively promote 4e ORR in
an acidic electrolyte.?® Despite this, only a few combinations of transition metal and

macrocycle structure can successfully facilitate 4e ORR in this group of

materials.'”'8% Because of this, the past research was directed to metal-containing
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nitrogen-doped (N-doped) carbons after the discovery of the unusual activity
enhancement by high temperature pyrolysis of the macrocycles under an inert
atmosphere.'”% Following this, an explosion of N-doped carbon materials for ORR
has taken place in the literature. Initially it was believed that metal-coordinated
nitrogen-containing moieties that emerged after high temperature treatment, especially
in the range of 700-900 °C, were reported for the improved activity.>** In 2009,
Gong et al. reported that vertically-aligned N-doped carbon nanotubes (CNTSs) after
the removal of metal impurity can offer superior ORR activity to that of a commercial
Pt/C catalyst in an alkaline electrolyte.?® This strongly encouraged the research
direction of metal-free carbons for high-performance ORR. Since then, significant
effort has been devoted to resolving the activity origin in N-doped carbons and this

has promoted the screening of various non-metal heteroatom-doped carbons.

Other recent research has followed up the transition metal oxide materials by
incorporating carbon materials to reduce the material resistance as a whole. Typically,
carbons have been used as a conductive filler in a composite electrode to reduce the
high resistance of metal oxides. This simple strategy can deliver much improved
reaction performance for semiconducting metal oxides. In 2011, Dai and co-workers
discovered a possible synergistic effect in a metal oxide/carbon hybrid through
covalent connection.*® This has caused a burst of interest in the field and motivated
researchers to screen other combinations of metal oxides and carbon. Similar to
N-doped carbons, current research in the area focuses on unravelling the origin of the

improved ORR activity.

As an emerging research emphasis, recent studies have started to recognize the
benefit of porous carbon electrodes for generally improved ORR. Apart from the high

surface area, the porous structure of such carbon materials may have an important role
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in facilitating ORR. One research highlight demonstrated by Chen and co-workers
was the demonstration that a porous carbon with high pore surface area can more
efficiently facilitate the ORR.'® Indeed, this is one of the few examples that exploited
the physical electrode structure to promote the observed ORR.!®!%" There is an

increasing number of papers published now that take advantage of this concept.

To this point, there are three main directions of ORR electrocatalysts: (1)
structurally engineered porous carbon electrodes, (2) metal-free, heteroatom-doped
carbons and (3) synergistic metal oxide/carbon hybrids. The next section will touch on

the chemistry and current understanding of each category of materials.
1.3.2 Structurally engineered porous carbon electrodes

Structurally engineered porous carbon electrodes have been widely used for the
purpose of facilitating mass transport and increasing the reaction surface area. The
aspect of mass transport within a porous composite electrode has been discussed in
Section1.2.3. On the other hand, a large reaction surface area could merely provide a
higher Faradaic current, according to Eq. 1.2.4.1. In this regard, it would be quite
intriguing if a physically modified porous carbon electrode could direct the ORR

pathway.

As widely known, the high surface area in carbons often comes from highly
porous three-dimensional (3D) structures; a large surface area would typically mean a
higher pore density and smaller pores.*®™ Interestingly, the ORR turned out to be
more selective towards an apparent 4e pathway when the reaction is performed in
low-density, highly porous carbons.’®®*?'3 |n the work of Choi et al., two high
surface area Ketjen Black carbons of different micropore surface areas were decorated

with pyrolyzed metal-nitrogen catalysts under the same reflux treatment
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(FeCo-EDA-300R and FeCo-EDA-600R).'% Their results show that the carbon with a
higher micropore surface can provide a slightly higher onset potential and a much
smaller ring current density, demonstrating an efficient 4e ORR (Figure 1.8). Zheng et
al. also reported a similar result for ORR carried out in the mesopores with a diameter
of ~3.0 nm when the pore walls were decorated with N-doped electrocatalysts.*?
Furthermore, Liang et al. demonstrated that improved ORR activity can also be found
in 3D ordered macroporous carbons decorated with g-CsN, catalysts.**® If the ORR
electrocatalysis is purely of a chemical basis, then it is very interesting that the ORR

can operate at a higher onset potential through an alternative reaction pathway with

identical material chemistry.
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Figure 1.8 (a) A table of the physical properties of the unmodified Ketjen Black
carbons and the catalyst-decorated carbons after a reflux treatment. (b) LSV-RRDE
profiles of the carbon materials performed in O,-saturated 0.5 M H,SO, with an
electrode rotation rate of 900 rpm; the top is the ring current densities and the bottom

is the disk current densities. %
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An explanation of these phenomena may be related to transport effects in
spatially confined porous carbons.®® The transport hindrance in the limited space
could restrict the escape of peroxide intermediates from the surface proximity of the
surface. In such situations, the promotion of reduction of the peroxides can eventually
lead to a 4e-like ORR behaviour. If this particular aspect of ORR can be directly

confirmed in porous carbons, it may be a new approach towards more efficient ORR.
1.3.3 Metal-free heteroatom-doped carbons
1.3.3.1 Nitrogen-doped carbons

Since the discovery of the beneficial effect of high temperature treatment on
transition metal macrocycles, a huge amount of literature on N-doped carbons for
ORR has been documented.****™° However, not all of the metal-free N-doped
carbon exhibits excellent ORR activity in respect of the onset potential and the
reaction current. There are in fact only a small number of reports that demonstrated
Pt-level performance of their N-doped carbons.?**?°*?! |n most cases, the as-claimed
highly active N-doped carbons display an inferior performance to that of commercial
Pt/C,*** although they are superior in the tolerance against chemical poisoning by

carbon monoxide and methanol.*°

This has raised an interesting question: what is the
origin of such exceptional ORR activity in the metal-free N-doped carbons? Two
aspects related to the materials are relevant to this discussion: (1) trace metal

impurities and (2) the configuration of nitrogen groups.

The contribution of trace metal impurities in doped carbons to the ORR activity
has been brought to wide attention by two separate groups very recently.*?>*?* In most
N-doped carbons, it is very challenging to completely remove the transition metal

residues that are introduced at early stages of the preparation by washing with acids.
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Interestingly, it is a common observation that the presence of both metal and nitrogen
in the carbon source at high temperature treatment can lead to a better ORR activity
than when only one is present alone.***** In an experiment by Masa et al., it was
shown that enhanced ORR activity in linear sweep voltammetry on a rotating
ring-disk electrode (LSV-RRDE) could result from a trivial amount of iron residue
that remained in a polypyrrole-derived carbon (Figure 1.9a,b).*? In a highlight on the
significance of trace metal impurities in the commonly claimed “metal-free” doped
carbons, Wang et al. demonstrated that the metal residues in the form of metal oxides,
especially MnO,, can also give rise to the superior activity in reduced graphene oxide
(Figure 1.9¢,d).?® As such, the debate as to whether the metal participates in the
active site (or is the active site) or merely facilitates the formation of the active site
remains unsettled, although it is clear that the presence of metal residues in many

forms is beneficial for the ORR activity.
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Figure 1.9 (a) XPS survey spectra of a polypyrrole-derived carbon (R) incorporated
with 0.10% Fe (red) and Mn (black), pyrolyzed at 800 °C under He gas; (b)

LSV-RRDE profiles of the pyrolyzed carbons at different Fe content in an
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O,-saturated 0.1 M KOH electrolyte, rotated at 1600 rpm.'** (c) LSV profiles of
various transition metal oxides located on a glassy carbon (GC) electrode in an
O,-saturated 0.1 M KOH electrolyte; (d) the recorded ORR onset potentials for the
metal oxides and hydrazine-reduced graphene oxide by Hummer’s method (G-HU)

and Staudenmaier’s method (G-ST).'?

Indeed, metal incorporation can have a profound influence on the chemistry of
N-doped carbons in the synthesis and make it inseparable with the carbon counterpart.
During pyrolysis, the impregnated metals in the form of organometallic complexes or
salt nanoparticles can coordinate with nitrogen groups, act as catalysts for carbon
graphitization and also direct the morphology of the graphitic structures.’?> The
positive consequences of this are the enriched active sites, and the improved degree of
graphitization. On the other hand, the embedded metal nanoparticles are usually
protected by the graphitic shells and can be quite difficult to remove.>* This has

complicated the understanding of the activity origin in N-doped carbons.

If we accept that the highly active N-doped carbons can be completely metal-free,
then the nitrogen functional groups (N-groups) in appropriate configuration must be
the origin of the high ORR activity. In the early studies, the formation of coordinated
metal-nitrogen moieties, typically in a N4-M configuration, has been credited as the
active sites in macrocycle-derived N-doped carbons.*®*®!%" | ater supported by the
degradation of N4-M complex and the formation of inactive metallic particles at high
temperatures (> 550 °C),*? there is a school of belief that the nitrogen functionalities
without a coordinated metal centre are the ORR-active sites. In general, there are four
types of nitrogen functional groups that have been frequently endorsed in metal-free
nitrogen doped carbons: pyrrolic, pyridinic, quaternary types and pyridinic N-oxide,

based on X-ray photoelectron spectroscopy (XPS) characterization (Figure 1.10).*%
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Figure 1.10 (a) A structural model of possible nitrogen groups on N-doped carbon

after pyrolysis and their binding energies.'”’

Of the four types of conventional nitrogen groups, only the pyridinic and
quaternary types have been suggested as the ORR active sites for their regular
occurrence in active N-doped carbons. This is also supported by the results of
quantum chemical calculations.™®*** Owing to the difficulty of selectively doping a
single type of nitrogen to carbon over the course of thermal treatment, the ascription
of active sites to pyridinic and quaternary nitrogen groups remains a hypothesis.*>*%
In an attempt to verify this hypothesis, Luo et al. employed a chemical vapour
deposition (CVD) method to synthesize a neat pyridinic N-doped graphene for the
study of ORR active sites.*® Unfortunately, the pyridinic N-doped graphene did not
show the anticipated ORR activity; the voltammetry behaviour displayed a low onset
potential and a low reaction current with a two-step ORR mechanism.*** The focus of

the active site studies has therefore been directed towards the quaternary nitrogen

groups.

The category of quaternary nitrogen includes the graphitic type (in sp’
configuration) and the ammonium type (in sp> configuration) structures.®* At the
moment, there is no selective method to dope either quaternary group into carbon, and
their investigation has been a challenge. Despite this, in numerous reports there has
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been general agreement on the active nitrogen groups and attribution of the good
ORR activities of their N-doped carbons by the existence of quaternary nitrogen
groups as observed in the XPS results.*>*2133135 This does not help the elucidation
of ORR activity on quaternary nitrogen groups. Clearly, alternative methods must be
sought. In an ingenious approach, Wang et al. demonstrated an effective strategy to
study the ammonium type nitrogen by adsorbing an ammonium-containing
polyelectrolyte to graphene as a conductive support.”” The outcome was quite
encouraging in the enhancement of reaction current and the reduced peroxide
generation, even though the improvement in the onset potential was not very
impressive (Figure 1.11). These characteristics indicate a 4¢ ORR-like mechanism,
like that of active N-doped carbons. This partly supports the hypothesis of active
quaternary nitrogen groups. On the other hand, the evaluation of graphitic nitrogen
structure usually relies on the existence of graphitic type nitrogen in N-doped carbons,
which always involves a mixture of other nitrogen groups. A solution to this is by
transforming the population of non-graphitic nitrogen into graphitic type in the
N-doped carbon, which does not have any graphitic nitrogen structure before the
reaction.”*® In this way, the change in ORR behaviour may be reasonably ascribed to
the increased amount of graphitic nitrogen. This approach was used by Zheng et al.
who showed that a hydrothermally derived N-doped graphene containing only
pyridinic and pyrrolic nitrogen, can be converted into a N-doped graphene with a
moderate population of graphitic nitrogen.**® However, the weakness in this method is
the change in the carbon chemistry upon the thermal treatment; the reduced level of
oxygen may have granted the pyrolyzed graphene better conductivity. Nonetheless,
their result was also quite encouraging in that a higher onset potential and slightly
higher reaction current could be achieved.** On top of this, Sharifi et al. further put

forward that the graphitic nitrogen at valley (edge) positions is more active than that
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within the basal plane.’* From these remarks, simple quaternary nitrogen groups

appear to be active for ORR although maybe not to an extent that is comparable with

typical active N-doped carbons.”*341%°

(b)

E
© 00
E ]

(a) = 051
2

cl- S -1.0
€ .15 ——Disk Current Density
o : —— Ring Current Density
3 20
1.2 —1’0 70‘8 —dﬁ —0‘4 —dZ 0.0
E (V vs. SCE)

1 ——Disk Current Density
—— Ring Current Density

Current Density (mA cm?)
P

1.2 -1.0 0.8 -0.6 -0.4 0.2 0.0
E (V vs. SCE)

Figure 1.11 (a) Schematic diagram of the ORR performed on graphene with adsorbed
polydiallyldimethylammonium (PDDA) chloride. (b) The LSV-RRDE profiles of

graphene and (c) PDDA-graphene in an O,-saturated 0.1 M KOH electrolyte.”

In a recent highlight of N-doped carbon research, an amine-functionalized holey
graphene was prepared at a low temperature (180 °C) by a hydrothermal method.™**
This means that the nitrogen functional groups do not necessarily fall into the
conventional assignment and allows the reasonable existence of amine-type nitrogen
in the “N-doped” carbon. Jiang et al. demonstrated that, with a negligible amount of
graphitic type nitrogen, the amine-rich graphene can display a one-step ORR
behaviour with a very high current and a much higher onset potential than typical
chemically derived graphene.*** The authors admitted that the reaction onset potential
was still lower than that of a pyrolyzed metal-free N-doped graphene reported

elsewhere.!?* Despite this, their result suggests a direction for low temperature
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nitrogen structures as potential ORR active sites.

Until now, the explicit structure of the active site in N-doped carbons is still
controversial within the scientific community, although there is no doubt that we have
learnt much of the material chemistry with the help of conventional characterization
tools. Since N-doped carbons have been very thoroughly exploited over the past few
decades, further insights will require strategic experiment design and advanced

spectroscopic methods for resolving the active site configuration.
1.3.3.2 Other non-metal heteroatom-doped carbons

Inspired by the excellent activity of N-doped carbons, researchers in the field
have expanded the scope to other non-metal heteroatom-doped carbons.”’ The
principal theory is based on the breaking of electro-neutrality in a pristine carbon
lattice.”' Because nitrogen is highly electronegative relative to carbon, there is a
widely renowned hypothesis that the electronegativity contrast can induce particular
changes in the electronic configuration thereby give rise excellent electrocatalytic
activity. In this regard, doping with other electronegative elements such as oxygen,
phosphorus, sulfur, and halogens, or even electron-deficient boron may result in a
similar activity to N-doped carbons. The following reviews recent research into

single-type heteroatom-doped carbons.

Although being quite thoroughly investigated in the past, oxygen-doped
cartbons are not currently the subject of such intensive focus as other
heteroatom-doped carbons. As compared to nitrogen, oxygen is more electronegative
and possesses less complicated bonding configurations with carbon (only up to double
bonds). Previous studies on oxidized carbons have demonstrated that the introduction

of oxygen into graphitic carbons can lead to a slight reduction in the ORR
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overpotential and promote peroxide reduction at high overpotential.'*” However, these
studies did not explicitly elucidate the origin of the improved activity — whether it
came from the defects or the oxygen functional groups created during oxidation. A
recent highlight in oxidized carbon research is on the use of graphene oxide (GO) in a
composite with conductive carbon nanotubes (CNTs)."*® One interesting chemical
aspect associated with GO is the emergence of uncommon epoxide groups upon
severe oxidation by a modified Hummer’s method."* In the report by Wang et al.,
their GO/CNT composite exhibited a 4e ORR-like current behaviour with an n
number of ~3.5 as compared to the two-step reaction behaviour in the heat-treated,
oxygen-containing RGO with an n number below 2.5."*® Since the epoxide groups in
GO are usually the first to be removed at elevated temperature (~110 °C),'* the
improved ORR activity in GO/CNT may be attributed to the conductivity-enhanced
epoxide groups. Therefore, the category of oxidized carbons should be revisited for a

better understanding of the origin of activity.

Phosphorus-doped (P-doped) carbons have quickly attracted attention soon after
the rise of N-doped carbons since phosphorus and nitrogen are within the same
periodic group.”'*"'"*  Both elements can easily adopt complex bonding
configurations and may be incorporated into a graphitic lattice, except that
phosphorus is bigger in size and less electronegative than nitrogen.21 Therefore,
P-doped carbons were expected to provide a somewhat similar result to N-doped
carbons. Unfortunately in most cases, there was only a slight improvement in the
ORR onset potential and the reaction current exhibited a multi-plateau behaviour,
which indicates the ORR on the P-doped carbons is a non-4e ORR pathway, unlike

35,141,142

that of N-doped carbons. In a recent report, the P-doped graphene nanosheets

prepared from a hexafluorophosphate salt demonstrated a Pt-level activity and good
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tolerance against poisoning chemicals.'"*® Although the P-doped product showed
negligible nitrogen content from their XPS characterization, the fact that the carbon
precursor contained an imidazole group is suspected to be the cause of the superior

activity.

Sulfur-doped (S-doped) carbons have also been investigated.'**'*” Sulfur is in
the same periodic group as oxygen and has an electronegativity close to carbon (y =
2.58). As such, it is not expected that there will be a large electronegativity contrast in
the C—S moiety. In the studies of S-doped carbons, just like most P-doped carbons,
there is only limited enhancement in the ORR onset potential while the reaction
clearly shows two-plateau behaviour. That is, the ORR follows a [2+2]e reaction
pathway. Despite these reports highlighting the improvement in the reaction potential,

S-doped carbons do not have promising properties for ORR electrocatalysis.

Halogen-doped (X-doped) carbons should be the most suitable form of
heteroatom-doped carbons for the investigation of the hypothesis on the breaking of
electro-neutrality. Common halogen group elements (F, Cl, Br and I) can only accept
one covalent bond with another element and have decreasing electronegativity down
the periodic table. Such properties have made halogen group elements an excellent
system for studying the activity origin in heteroatom-doped carbons. However, doping
halogen into carbon from halide precursors is very challenging and usually requires
high temperature treatment or other harsh conditions.'**"** Since halogens are also
good leaving groups, it is very hard to keep them on conductive carbon at quantitative
amounts; usually the halogen content is < 2 at.%, 48149151 Owing to this, there are

; 151,152
very few studies on X-doped carbons."”"'

In a study of iodine-doped (I-doped)
graphene, there was an improvement in overall performance with a two-step ORR

behaviour, despite that the fact that the iodine content is much less than 1.0 at%. So
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far, it is difficult to affirm that the observed activity is the result of a low-level

halogen doping.

Boron-doped (B-doped) carbons are a unique group of heteroatom-doped
carbons since boron is electron-deficient and has a low electronegativity relative to
carbon (y = 2.04). In principle, this can still cause an imbalance of charge in a C-B
moiety, in which the electron density will be attracted towards the carbon atom
instead of to the dopant. However, the results from the past studies were not
encouraging.'"'>*!> Like other non-nitrogen heteroatoms, B-doping does not lead to

excellent ORR performance and the reaction pathway remains a [2+2]e ORR.'"'>*"1>

In the end, non-nitrogen heteroatom-doped carbons generally cannot provide
highly efficient ORR as can N-doped carbons, according to recent studies. Upon
doping with electronegative elements and boron, there is merely a slight enhancement
in the reaction onset potential, while the ORR cannot be as efficient as in a 4e
pathway. Despite this, there are still opportunities for detailed investigation of each

category of heteroatom-doped carbons in order to reveal the activity origin.
1.3.4 Synergistic metal oxide/carbon hybrids

Interest in the synergistic metal oxide/carbon hybrid came about after the
discovery of improved ORR activity in a hybrid electrocatalyst of Co3;O4 nanocrystals
and a graphene substrate.”” This type of hybrid electrocatalyst is characterized by the
covalent connection between the metal oxide nanocrystals and the carbon substrate
through a C-N-M or a C—O-M bridge. The synergistic consequence of this covalent
linkage has triggered screening of different combinations of metal oxide/carbon
hybrids, for which the metal oxide can be Co0304, Mn304, Fe;O4 or their

combinations.”>'**!**13 Since it has become a common observation that hybrid
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electrocatalysts can exert improved ORR activity as compared to their individual

components, researchers have recently started to explore the cause of the synergistic

effect.
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Figure 1.12 (a) Carbon K-edge X-ray absorption near-edge spectra for the N-doped
reduced, mildly oxidized GO (NrmGO) and the hybrid with Co;04 and MnCo,04; (b)
the Nyquist plot from EIS measurement for the MnCo,04/N-rmGO hybrid and the

blended mixture of the hybrid components.'>®

The first attempt to uncover the cause of the synergistic effect was done by Liang
et al., in which they have associated an uncommon spectral feature in the carbon
K-edge X-ray absorption spectrum of the hybrid with the reduced material
conductivity measured by electrochemical impedance spectroscopy (EIS), as shown in
Figure 1.8."°° From this, they believed that the change in the electronic structure at the
hybrid interface is responsible for the facilitated charge transport across the metal
oxide/carbon interface to the catalytic surface of metal oxide nanocrystals. In other
words, the reduced charge transport resistance was suggested as the origin of the
reduced ORR overpotential and the enhanced reaction current. However, a flaw in
their approach is that their EIS measurement is not a direct probe for the charge
transport across the subtle molecular interface. In addition, there is a lack of a

recognized theory on the improved charge transport across a covalently bridged C-O—
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M or C-N-M interface. For this reason, perhaps, Wang et al. further exploited the
chemical interaction between the covalently connected Co3;04 nanocrystals and
N-doped graphene.'” Their results endorse the presence of C—-O-M and C-N-M
bridges at the interface and they have successfully identified a partial chemical change
to the Co species at the octahedral sites in the nanocrystal. In this case, a change in the
electronic structure at the Co3;O4 catalytic surface may be expected and the ORR
activity on this hybrid catalyst would not be simply explained by the reduced charge
transport resistance. Yet, there is still no satisfactory explanation for the improved
ORR activity in synergistic metal oxide/carbon hybrids. It will require further

scientific effort to unravel the origin of the unusual synergistic effect.

1.4 Thesis Outline

This research project aims to investigate the structural and chemical origins of
the improved ORR activity in carbon-based materials, for the purpose of developing
low-cost high-performance ORR electrocatalysts. In this regard, this thesis is
comprised of three important aspects to the understanding of the electrocatalytic

activity in carbon-based materials.

e  The structure-property relationship of self-assembled graphene/binder composite

electrode.

e The verification of the hypothesis on the breaking of electro-neutrality as the

origin of ORR activity in metal-free, heteroatom-doped carbons.

e The origin of the improved activity in metal oxide/carbon hybrid electrocatalyst.
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In Chapter II, the structure-property relationship of a self-assembled graphene/
chitosan composite electrode is investigated. The structure of the composite matrix
was tailored by tuning the composition of the electrode. Particular attention was paid
to the mixed conduction of electrons and ions in the graphene/chitosan composite
matrix. The influences on the ORR activity are described with supporting evidence
and an empirical trend. Recommendations on the preparation of electrode composite
are also provided for reducing the impact of electron/ion transport resistance on the

intrinsic activity measurement.

Chapter III and IV focus on two important classes of heteroatom-doped carbons:
oxidized carbon and halogenated carbons. In addition, a sulfur-doped carbon is
discussed in Chapter IV. Chapter III aims to unravel the electrocatalytic origin on
oxidized carbons as well as to examine the electrocatalytic activity of an uncommon
oxygen group: epoxide. Systematic experiments were conducted to validate that the
introduced oxygen groups are the origin of the improved activity, apart from the
lattice defects in the graphitic framework. Epoxide, as an uncommon oxygen group,
was also investigated. Collectively, conclusions are drawn on the capability of
oxygen-doped carbons for the ORR electrocatalysis. Chapter IV explores chlorine-,
bromine- and iodine-doped reduced graphene oxide (RGO) using a solution synthesis
in both acid and organic media. The compositions of the halogenated materials were
carefully characterized for the efficiency of doping and the configuration of the doped
elements; an unusual sulfur-doping was identified. The ORR activity of all the
materials was inspected and compared for a conclusion on the dependence of the

ORR activity on the electronegativity of the doping element.

Chapter V and VI elucidate the origin of the synergistic effect and the ORR

mechanism in manganese oxide/carbon hybrid electrocatalysts. Chapter V is separated
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into two parts, where part A demonstrates that the uncovered portion of the hybrid
interface should the origin of the synergistic effect, and part B elaborates the
electrocatalytic roles of the manganese oxide nanocrystals and the graphene oxide
substrate, by a series of spectroscopic and electrochemical techniques. Further,
Chapter VI focuses on the hybrid interface to scrutinize the capability in ORR
electrocatalysis, by imitating the covalent interface in a manganese oxide/graphene
oxide hybrid. Amorphous manganese-oxygen nanoclusters were decorated on mildly
oxidized carbon nanotubes to replicate the covalently linked C—O—Mn configuration.
Comparative experiments were carried out to reveal the electrocatalytic role of the

fully uncovered hybrid interface.

Finally Chapter VII concludes the thesis by providing a consolidated summary of
the findings presented and discusses the future prospects of carbon-based materials as

high-performance ORR electrocatalysts for fuel cells and metal-air batteries.
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Chapter I1.

The Importance of Mixed Conduction in Oxygen

Reduction Electrodes

Published as “The value of mixed conduction for oxygen
electroreduction on graphene—chitosan composites”™

in Carbon, 2014, 73, 234-243
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2.1 Abstract

Graphene-based electrocatalysts have been widely investigated for their excellent
performance in electrocatalytic oxygen reduction. The surface chemistry of
graphene-based electrocatalysts is important for developing more efficient fuel cells
and metal-air batteries. In addition, the nanostructured gas-diffusion electrode (GDE)
on which the electrocatalysts are loaded needs to be carefully tailored to facilitate
mass transport (reactants and products). A polymer binder is often used to fabricate
the GDE which means there is a need to optimize the ratio of binder to electrocatalyst.
Herein we demonstrate the impacts of graphene-based GDE nanostructures on the
efficiency of oxygen electro-reduction by comparing a series of graphene/chitosan
composites with varying compositions. In these nanostructured GDEs graphene acts
as the electrocatalyst and chitosan as the binder. Our results illustrate a critical ratio of
graphene to chitosan for enhanced electrocatalytic surface area and facilitated mass
transport, while a continuous network for electron conduction is effectively
established. We believe this work is an important piece of the puzzle to better
understand the electrode behaviour of electrocatalysts consisting of graphene-like

two-dimensional materials in oxygen reduction reaction.

2.2 Introduction

The oxygen reduction reaction (ORR) is an important topic in research on fuel

cells and metal-air batteries.>**

These energy conversion devices are capable of
delivering a much higher specific energy that potentially outperforms conventional

: e . 19
energy storage devices, such as lithium-ion batteries and supercapacitors.”

Unfortunately the anticipated performance is largely limited by the sluggish ORR
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kinetics at the cathode, which degrades the energy efficiency. Significant research
effort has thus been devoted to developing low-cost and robust ORR electrocatalysts
to tackle this problem. Two vital bottlenecks being intensively investigated are the
large onset reaction overpotential and the low reaction current density."*'* Both
limitations are the combined consequences of poor intrinsic electrocatalytic activity,
limited electron conductivity, slow mass transfer for reactant and product molecules
and low electrocatalytic surface area.’*'®"'? Clearly, ORR electrocatalysis can only

become efficient if all the influential structural factors are optimized.

Intensive research has focused on the (i) heteroatom doping or surface

30,163-168 69

functionalization, and (ii) hybrid modification,'® of graphene nanosheets.
Nitrogen-containing functional groups or dopants were observed to be very active
towards direct 4-electron reduction of dioxygen.’*'**'®® Other heteroatoms, such as
O,163 S,167’168 and B,166 also demonstrate superior ORR activity compared to an
unmodified graphene electrocatalyst. Covalently bonded metal oxides even exhibit a
synergy with a graphene matrix for oxygen reduction, typically when N heteroatoms
are introduced.'® The robust surface chemistry of graphene and of its derivatives is
clearly of significance for understanding and developing advanced ORR
electrocatalysts. In spite of this, however, the nanostructures of gas-diffusion
electrodes (GDE) consisting of graphene-based electrocatalysts and a binder can
affect the processes of electron conduction and mass transfer and can change the
accessible electrocatalytic surface area. These effects will eventually impact on the

overall ORR efficiency, but they have often been overlooked in studies of

graphene-based ORR electrocatalysts.

GDEs usually take the form of a composite which incorporates an active

electrocatalyst and a polymer binder at certain mass ratios. The morphology and
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physical properties of the GDE composite can affect the mass transfer and electron
conduction which in turn alters the catalytic properties of the electrocatalyst. For
example, the electron conduction network may not develop effectively if the active
electrocatalyst particles (which are usually conducting) are isolated by the polymer
binder. This may in turn suppress the reaction by generating resistance to charge
transport. It is therefore important to understand how the structure of a composite

electrocatalyst influences ORR behavior.

We have fabricated a nanostructured GDE consisting of chemically-derived
graphene nanosheets as the electrocatalyst and chitosan as the binder to demonstrate
the significance of optimization of GDE nanostructures for ORR. The graphene
nanosheet is used as a two-dimensional (2D) electrocatalytic platform with high
surface area and excellent electron conductivity, while chitosan is a polysaccharide
which exhibits satisfactory ion conductivity and stability as a binder in alkaline
electrolytes.'”® Compared to the widely-used Nafion, chitosan is a much cheaper
natural product derivative which is highly hydrophilic and facilitates hydroxide ion
conduction in an alkaline electrolyte.'”” While graphene nanosheets are 2D
anisotropic materials, they are known to exhibit enormous surface area and can
self-assemble into versatile structures. With the goal of investigating the
structure-performance relationship, graphene and chitosan were blended in various
ratios to tune the GDE nanostructures. We have employed several techniques to
provide a relatively complete picture of the composite structure and the

electrocatalytic ORR performance.

2.3 Experimental Section
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2.3.1 Materials

Graphene nanosheets were prepared by thermal exfoliation and reduction of
graphite oxide through a short insertion into a 1000 °C Ar-filled furnace. The graphite
oxide was synthesized by a modified Hummer’s method from expandable graphite
(see Appendix A). Chitosan (>75% deacetylated, from shrimp shell) was purchased

from Sigma-Aldrich and used as received.
2.3.2  Preparation of graphene/chitosan composite electrode

A saturated chitosan solution was prepared by dissolving excessive chitosan in a
given volume of purified water at 50 °C and stirring overnight. This solution was
allowed to settle and maintained under ambient conditions for more than a day before
extracting the chitosan-saturated supernatant. Since this supernatant is chitosan
saturated, we have used the solution volume to represent the chitosan content in the
composite. In a typical preparation of graphene/chitosan (G/Chit) suspension, a
quantity of graphene nanosheets was dispersed in the supernatant at a certain
weight-to-volume ratio with the help of ultrasonic probe treatment for at least 2 hours
to achieve a uniform suspension; the same treatment was applied for graphene

nanosheets in 1% Nafion solution and purified water for comparison purposes.

A circular glassy carbon (GC) working electrode (ALS Co., Ltd.) with a
diameter of 3.0 mm was adopted for electrochemical measurements. The vigorously
shaken aqueous G/Chit suspension was loaded onto the electrode by drop-casting. 12

L of each suspension was applied onto the GC electrode which was then dried in an
oven at 60 °C. A platinum reference (Pt/C) using 20 wt% platinum on carbon was
used directly as purchased (Sigma-Aldrich). The Pt/C electrode was prepared in a

similar way to G/Chit composite at 1.0 mg/mL in a chitosan-saturated supernatant.
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2.3.3 Characterizations and measurements

Scanning electron microscopy (SEM, JEOL6610) was employed for imaging the
composite morphology at a working distance of 12 mm. The acceleration voltage was
4.0 kV and no conductive coating was applied to the samples. Transmission electron
microscopy (TEM) was operated on a FEI Tecnai G2 F20 microscope at an
acceleration voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) was
performed on a Kratos Axis Ultra spectrometer using Al K radiation (15 kV, 150
W). The survey spectra were recorded from 0 to 1200 eV at an energy interval of 1
eV/step. The high resolution C 1s spectra were collected at an interval of 0.05 eV/step.
Raman spectroscopy (Renishaw Raman spectrometer) was performed with a red laser
of 785 nm wavelength. Fourier-transform infra-red (FTIR, Perkin Elmer Spectrum
2000) spectra were collected from 4000 cm ™' to 650 cm ' by an attenuated total

reflection (ATR) technique, at a resolution of 4.0 cm™.

All electrochemical measurements were performed on a CHI-440B
potentiostat-galvanostat instrument in a 0.1 M KOH electrolyte, saturated with
oxygen (O;) bubbling for at least 30 min. A three-electrode system consisting of a
working electrode, a Pt wire counter electrode and an HgO/Hg reference electrode
(0.1 M KOH) was used. The as-described setup was employed for cyclic voltammetry

(CV) and linear sweep voltammetry on a rotating disk electrode (LSV-RDE).

2.4 Results and Discussion

2.4.1 Self-assembled nanostructures of graphene/chitosan composite GDE
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The self-assembly behaviour of graphene nanosheets is determined by the
solvent and the type and concentration of dispersant. In an aqueous medium, the
hydrophobic graphene nanosheets tend to quickly aggregate into multilayer stacks,
probably in a loose manner. This assembly process can alter when the hydrophobic
surfaces are stabilized with amphiphilic molecules. Chitosan has worked well with
these hydrophobic carbon surfaces as a functional binder.'”' In Figure 2.1, SEM
micrographs display the morphology of self-assembled G/Chit composite films on a
glassy carbon substrate; the films were prepared at different weight-to-volume (w/v)
ratios of graphene nanosheets in chitosan-saturated liquid supernatant (samples are
labelled as: G/Chit w:v; mg:mL). Our reference chitosan film shows a non-porous flat
surface when no graphene nanosheets were incorporated (Figure 2.1a). When a small
quantity of graphene sheets was introduced (G/Chitl:10, Figure 2.1b), significant
roughness emerged across the film without visible open cavities. This suggests that
the graphene nanosheets are evenly distributed in random orientations throughout the
composite rather than being stacked into thick layers. Increasing the graphene content
(G/Chitl:1, Figure 2.1c) enhances this roughness and establishes a dense, grass-like
film of uniformly distributed sheets; the estimated chitosan content of the film is only
about 15 wt% (see Appendix A). By further increasing the graphene content, there
resulted in a rapid precipitation of graphene particulates in the suspension which
subsequently led to uneven localization of graphene aggregates in the drop-cast film;
this was visible to the naked eye. The graphene film without chitosan exhibits
strongly aggregated sheets with large open voids (Figure 2.1d). Interestingly the
graphene units appear to be larger than those in the composites, despite the fact that
an identical source of graphene nanosheets was used and the same treatment method
was employed. The small size of the raw nanosheets was confirmed by TEM, as

shown in Figure Al in Appendix A. It is plausible that the large sheets came from a
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rapid oriented stacking of smaller nanosheets, followed by a secondary assembly into

the observed morphology.

Figure 2.1 SEM micrographs of chitosan, G/Chit composite and graphene films cast
on a glassy carbon substrate; (a) chitosan film, (b) G/Chitl:10 (0.1 mg/mL), (c)

G/Chitl:1 (1.0 mg/mL) and (d) graphene film. The scale bar is 5 pm.

A proposed mechanism for the evaporation-induced self-assembly of the
graphene/chitosan composites or graphene sheets is illustrated in Figure 2.2. In the
absence of chitosan, graphene nanosheets quickly stack by hydrophobic interactions,
likely in a loose manner, and this leads to an apparent size coarsening in the aqueous
dispersion. During drying, these large graphene aggregates further arrange themselves
to form a highly rough film with large voids. On the other hand, chitosan acts
similarly to a surfactant, preventing the stacking of graphene sheets through surface
attachment. We have observed a more stable suspension of graphene nanosheets in a

chitosan-saturated solution compared to the segregated aggregates in purified water
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(Figure A2, Appendix A). These dispersed nanosheets eventually organize themselves

into a homogeneous grass-like film in the chitosan matrix.
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Figure 2.2 A schematic diagram illustrating the film formation for the composite

films.

2.4.2 Composition and structural properties

Composition analysis is crucial to verify the content of the composites that gave
rise to the differently assembled morphologies. We have employed XPS to study the
composition of the films. In Figure 2.3a, the presence of chitosan in the G/Chitl:1
composite was directly confirmed by the nitrogen signature and the slightly increased
oxygen content. A reasonable level of oxygen (11.4 at. %) was present in our
graphene sample prepared through thermal exfoliation and reduction of graphene
oxide. This amount of oxygen could be due to the short exposure to high temperature.
This oxygen presence is beneficial for dispersion in chitosan solution as well as for

ORR catalysis, as oxidized carbons usually exhibit improved activity compared to
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oxygen-free pristine carbons.'*”"** Figure 2.3b to 2.3d are the high-resolution C /s
spectra for G/Chitl:1 composite, graphene and chitosan films, respectively; these
spectra were calibrated to the carbon-carbon peak at 284.8 eV. Quantitative analysis
of the spectra reveals five different types of carbons in the composites, which are
commonly found in reduced graphene oxides:'”* graphitic/aliphatic carbon (C—C,
284.8 ¢V), carbon linked to hydroxide (C—OH, 286.0 eV), carbon in epoxide (C—O-C,
286.9 eV), carbon in carbonyl group (C=0, 288.2 eV) and carbon in carboxylic acid
(COOH, 290.0 V). The numerical values from the analysis are tabulated in Table 2.1.
The carbonyl presence in chitosan is due to the amide groups remaining from the
incomplete deacetylation of chitin. We did not attempt to resolve for the possible
amine group (C—NH;) from chitosan due to its insignificant concentration and the
overlapping binding energy with hydroxide/epoxide functionalities. Clearly, the
oxygen content in the graphene was dominated by both hydroxides and epoxides. The
incorporation of chitosan is also evident, given by a noticeable increase of hydroxide

amount from the polysaccharide.
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Figure 2.3 XPS (a) survey spectra for G/Chitl:1 composite and graphene nanosheets;

C Is spectra for (b) G/Chitl:1 composite, (c) graphene film and (d) chitosan film.

Table 2.1. Statistical composition analysis of the XPS C /s spectra.

Cls G/Chitl:1 composite film Graphene film Chitosan film
Functional Conc. Conc. Conc.
B.E. (e}V) B.E. (eV) B.E. (eV)
Groups (at.%) (at.%) (at.%)
C-C 284.8 59.48 284.8 67.65 284.8 15.09
Cc-0 286.0 25.51 286.0 15.87 286.4 60.46
C-0-C (epoxide) 287.0 7.03 286.9 7.97 N/A N/A
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Cc=0 288.2 4.94 288.3 4.77 288.0 16.46

COOH 289.8 3.04 290.2 3.74 289.8 7.99

In order to better understand the overall chemical structure of G/Chit composites,
we have employed Raman spectroscopy to look for any chemical linkages that could
disrupt the phonon vibration in the graphitic lattice. Figure 2.4a shows the
intensity-normalized Raman spectra for G/Chitl:1 composite, graphene and chitosan
films. Both D band (1320 c¢m™) and G bands (1589 cm™) were observed for
graphene-containing samples, signifying the presence of sp’ defects in a sp” carbon
lattice, and the in-plane vibration in a graphitic network, respec‘[ively.m’173 The
intensity ratio of the D and G bands (/p/Ig) provides information about the degree of
structural disorder for a graphene sample. For both graphene film and the G/Chitl:1
composite, an Ip/lg value of 1.33 was measured, indicating the significant presence of
sp> defects in the original graphene source. This is not surprising for an exfoliated
graphene whose structure has been vigorously distorted by harsh chemical oxidation

and high-temperature thermal shock.!">174

In addition, the oxygen content in the
graphene sheets could contribute to the high number of sp® defects. The absence of
2D band (~2700 cm™) in the graphene sample further suggests that the restacking
occurred was not in a close-packing configuration over a fair range, although the high
doped amount of oxygen may also diminish the 2D vibration.'” In comparison to
graphene-containing samples, chitosan only exhibits a weak fluorescence background,
which accounts for the slightly enhanced background in the G/Chitl:1 composite.

There is no change in the ratio and the position of the peaks, indicating that chitosan

molecules are not chemically connected with the graphitic lattice, at least not in a way
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that interrupts the electronic conjugation. This suggests that the mode of interaction is

probably physical adsorption and hydrogen bonding with the oxygen functionalities.

FTIR spectroscopy also reveals the chemical structures of the composite through
vibrational signals. From Figure 2.4b, the G/Chitl:1 composite shares common
features with that of graphene (C—H stretching, 2920 cm™” and 2847 cm™; C=0
stretching, 1721 cm™'; graphitic C=C skeletal vibration, 1546 cm™).'”® These
signatures are mainly attributed to the defects in the graphitic lattice. The undulating
feature at ~2100 cm™ is due to the CO, contamination. The presence of chitosan is
seen by the aliphatic amine and hydroxyl signatures (N—H bending of primary amine,
1629 cm™; CH; symmetrical deformation, 1363 cm™; C-O skeletal stretching

vibration, 1067 cm™).'”

No extra peak was found for possible bridging functional
groups, which again suggests no chemical interaction was established between

graphene sheets and chitosan. In summary, chitosan in the G/Chitl:1 composite acts

as a physically adsorbed spacer and separates graphene nanosheets.
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Figure 2.4 (a) Raman spectra and (b) FTIR spectra for G/Chitl:1 composite,

graphene and chitosan films.

2.4.3 ORR electrocatalysis on graphene/chitosan composite GDE
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Oxygen reduction reactions (ORR) are electrochemical reactions which consume
O, and produce either peroxide ions (HO; ) or hydroxide ions (OH ) in an alkaline

medium. The principal reactions are expressed as follows.°
0, +H,0+2e” - HO, +OH~ —0.065 V, NHE (2.1)
HO, +H,0+2e™ - 30H™ +0.867 V, NHE (2.2)

Basically, the aim of electrocatalysis is to promote ORR by reducing the reaction
overpotential for both reactions and facilitating the kinetics of the HO,
decomposition to achieve an apparent four-electron (4e) reaction at low

1.'77 With the intention of investigating the structural effect of the

overpotentia
electrocatalyst on ORR, we only focus on the change of the first reaction
overpotential rather than to strive for an efficient 4e ORR at low overpotential. Since
the determination of theoretical reaction potential for O,/HO, couple for a non-ideal
system is not trivial, we have taken the first peak potential of G/Chitl:1 composite as
a reference potential for later calculations. Note that G/Chitl:1 composite shares an
identical reaction potential with neat graphene as a better control reference (Figure

2.5a); G/Chitl:1 composite was therefore chosen for a better visual comparison. CV

and LSV-RDE were employed to examine the structure-activity relationship of G/Chit

composites.
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Figure 2.5. (a) CV profiles for G/Chitl:1 composite, graphene, chitosan and BGC at a
sweep rate of 50 mV s™'; (b) LSV-RDE profile for G/Chitl:1 composite (at 10 mV s™).

All measurements were carried out in an O,-saturated 0.1 M KOH electrolyte.

Figure 2.5a displays the cyclic voltammograms of G/Chitl:1 composite,
graphene and chitosan films as well as the bare glassy carbon (BGC) substrate in an
O,-saturated 0.1 M KOH electrolyte. Two electrochemical reactions associated with
ORR can be observed at —0.24 V and —0.86 V for G/Chitl:1 composite and the
graphene film. They are confirmed to be the reduction reactions of the dissolved
oxygen in contrast to the capacitive background profile in a deoxygenated
environment (Figure A3, Appendix A). These processes occurred in a successive
manner according to the LSV-RDE profile (Figure 2.5b), and can be assigned to the
two-electron reduction of O, (Eq. 2.1) and the subsequent reduction of HO,
intermediate (Eq. 2.2), mspectively.35 This is unlike the behaviour of Pt/C, which
performs a direct 4¢ ORR at a less negative onset potential. Furthermore, there is an
obvious current density enhancement in CV for G/Chitl:1 composite in contrast to the
graphene film, even when compare to a graphene composite blended with Nafion as
the binder (Figure A4, Appendix A). Note that same amount of graphene (12  g)
was applied onto the electrode for both G/Chitl:1 composite and the graphene film.
This suggests that the uniformly dispersed graphene nanosheets in G/Chitl:1
composite developed a higher electrocatalytic surface area. It is important to also
point out that a certain amount of chitosan was required to reinforce the composite
integrity, from the observation that pure graphene or composites with a G/Chit ratio >
1.0 could easily fall from the electrode surface when immersed in the electrolyte. This
result is a clear demonstration of the importance of composite structure for enhancing

ORR activity.
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We have also performed Koutecky—Levich analysis on G/Chitl:1 composite to
evaluate the average electron transfer (n) number as a reference for the ORR activity.
The n number was determined to be 2.94 at a potential of —0.50 V from LSV-RDE at
various rotation rates, provided in Appendix A. This corresponds to the parallel
occurrence of 2e and 4e transfer processes. Although this can suggest improved
activity in oxygen-functionalized graphene, the large effective electrode surface area

may have influenced the accuracy of the amalysis.87’178

On the other hand, the reference BGC and chitosan film did not show
satisfactory activity towards ORR. The first reaction peaks were found at more
negative potentials for BGC (—0.38 V) and chitosan film (-0.40 V). In addition, a
lower current density of chitosan film relative to BGC probably indicates an imposed
hindrance by the insulating layer to O, mass transport. Since there is a lack of
chemical interaction between chitosan and graphene nanosheets, the fact that
G/Chitl:1 composite exhibited a better ORR activity in the presence of chitosan must
come from the favourable composite structure for both efficient electrolyte diffusion

and electron conduction.

The manner in which the composite structure affords an optimal ORR activity
was the motivation for the study of the structure-activity relationship. For this reason,
we have varied the G/Chit ratios to tune the composite structure and optimize the
reaction behaviour. From the CV profiles in Figure 2.6a, the first ORR peak shifted
progressively towards a more negative potential with the decreasing of the graphene
content; the reduction in the current density was clearly due to the lower overall
content of graphene nanosheets in the composite. In a plot of the G/Chit ratio against
the peak potential (AE,, in reference to G/Chitl:1 composite) on a semi-logarithmic

scale (Figure 2.6b), a two-stage quasi-linear relationship is evident below a G/Chit
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ratio of ~0.45 mg/mL, and beyond which is a plateau for an optimal composite
structure (no additional overpotential compared to G/Chitl:1 composite). The two
stages suggest there are two major contributions to the reaction overpotential in
addition to the intrinsic reaction potential for graphene nanosheets, although the exact
reason for the linear relationship remains unclear. As discussed previously, the
composite components do not chemically interact with each other, so that the reaction
overpotential is essentially the result of subtle structural differences in the composite.
Such alterations in structure may have obstructed the aqueous O, mass transport.'®!
Because chitosan exhibits insulating properties, the electronic conductivity across the
composite may have been degraded with high loadings of chitosan. As a result of this,
we have attributed the first stage (Stage 1, from 0.13 mg/mL to 0.45 mg/mL) to the

diffusion-related overpotential, and the second stage (Stage 2, < 0.13 mg/mL) to the

combined overpotentials due to the hampered mass transport and poor electron

conduction.
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Figure 2.6. (a) CV profiles of G/Chit composites at various composition ratios in an
O,-saturated 0.1 M KOH electrolyte, swept at 50 mV s™'. (b) A semi-logarithmic plot

of AE, against the weight-to-volume (w/v) ratios of G/Chit composites.

In order to verify our hypothetical assignments, we have employed an aqueous

electrolyte system containing Ks;Fe(CN)g to study the electron transfer reaction. In

59



principle, electrons can only be transported to the reaction sites through a conducting
network. When this network is not properly established, electron conduction paths can
be blocked and reaction overpotential can develop. The redox couple
Fe(CN)s"/Fe(CN)e>™ delivers a very fast charge transfer process and this reaction
typically serves as a benchmark quasi-reversible reaction that is close to an ideal
system, particularly for carbon-based electrodes.'” This eliminates the problem of
reacted and unreacted reactants and products bound to the carbon surface. Moreover,
the system only requires an electrically conducting surface rather than an
electrocatalytic surface to perform the reaction, which mitigates the requirement for
diffusion to specific reaction sites. A much higher bulk reactant concentration was
employed to ensure a minimal participation of diffusion interference.''” Hence, any
resistance should correspond to inefficient charge transport in the composite matrix;
this can be examined by the peak separation (E,, — Ejc) of the reversible couple in a

CV experiment.'”

Figure 2.7a shows the CV profiles for various G/Chit composites. The two
characteristic peaks correspond to the anodic and cathodic reaction of the
Fe(CN)s'/Fe(CN)s>™ couple. Clearly, the peak separation values stay approximately
constant until a G/Chit ratio of 0.033 mg/mL (G/Chit1:30) is reached. The subsequent
rapid change in the peak separation likely indicates the breakdown of electron
conduction in the composite and therefore induced reaction overpotential in both
directions. By directly plotting the peak separation against the G/Chit ratio, we find a
sigmoidal-type relationship and a very sharp boundary occurring at a G/Chit ratio of
0.061 mg/mL (Figure A6, Appendix A). This suggests a threshold for electron
conduction, which is often noticed in carbon-polymer composites at various volume

180,181

fractions. To compare with Figure 2.6b, we have transformed the plot into a
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semi-logarithmic scale, as shown in Figure 2.7b. Interestingly, we find that the rising
point of the peak separation (0.15 mg/mL) is very close to the start of Stage 2 (0.13
mg/mL) in Figure 5b, where the conductivity overpotential begins to participate. This
strongly supports our hypothesis that poor electron conduction is the secondary
element in creating reaction overpotential. This is best illustrated in the proposed
composite structure of Figure 2.7b. By reducing the graphene content, the packing
density of the nanosheets gradually decreases until a threshold value where individual
nanosheets become disconnected or aggregated into isolated domains and the electron

conduction paths are disrupted.
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Figure 2.7 (a) CV profiles of G/Chit composites at various w/v ratios in 10 mM
K3Fe(CN)e/1.0 M KNO:s electrolyte; (b) a graph of peak separation (Ep, — Epc) against
the w/v ratios, fitted with a sigmoidal function as a guide to the eye. The inset figures

are proposed matrix structures for electron transport.

Returning to the discussion of reaction overpotential due to diffusion hindrance
and poor electron conduction, it is now obvious that the increase of the overpotential
in Stage 1 (from Figure 2.6b) is not attributable to the electronic conductivity. Since
electrolyte diffusion can occur in various forms and the behaviour is dependent on the
structure and composition of the composite, we did not endeavour to solve for a

diffusion expression since numerous assumptions must be made. Nevertheless, the
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hindrance of mass transport has been commonly recognized to be a substantial issue
in gas diffusion electrodes.'® Here we rationalize this fact based on the G/Chit
composite structure. From our SEM result, the graphene nanosheets appear to be
loosely covered by a layer of chitosan molecules to prevent severe aggregation. In this
case, O, molecules have to diffuse through the liquid channels in the chitosan medium
to arrive at the active surface, and so do the reaction products in the opposite direction.
This would be the primary resistance for ORR. If we view the chitosan medium
surrounding an individual nanosheet as a diffusion sphere, then increasing the
chitosan content would enlarge the diffusion radius and thus generate transport
hindrance for an enhanced overpotential. Fortunately, this diffusion hindrance only
becomes influential beyond a certain threshold value (0.45 mg/mL) and an enhanced

current density can be achieved with an effective binary composite system.

Putting together all the information, we are now able to construct a scheme to
illustrate the particular contributions towards ORR overpotential for G/Chit
composites. As shown in Figure 2.8, both diffusion and electron conduction issues are
the main sources of ORR overpotential arising from the composite structure. When
the density of graphene nanosheets is reduced in a composite matrix, the nanosheets
become farther separated and the inter-diffusion distance for O, and the reaction
products (OH, in the present case) would be increased. As this diffusion radius is
extended, an extra potential driving force would be required to facilitate ORR thus
generating overpotential. However, this may not have an impact on the electronic
conductivity as long as the majority of nanosheets stay connected. As the average
diffusion radius increases, the nanosheets (or the aggregates) are separated from each
other and break down the electron conduction network. From this point, the ORR

overpotential is dominated by both limited diffusion and electron conduction.
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Ultimately all of these adverse effects are the result of the poorly assembled structure

of the binary composite matrix.

@
Graphene Polyrn_er
Q nanosheets matrix

1
3 v

® ©
Poor conduction

© 9 ©

Efficient conduction

-

Q¢ )

52
9
/

Optimum structure

o

e e

v Electron conduction
v’ Fast inter-diffusion
v L .
diffusion sphere Mechanical integrity
Short diffusion radius
\\\\\\ ‘\,\\\\\ | s -7
0.203 = —T24
Stage 2 o
016_&;\ 1020 Z¢
) R S
Stage 1 do1e 2
0124 ¢ © ~
« qwb “e
= cr,-,,,.’y 0.12 ’g
O 0.081 =
S G 0.08
o Diffusion 2
w 0.04 S~
Overpotential 0.04 2
; w
: |
000 4o ; 000 &
- . ! i W
1 Intrinsic reaction potential
-0.04 — - — e -0.04
0.01 0.1 1

G/Chit ratio (mg:mL)

Figure 2.8 Structural influences on ORR overpotential in a graphene/binder matrix.

Structural optimization of graphene-based binary composites is necessary to
attain the intrinsic electrocatalytic performance of the active material. An optimal
composite composition is one in which the assembled structure can deliver efficient
mass and charge transport within the composite matrix and provide a high reaction
current density from the large electrocatalytic surface area. As a general guide
towards the optimal structure, we recommend a high weight content of conductive
active material with a satisfactory binder that can facilitate electrolyte transport within

a composite matrix.

63



2.5 Conclusion

The self-assembled structure of graphene-based composites has a significant
impact on ORR performance, due to significant hindrances in both mass and charge
transport. We have demonstrated in this work that a graphene-based binary composite
in the absence of chemical interactions can deliver an improved reaction current
density without additional overpotential at an optimal configuration. Furthermore, our
results suggest that ORR performed on a G/Chit composite is sensitive to diffusion
hindrance and that electron conduction within the composite matrix makes a
significant impact on the reaction onset potential. For efficient ORR, we recommend
an optimal composite configuration at a high loading of active material should be

employed.
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Chapter II1.

Metal-free ORR Electrocatalysts:

Oxygen Reduction Reaction on Oxidized Carbons

Published as “Revisiting Oxygen Reduction Reaction on
Oxidized and Unzipped Carbon Nanotubes”

in Carbon, 81, 395-304
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3.1 Abstract

Metal-free carbon electrocatalysts are potentially effective in delivering robust and
efficient oxygen reduction if the active sites are covalently located on a conductive
support. In this report, we demonstrate that carbon nanotube, as a framework carbon,
can create active sites upon oxidation for efficient oxygen reduction to peroxide,
whereas the saturation of oxygen groups at graphitic basal planes leads to the loss of
electron conduction thereby worsens the electrocatalytic activity. Importantly, oxygen
groups at different locations and with different structures have a significant impact on
the oxygen reduction activity. In particular, epoxide bound oxidized carbon shows

superior activity among other oxidized carbon nanotubes.
3.2 Introduction

The electro-reduction of oxygen has been a fundamental part of the function of
hydrogen fuel cells and metal-air batteries for almost two centuries '*. Since the recent
discovery of highly efficient metal-free electrocatalysts for the oxygen reduction
reaction (ORR), researchers have striven to develop a superior replacement for

17,105

platinum. Unfortunately, there is still little understanding of the origin of the

activity in these metal-free electrocatalysts, such as nitrogen-doped carbons.'>*'**
Although suggestions have been made that the electronegativity of doped
heteroatoms,'*> and particular dopant-incorporated “defective” structures,'* may be
the origin of active sites, there is still a lack of experimental evidence to verify these
hypotheses. In addition, good electron transport across the support structure of active
sites is crucial for the overall activity,® although the macroscopic origin of the

prohibited transport by chemical modification has not been clearly elucidated. It has

been shown that chemical and thermal treatment of carbon-based materials can
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183185 To better understand

change both the active sites and the electron conductivity.
the origin of activity of the electrocatalysts, we therefore need a model system in

which the non-metal dopants are finely controlled in content, location and type,

supported on a tuneable framework of a carbon substrate.

Among non-metal dopants, oxygen is the most common heteroatom in carbons
and has been investigated for many decades.”>'*’ This element exhibits stronger
electronegativity than nitrogen while still allowing sufficient complexity in the
bonding configuration for a variety of local structures. Past research has shown that
graphitic carbons can perform more efficient ORR after being slightly oxidized,"’
and that the quinone groups are responsible for the lowering of reaction
overpotential.”'*® Although these studies have looked at oxygen functionalities at the
graphitic edges or by physically adsorbing oxygen-containing small molecules to the
carbons, cases with of high oxygen content on the carbons, different oxygen groups at
various locations, and the integrity of the carbon framework for electron conduction
were not clearly addressed. Fortunately, years of development in carbon processing
have led to methods for fine tuning of the content, location and type of oxygen
functionalities in carbons. One recent study has shown that graphene oxide as an
oxygen-enriched carbon exhibits improved ORR activity when carbon nanotubes

138 For this reason we have

(CNTs) were incorporated as the electron conductor
selected multi-walled CNTs as a framework carbon substrate for oxidation with the

aim of understanding the ORR behaviour on oxidized carbons.

In this report, we demonstrate controlled oxidative modifications of CNTs and
study the oxidized CNTs (OCNTs) with variations in content, location and type of
oxygen groups to provide a deeper understanding of the active oxygen functional

groups for ORR as well as the structural origin of activity loss due to the damage of
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conductive carbon framework.

3.3 Experimental Section

3.3.1 Materials

Multi-walled CNTs (purity > 95%) were commercially purchased. All other
chemicals (36% hydrochloric acid, 70% nitric acid, 98% sulfuric acid, 30% hydrogen
peroxide solution, potassium hydroxide and potassium permanganate) were used as

purchased from Sigma-Aldrich.
3.3.2  Preparation of OCNTs

CNTs used in this work were purified before use with extensive washing and
sonication in 5.0 M HCI, ethanol and water, separately and repeatedly. No metal
traces were identified and a C/O ratio of 70 was found based on X-ray photoelectron
spectroscopy (XPS) analysis; an O s spectrum of purified CNT is provided in
Appendix B for reference. OCNTs were prepared using a modified Hummer’s
oxidation at different KMnO4:CNT mass ratios, and H,SOs-catalyzed HNO; oxidation
(1:2 v/v for H,SO4/HNO3) for different periods. Detailed experimental procedures
including the further thermal treatment can be found in Appendix B. All OCNTs were

purified before characterization and electrochemical measurements.
3.3.3 Characterizations

Transmission electron microscopy (TEM) of CNTs and OCNTs was performed
on a JEOL1010 transmission electron microscope at an accelerating voltage of 100 kV.
XPS was performed on a Kratos Axis Ultra XPS spectrometer using a

monochromated Al Ko source. The survey scan and high-resolution scan were
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measured at an energy-sweeping rate of 160 eV s and 20 eV s™', respectively. All
spectra were corrected against the C—C peak at 284.8 eV as a reference and the
full-width at half-maximum (FWHM) values were held constant for all peaks. X-ray
diffraction (XRD) was carried out on a Bruker D8 Advance X-ray diffractometer with
a Cu Ka source; the step rate was 0.02 degrees per second. Raman spectra were
collected on a Renishaw inVia Raman spectrometer from 1000 cm™ to 3000 cm™
using an argon green excitation laser (514 nm) with 1% of the maximum power (50

mW).
3.3.4 Electrochemical measurements

A three-electrode system was employed for the measurement: a rotating Pt
ring/glassy carbon (GC) disk working electrode (ALS Co., Ltd.; GC diameter: 4.0 mm,
Pt ring inner diameter: 5.0 mm and outer diameter: 7.0 mm), a Pt wire counter
electrode and an HgO/Hg reference electrode stabilized in 0.1 M KOH. A total of 75
ug of the catalyst material with Nafion was drop-cast onto the working electrode. A
RRDE-3A apparatus (ALS Co., Ltd.) coupled with CHI920D bipotentiostat
instrument was set up for the experiment. The reaction was conducted in an
O,-saturated 0.1 M KOH electrolyte; the gas saturation was performed by purging O,
gas at a flow rate of 10 mL min™ for at least 30 min before the measurements. Linear
sweep voltammetry on a rotating ring-disk electrode (LSV-RRDE) was performed in
the electrolyte at an electrode rotation rate of 1600 rpm, scanned at a sweeping rate of

10 mV s™ and the ring potential was held at +0.5 V versus the reference electrode.

3.4 Results and Discussion

The controlled oxidation of CNTs has been undertaken using two
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well-recognized methods: modified Hummer’s oxidation and oxidative acid etching.
Starting with purified CNTs, we have selectively impaired the nanotube by either
piercing through the CNT walls with aggressive oxidation,'” or caustically etching
from the surface.'™ By such methods, oxygen groups can either be spread throughout
the carbon framework (unzipped and oxidized) or confined at the surface (surface
etched). Furthermore, the content of oxygen and the degree of damage of the CNT
framework can be modulated by the extent of oxidation. Since there are various
possible oxygen groups in the OCNTs, we have used high-resolution XPS analysis to
provide information about the types of oxygen groups present. Figure 3.1 illustrates
the predicted outer-shell structures of multi-walled CNTs and their oxidized
derivatives following the two oxidation methods. When acid-promoted oxidative
etching is employed, the nitric acid attacks and oxidizes the carbon from the surface
and leads to carboxylic acid groups as the major species.'®’ In the Hummer’s
oxidation method, the reagents not only cut through CNTs in the longitudal direction,
but typically introduce ether-type oxygen groups on carbon (e.g., epoxide and

1,3-ether) as the major products when a high mass ratio of KMnO4:CNT is used.'®

HNO,/H,S0,
Quter-shell structure Surface Oxidation

of Multi-walled CNT

KMnO,/H,SO,

Hummer’s Oxidation
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Figure 3.1 Outer-shell structure of CNT and the structural evolution of the OCNTs

during Hummer’s oxidation and oxidative acid etching.

Figure 3.2a shows the XPS survey spectra of CNT and OCNTs after particular
oxidation conditions. The OCNTs are labelled according to their modification
methods and experimental conditions, namely SOCNT-xh and OCNT-Hy for the acid
etching and the Hummer’s method, respectively, where x is the reaction period in
hours and y is the KMnO4:CNT mass ratio. Only C /s and O /s peaks were observed,
without any trace of other elemental impurities. The varying ratios of the peak
intensity indicate the change in the oxygen content of the OCNTs. Through
quantitative analysis, we have plotted the oxygen content and the C/O atomic ratios of
the OCNTs, as shown in Figure 3.2b. Clearly, both systems display an increase in the
oxygen content (or a decrease in C/O atomic ratio) as the respective reaction
conditions as intensified. Of the two methods, the Hummer’s oxidation appears to be
a much more effective strategy in attaining high oxygen content in the CNTs. Overall

this result demonstrates that the oxygen content on OCNTs can be tuned from 4.0

at.% up to 28 at.%, combining both methods.

(a)

40

(b)

80

O1s
° Oxidative Hummer’s
. 30 Cis T 30 Acid Etching Oxidation 60
' A
3 5 (SOCNT) i (OCNT-H)
A t 5 2
2 20 OCNT-H 5.0 £ 20 A La E
7] ' A
. o :
< OCNT-H 3.0 S E A A o
€ A OCNT-H 1.0 c { : (3]
= 10 SOCNT-48h g LI P A
A > 104 ° . : 20
———\| SOCNT-24h % : A
—A—————~\{ SOCNT-2.0h o 2 4 s o L
0 V CNT A % e e o o
- - - - - 0 i . 0
1200 1000 800 600 400 200 (] \§ \Q\\ & &\ K ,\c_, ,Lg '1«" -s“
Binding E v 09 PPt ‘6@,&,\%,\@
inding Energy / € o° oc’ o° o° o" o° 00 & 00\\

Figure 3.2 (a) XPS survey spectra of CNTs and the OCNTs prepared from different
methods; (b) the evaluated oxygen contents and C/O ratios of the CNTs following

oxidation by acid etching (blue shading) and Hummer’s oxidation (red shading),
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based on XPS results.

One typical reference to structural damage of carbon framework is by looking at
the graphite interlayer crystallinity using XRD method. When a multi-layered
nanotube is exposed to penetrative chemical damage, the unzipping and intercalation
by the intruding molecules can cause expansion and exfoliation of the graphite
layers.'® This leads to the disappearance of characteristic (002) diffraction peak at
around 26° (26), signifying the typical 0.34 nm graphite interlayer spacing. Figure
3.3a and 3.3b are the diffraction patterns of the OCNTs prepared by different methods.
The characteristic pattern reveals that the source CNTs has a graphite-type crystal
structure in an AB stacking configuration.'”® In line with the nature of oxidative
etching, the (002) peaks of surface-oxidized CNTs do not experience a change in the
intensity even after 48 hours of reaction time; this means the majority of graphite
interlayer remains intact and only the surface layers have undergone acid oxidation.
The slight decrease in the (101) diffraction can be rather complicated, which is
probably attributed to some displacement of the graphitic multilayers. In another case,
the (002) peak drops progressively for OCNTs prepared by a modified Hummer’s
method upon increasing the KMnO, amount in the reaction (Figure 3.3b). This
suggests layer expansion and exfoliation processes have occurred during Hummer’s
oxidation, accompanied with oxidation at the inner layers. Such result is not
surprising since Kosynkin er al. have demonstrated the unzipping of CNTs into
graphene oxide nanoribbons (GONRs) by using a modified Hummer’s method.'®’
Note that there retains a fair level of (002) crystallinity at a KMnO4:CNT ratio of 3.0
and this feature completely vanishes at a ratio of 5.0. This is an important indication
that some undamaged graphite domains are preserved even for OCNT-H3.0; this will

be discussed in a later section to reveal the route of electron transport. In further
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evidence to the unzipping process, the TEM images shown in Figure 3.3c provide a
significant morphological change from CNTs to GONRs in OCNT-HS5.0. This directly
suggests the unzipping of CNTs through penetrative oxidation. As a summary to the
structural evolution of multi-walled CNTs during Hummer’s oxidation, a simple
diagram is illustrated in Figure 3.3d. Essentially, the multi-walled CNTs must have
undergone an aggressive unzipping in order to allow exposure of the interlayers to
oxidative damage and intercalation. In a consequence, layer expansion and exfoliation
subsequently take place and determine the final morphology of GONRs. This is a
physical change of the nanotube morphology; additional information about the basal
plane structure is required to resolve for a more complete picture of the graphitic

framework configuration.
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Figure 3.3 XRD patterns of OCNTs in (a) SOCNT and (b) OCNT-H systems; (c)
TEM micrographs of CNT (top) and OCNT-H5.0 (bottom); (d) the morphological
change of CNT upon Hummer’s oxidation.
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In order to study the basal plane framework of OCNTs, Raman spectroscopy was
employed to observe the changes in the spectral features of the OCNTs. Figure 3.4
displays the Raman spectra for SOCNT and OCNT-H systems. Basically there are
three major peaks for the OCNTs, which can be assigned to D (1354 cm™), G (1584
cm™) and 2D (2707cm™) bands; a small shoulder (~1614 cm™) affiliated to the G
band is labeled as D’ band. In simple terms, the G band signifies the phonon
stretching mode of the sp” carbon atoms in an aromatic ring and the D band results
from the breathing mode of sp” carbons in a ring (although it is typically forbidden in
perfect graphene lattice), while the 2D band is the second order overtone of the D
peak and is originated from the two-phonon scattering on a continuous graphene
domain.'” Generally, the D band is only present when there is some structural
disorder in the sp” carbon lattice. The weak D’ band is also a disorder-induced peak,

1 From the D and weak D’ bands, it is

indicative of lattice disorder in the carbon.
clear that all the samples including the unmodified CNTs contain some disorder in the
carbon lattice. Moreover, the relative intensity of 2D band to G band is inversely

' In Figure 3.4a,

associated with the doping level on the graphene basal planes.
which shows the results for the SOCNT samples, neither the /,p//; intensity ratios nor
the spectral profiles of the G band show obvious change. This suggests that the
majority of the graphitic basal planes remain intact throughout the surface-oxidized
CNTs, despite of the oxygen doping at the very outer surfaces. Likely, the acid focally
attacks at the graphitic edges through oxidation once a holey defect is occasionally
created at surface basal planes; in this way, large area continuous graphene domains
can be preserved or regenerated at the surface. Using the Hummer’s oxidation method,
we can see in Fig. 3.4b that the I,p/I; ratio reduces significantly and the /> increases

such that the G band appears to be up-shifted by ~20 cm™ along with increasing

KMnO4:CNT ratio. This is a direct indication of the penetrative oxidation and the
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damage on the graphitic basal planes. Importantly, the decrease in the Ip/lg ratios
suggests a reduced continuous sp”> domain size due to the occupation of doped oxygen
groups on the basal planes. When the value of this ratio becomes stabilized at small
intensities, the graphitic basal planes, especially at the outer surfaces, are majorly
saturated by the oxygen groups and left with only narrow sp” domains. Therefore,
most graphitic planes of Hummer’s OCNTs are saturated with oxygen groups at high

KMnQO4:CNT ratios.
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Figure 3.4 Raman spectra of (a) surface-oxidized CNTs (SOCNT) by the acid etching

method and (b) OCNTs by the Hummer’s method (OCNT-H).

From both XRD and Raman data, it is clear that the OCNTs of SOCNT system
maintain their bulk graphitic quality and large continuous sp” domains without
distinctive difference over the extended reaction time. The introduced oxygen groups
basically locate at the graphitic edges, likely loosely scattered over the outer surface.
In contrast, the OCNTs of OCNT-H system experience a progressive oxidative
penetration such that the interlayer crystallinity gradually degrades and the average
sp® domain size becomes smaller along with increasing KMnO4:CNT ratio. The
distribution of oxygen groups should be spread throughout the OCNTs, particularly

for those at high precursor ratios.
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3.4.1 The ORR activity of OCNTs and their structural correlations

With the structural information, we are able to investigate the influences of the
content, location and type of oxygen groups in OCNTs and the impact of framework
damage on the ORR electrocatalysis. Figure 3.5 is the LSV-RRDE profiles for the
SOCNT and OCNT-H systems, respectively; the small arrows point to the primary
onset potential of the curves. As a common reaction feature, all OCNTs exhibit a
predominant two-electron ORR mechanism, which reduces O, into HO, as shown in
Eq. (3.1);° this can be read from the large ring current (i;) and the lower disk current
(ig) between the onset potential and —0.6 V. At more negative potentials, a moderate
drop of i; and an increase of iy suggest that the ORR partially proceeds through a

further reduction of HO,™ to the final OH product, following Eq. (3.2).
0, +H,0+2e~ - HO, +OH™ Eq. (3.1)
HO,” +H,0+2e™ - 30H" Eq. (3.2)

Since ORR activity can be defined alternatively by the reaction pathway, reaction
current density or reaction overpotential depending on the field of argument, our
discussion have focused on the primary reaction onset for ORR activation activity and

the relative reaction current to unmodified CNT for the conversion activity.
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Figure 3.5 LSV-RRDE profiles of (a) OCNTs prepared by using H,SO4-catalyzed
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HNOj; oxidation, (b) OCNTs by using modified Hummer’s oxidation.

The concentration and location of active sites in any type of catalyst are known
to be crucial factors for the activity. For our OCNTs, we have introduced the oxygen
groups specifically at the surface or penetrate into the inner graphitic layers. From our
XPS analysis (Figure 3.2), we can simply find a progressive increase of oxygen
content for both cases. This allows us to examine if the general inferences are strictly
followed for the case of ORR electrocatalysis. In Figure 3.5a, all surface-oxidized
CNTs show a higher onset potential and reaction current than that of CNT. The onset
potentials arrive at an identical potential and there shows only a slight current
enhancement with increasing oxygen content (from 4.0 at.% to 8.3 at.%, Figure 3.2b).
In contrast, Hummer’s OCNTs show a higher onset potential until a KMnO4:CNT
ratio of 2.0, above which the potentials start to drop noticeably (Figure 3.5b). Similar
behaviour can be observed for the reaction current where the current markedly
improves up to the critical point, followed by a dramatic drop in the reaction current
at higher precursor ratios. If we overlay the best OCNTs among each system, Figure
3.6a can be obtained for comparison. Despite of the capacitive background in
OCNT-H2.0, it is clear that both SOCNT-48h and OCNT-H2.0 initiate the ORR at the
same onset potential from both iy and i; profiles and express a +50 mV difference as
compare to the unmodified CNT. This implies that the chemical nature of the active
sites can be quite similar. Note that the ORR current for OCNT-H2.0 is only
somewhat greater than that of SOCNT-48h, although it contains about double of the
oxygen content of SOCNT-48h (17.0 at.% for OCNT-H2.0). Also remember that all
surface-oxidized CNTs activate ORR at an identical potential. In other words, the
OCNTs with only the surface oxidized can give rise an almost equivalent ORR

activity as the deeply oxidized CNTs. Furthermore, we notice that SOCNT-48h, which
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has double the oxygen content of SOCNT-0.5h, only shows a shallow improvement in
the reaction current; note that both samples have similar XPS O Is spectral profile
(Figure B2, Appendix B). Firstly this result provides that the reaction activation can
be effectively initiated by the surface oxygen groups at a low concentration down to
4.0 at.%. Moreover, it suggests that much of the surface oxygen groups on
SOCNT-48h stay inert for the ORR. This entails an important scientific question on
how to increase the surface active site density while keeping these structures

catalytically active.

To verify the prediction of similar chemistry for SOCNT-48h and OCNT-H2.0,
high resolution XPS O Is spectra for both OCNTs were collected in Figure 3.6b.
Clearly both OCNTs share a comparable spectral envelope, which suggests they may
be similar in the chemical nature. For simplicity, we only resolved the spectra into
singly and doubly bonded oxygen groups. The peaks at 533.5 eV and 532.0 eV
respectively correspond to the hydroxyl/carboxyl C—OH, and carbonyl/carboxyl C=0O
groups, indicating there is a combination of hydroxyl, carbonyl and carboxyl groups
on the carbon surface.'”*'”® Therefore, the improved onset potential likely originates
from any of the possible oxygen groups at the carbon surface. The resolution of these
oxygen groups is provided in the next section. Nevertheless, the above results deliver
two key messages: (1) oxygen groups located on CNT surface facilitate the O,
reduction to HO, , probably by providing favourable adsorption and conversion sites
for O, molecules and (2) only partial surface oxygen groups are catalytically

functional as high oxygen content does not seem to boost reaction current.
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Figure 3.6 (a) LSV-RRDE profiles of the superior OCNTs among each of the

oxidation methods and (b) their high-resolution XPS O /s spectra.

During chemical oxidation, both oxygen groups and structural defects are
simultaneously introduced to the carbon framework. It has been shown that the
graphite edges show better activity than the graphitic basal planes, without

37 Note that most relevant studies only look at oxidation in

incorporating any oxygen.
one direction without clarifying the contribution of the edge defects (sp’ edges
without oxygen) to the ORR activity. To distinguish the ORR activity of the surface
oxygen groups from the edge defects in continuous graphene planes, we have
thermally treated the SOCNT-48h and OCNT-H2.0 at 800 °C in a 5% Hj-containing
inert gas atmosphere for 2 hours to remove the majority of the oxygen and to saturate
labile dangling bonds to prevent subsequent oxidation by the air. After treatment, the
surface oxygen should be largely removed, leaving mainly saturated defects at the
nanotube surfaces. The oxygen content reduced to ~2.9 at.% for both samples,
according to XPS analysis (Figure B3, Appendix B). Figure 3.7a is the LSV-RRDE
profiles of the thermally treated OCNTs. The result shows that when the surface
oxygen is largely removed, leaving only saturated (sp”) edges on the framework, the

OCNTs express poor ORR activity. Both the onset potentials and the reaction currents

of the OCNTs have become significantly worse, and the behaviour of the ring currents
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suggest that the thermally treated OCNTs no longer promote effective consecutive
conversion of HO, to OH at more negative potentials. Clearly, it must be the oxygen

groups on the carbon promote the ORR activation.

For a better understanding of the active oxygen groups on SOCNT-48h and
OCNT-H2.0, high-resolution XPS O Is spectra were again recorded on the thermally
treated OCNTs to resolve the oxygen functional groups by their thermal stability.
According to the O Is spectra of SOCNT-48h and OCNT-H2.0, there is a mixture of
hydroxyl, carbonyl and carboxyl oxygen groups present in the samples, although it
can be any combination of these groups that results in a comparable spectral envelope.
From Figure 3.7b, the population of the oxygen groups in SOCNT-48h and
OCNT-H2.0 are in fact quite different. On the reminder oxygen groups on
SOCNT-48h-800, the population of carbonyl/carboxyl C=0O groups mostly vanishes
and left with only hydroxyl groups. This indicates that the 532.0 eV peak for
SOCNT-48h was mainly attributable to thermally unstable carboxyl groups.'®* This
agrees with the result of oxidized carbons after treatment with nitric acid."® Since the
same peak remains for OCNT-H2.0-800, the oxygen groups on OCNT-H2.0 should be
dominated by carbonyl and hydroxyl groups as they have much better thermal

stability.'**

Now, it is apparent that the surface of SOCNT-48h is dominated by
carboxylic and hydroxyl group, whereas carbonyl and hydroxyl groups mainly occupy
in OCNT-H2.0. A plausible explanation to their identical ORR activation potential is
the presence of C=0O groups in both cases, regardless of being carbonyl or carboxyl

group. This aspect of preferential O, chemisorption has been well discussed in a book

section by Radovic.”
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Figure 3.7 (a) LSV-RRDE profiles and (b) XPS O Is spectra of thermally treated
OCNT-H2.0 and SOCNT-48h; the OCNTSs prior to thermal treatment are included in

the voltammogram for comparison.

Next question to be elucidated for OCNTs is the origin of activity loss when
Hummer’s OCNTs is prepared at high KMnO4:CNT ratios. The solution can be as
simple as the obstruction of electron conduction channels (through physical contacts)
by oxidative damage in the OCNT electrodes. From the XRD profiles of the OCNTs
(Figure 3.3b), some graphite crystallinity is preserved up to a precursor ratio of 3.0,
even though the ORR activity started to degrade after a ratio 2.0. This suggests that
graphite crystallinity is not an appropriate index for the loss of ORR activity. A rather
intuitive parameter is the Ip/lg ratio in the Raman spectra (Figure 3.4b), which
signifies the saturation of oxygen groups or sp> domains on graphitic framework as
previously discussed. From a structural point of view, it is expected that the electron
conduction across Hummer’s OCNTs can be prohibited if the introduced oxygen
groups predominantly saturate the accessible surfaces at both graphitic edges and
basal planes, even if some conductive graphitic structures are preserved within the
nanotubes. Figure 3.8 displays the reduction profile of the /,p/Ig ratio of each OCNT
against the KMnO4:CNT ratio. If a transition point is taken where the curve starts to

plateau from a rapid saturation, we can find the critical point (between a KMnO4:CNT
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ratio of 2.0 and 2.5) actually corresponds to what is observed for the ORR activity
(Figure 3.5b). In addition, the l,p/lg ratio at the critical point is about 25% of the
extrapolated minimum value. This may suggest the oxygen saturation at below 75%
level can be considered in the “unsaturated” regime where the electron conduction
remain satisfactory for ORR, if the ratio is directly proportional to the degree of
saturation in an opposite direction. Also note that it has not reached a full saturation
right after the critical point and therefore the activity for OCNT-H2.5 and OCNT-H3.0
is not completely deprived. As a consequence, the structural origin for the loss of
ORR activity in the oxidized carbons can be ascribed to the hindrance of electron
conduction due to the saturation of insulating oxygen functionalities and sp® domains

on the carbon framework.
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Figure 3.8 A graph of Lp/l; ratio versus KMnO4:CNT mass ratio from the Raman

spectra for Hummer’s OCNTs.
3.4.2 The ORR activity of epoxide group

Lastly, we have explored an uncommon type of oxygen that emerges on
extensively oxidized graphitic carbons using Hummer’s method: the epoxide group.'*’
To ensure the CNTs were extensively oxidized and effectively turned into GONR, we

have employed a KMnO4:CNT ratio of 10 with an extended reaction period; the final
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oxygen content of GONR is 31 at.% by XPS analysis. The presence of epoxide is
verified from the evolution of oxygen group on Hummer’s OCNTs, based on the XPS
O Is spectra in Figure 3.9a. The carbonyl/carboxyl C=O0 is presented as peak A at a
binding energy of 532.0 eV. The down-shift in the binding energy from peak B at
533.7 eV to peak C at 532.8 eV clearly indicates a change in the C—O groups from
hydroxyl/carboxyl C—OH to ether C—O—C group.'®” In addition, Hontoria-Lucas and
the co-workers have shown that the epoxide oxygen in graphite oxide has a binding
energy at ~533.0 eV."”® Therefore, we believe the oxygen group responsible for peak
C is the epoxide group. A structural evolution of oxygen groups on Hummer’s OCNTs
is displayed in Figure 3.9b, according to analysis of the XPS result. It is noteworthy
that both GONR and OCNT-HS5.0 are dominated by epoxide groups and the only
difference is the high concentration of carbonyl groups (peak A) in OCNT-H5.0. A
simple comparison of the onset potentials may reveal the relative ORR activation

activity.

LSV-RRDE technique was again employed to examine the ORR activity of the
electrocatalysts. For a sensible activity assessment for GONR and OCNT-HS5.0, both
active materials were blended with CNTs at 20 wt.% to support electron conduction.
Figure 3.9c shows the LSV-RRDE profiles for the raw materials and their CNT blends.
As expected, the insulating raw materials exhibit poor overall activity. Remarkably,
with only 20 wt.% of the oxidized carbons, the blended composites can deliver an
equivalent performance to the OCNTs with partially impaired graphitic framework for
satisfactory electron conduction. This suggests that electron conduction channels do
not have to present in a single phase material, but in a well-blended mixture. In a
careful comparison, it can be seen that our GONR/CNT blend has a slightly higher

onset potential than the OCNT-H5.0/CNT blend by +20 mV. That is, the GONR/CNT
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blend can activate ORR at +70 mV with respect to CNT, which is the highest among
the OCNTs with common oxygen groups. We have also compared the activity with
OCNT-H2.0 as the best-performing OCNTs and found that the OCNT-HS5.0/CNT
blend has an identical onset potential to that of OCNT-H2.0 (Fig. B4, Appendix B).
This indicates the presence of carbonyl groups dominates the apparent ORR
activation and the epoxide groups may further lower the activation barrier. This is
quite an interesting result that the epoxide groups can facilitate ORR more efficiently

than the commonly known carbonyl groups.”

Since both GONR and OCNT-H5.0 are dominated by epoxide groups, it is a
challenge to explain the reason behind the activity interference by the carbonyl groups.
We have proposed a potential energy diagram in Figure 3.9d to provide a possible
explanation to the observation; AE,q and AEgt represents the activation potential
energy required for the adsorption and the electron transfer step. At a fundamental
level, the process of O, reduction to HO, has to go through an adsorption step follow
by an electron transfer step. Although many studies have focused on the preferential
O, adsorption sites, the adsorbed configuration for conversion should be the most
critical step for an observable current. Carbonyl groups are known to possess
nucleophilic sites at adjacent carbons for electrophilic attack by O,;"* this promotes
the adsorption of O, to the sites. However, how favourable the adsorbed configuration
is in accepting two electrons and restoring the structure with respect to other sites is
still unclear. In a reason of our observation, we propose that the epoxide groups may
be less favourable for O, adsorption but facilitate the charge transfer at the adjacent
carbon as labelled with an asterisk. The mechanism may involve reversible
ring-opening and reformation, like that in the epoxide diffusion on a graphite basal

plane,™ to generate nucleophilic reaction sites. On the other hand, the carbonyl groups

85



(i.e., at the alpha-carbons) favour O, adsorption and the adsorbed state is perhaps
stable enough to require extra potential to drive the electron transfer. In this way, most
of the free O, at the OCNT surface may preferentially adsorb to and be stably trapped
at the carbonyl groups instead of the epoxides. Therefore, the apparent onset potential
will replicate that of the OCNTs which contain reasonable carbonyl group
concentrations. As a consequence, the activity of epoxide can be masked by the
carbonyl groups present by preferential adsorption even though the epoxide groups

may deliver more efficient electron transfer.

@ ,

B } A
OCNT-H10.0 (GONR) _~ k
. 6 {O0CNTHS5.0 /‘ %\
= ]
- =y
8 OCNT-H3.0 _/4,/&
= :
£ 4 1{ocNTH25 /fq;i\
g Ry
2 ]ocnTH20 m
E |
0 4 : - . -
538 536 534 532 530 528 °
Binding Energy / eV
(C) r s
ransition State
o0.10 AEad c (electron transfer) Carbonyl
. - - o]
AEonset: 20 mV
0.05 L R)J\Q/R
- . -t
< el g o~ °© AEgrc
g | ___--TIT= c | (RDS)
= 0247 w
= ]
:'E AE.q4.e Transition State Epoxyl
0.4 N (electron transfer)
—— CNT £ Q R
——— OCNT-H5.0 P\*/
-0.6 GONR ®
—— 20%OCNT-5.0/CNT -
——— 20%GONRI/CNT o=, adsorbed AEgt e
08 ; ; ; ; . . <0 o
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
E !V, versus HgO/H - N
’ 9 9 Reaction Coordinate

Figure 3.9 (a) XPS O Is spectra of Hummer’s OCNTs at different CNT:KMnOQy ratios;
(b) The evolution of oxygen-functionalities on the OCNTs. (¢c) LSV-RRDE profiles of
OCNT-H5.0, GONR and their 20 wt.% blends with CNT. (d) A proposed potential

energy diagram for ORR on carbonyl group and epoxide on carbon.
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3.5 Conclusions

In closing, we have demonstrated that metal-free OCNTs with a partially
impaired carbon framework are satisfactory catalytic platforms for ORR. In particular,
only a portion of the oxygen functional groups at the carbon surface work efficiently
for O, electro-reduction into HO, intermediate; the overall oxygen content is less
important. We have confirmed that the presence of surface oxygen groups is necessary
for the ORR activity rather than the edge defects in sp® configuration. Moreover, the
saturation of oxygen groups on the carbon framework determines the effective
electron conduction across the OCNT electrode for the ORR activity, rather than the
level of preserved graphite crystallinity. Finally, we have identified that the surface
epoxides exhibit the best activity amongst the oxygen groups of interest; they enabled
ORR at an onset potential of +70 mV higher than unmodified CNTs, in the absence of

interfering carbonyl groups.
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Chapter IV.

Metal-free ORR Electrocatalysts:

Halogen and Sulfur-doped Carbons

Published as “Solution Phase Synthesis of Halogenated
Graphene and the Electrocatalytic Activity for Oxygen

Reduction Reaction” in Chin. J. Catal., 2014, 35, 884-890
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4.1 Abstract

Metal-free carbon electrocatalyts for the oxygen reduction reaction (ORR) are
attractive for their high activity and economic advantages. However, the origin of the
activity in nitrogen-doped carbons with highly asymmetric charge density has never
been clearly elucidated in a systematic manner. Halogen group elements are good
candidates for elucidating the effect, although it has been a difficult task due to safety
issues. In this report, we demonstrate the synthesis of Cl-, Br- and I-doped reduced
graphene oxide through two solution phase syntheses. We have evaluated the
effectiveness of doping and performed electrochemical measurements of the ORR
activity on these halogenated graphene materials. Our results suggest that the high
electronegativity of the dopant is not the key factor for high ORR activity; both Br-
and I-doped graphene promoted ORR more efficiently than Cl-doped graphene.
Furthermore, an unexpected sulfur-doping in acidic conditions suggests that a high

level of sulfide can degrade the ORR activity of the graphene material.

4.2 Introduction

Since the invention of the hydrogen fuel cell in 1838, the electrocatalysis of the
oxygen reduction reaction (ORR) has emerged as an attractive research topic, for it
potentially allows enormous energy to be delivered for small mass.'”’ The ORR
reaction is critical for various types of fuel cells and metal-air batteries. Nowadays,
much of the research focus is on developing a low cost and robust ORR
electrocatalyst with Pt-grade activity while being environmentally benign.>'®

Metal-free nitrogen-doped (N-doped) carbon materials, in particular, have been

discovered to offer the above advantages while delivering almost equivalent
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performance to Pt after thermal treatment.”’ However, the origin of electrocatalytic
activity on N-doped carbons remains unclear due to a lack of understanding about the
role that the dopant plays in the active site. This has prevented further development of

metal-free ORR electrocatalyst and a solution should be actively pursued.

Recent research has established a hypothesis that the breaking of
electro-neutrality in the graphitic carbon lattice is responsible for forming active
centres for ORR."® In order to validate this concept, an experiment would require a
simple system which allows the dopant electronegativity to be tuned from the level of
nitrogen down to a level close to carbon. To achieve this, halogen group elements are
perhaps the ideal candidates since the electronegativity difference versus carbon (Ay)
for chlorine, bromine and iodine are 0.61, 0.41, 0.11, respectively, by the Pauling
scale (Ay for nitrogen is 0.49). Unfortunately, current methods of halogen doping into
carbon typically require harsh reaction conditions (e.g., high temperature treatment or

laser ablation) and the direct use of highly toxic gases.'*"'***"!

It would certainly be
desirable to make a solution phase halogenation method for carbon materials under

ambient conditions available.

In this report, we demonstrate two solution phase preparations of chlorine-,
bromine- and iodine-doped reduced graphene oxide in different solvent systems and
compare the effectiveness of the two doping procedures. Importantly, the
electrocatalytic activity for ORR is carefully evaluated for each halogenated graphene
material. The effect of an unexpected sulfur-doping is also evaluated on the ORR

activity.

4.3 Experimental Section
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4.3.1 Materials

Reduced graphene oxide (RGO) was prepared by a thermal exfoliation method
on graphite oxide, which was synthesized according to a reported modified Hummer’s
method ?°2, All other chemicals (potassium chloride (KCI, >99%), potassium bromide
(KBr, >99%) and potassium iodide (KI, >99%), sodium hypochlorite (NaCIlO, 12.5%
in water), concentrated sulfuric acid (H,SO,4, >98%) and carbon tetrachloride (CCly))
were purchased from Ajax Finechem Pty Ltd and Sigma-Aldrich, and used as
received.

4.3.2  Preparation of X-RGO in concentrated H,SO,

Halogen-containing solutions were firstly prepared by adding 0.1 M equivalent
amount of NaClO, KBr and KI into 10 mL of 10 M H,SO4 in a 20 mL glass bottle.
Note that NaClO was used instead of KCl because the chloride anion is too stable to
be oxidized by the concentrated acid. In a typical preparation of halogenated RGO
(X-RGO), 2.0 mg of RGO was introduced into the halogen-containing acid solution
and dispersed in an ultrasonic bath for 30 minutes. With the bottle capped, the
solution was stirred at ambient conditions overnight. The modified RGO was then

filtered and washed with water and ethanol, and finally dried at 40 °C for collection.

4.3.3  Preparation of X-RGO in halogen-dissolved CCl,4

The procedure for RGO modification in halogen-dissolved CCly was similar to
that in sulfuric acid except a halogen gas (X;) extraction step was involved. Basically,
15 mL of CCl4 and 2.0 mL of concentrated H,SO,4 was placed in a capped glass bottle
and 0.1 M equivalent of a halide salt was added into the two-phase mixture and
shaken vigorously to dissolve the X, gas into the organic phase. Since KCl cannot be

oxidized by the acid, an equivalent amount of NaClO was used instead to generate Cl,
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gas. The X,-dissolved CCly was then extracted and transferred to another bottle for

RGO modification. The modification procedure was as described previously.
4.3.4  Characterizations

The materials were characterized mainly by X-ray photoelectron spectroscopy
(XPS) and Fourier-transform infrared (FTIR) spectroscopy. XPS was performed with
a Kratos XPS spectrometer using a monochromated Al Ka source. The survey scan
and high-resolution scan were measured at a pass energy of 160 eV s™ and 20 eV s™,
respectively. All spectra were corrected against the C /s (C—C) peak at 284.8 eV as a
reference and the full-width at half-maximum (FWHM) values were held constant for
all peaks. Transmission electron microscopy (TEM) was carried out on a JEOL 1010
microscope and the micrographs were taken at an accelerating voltage of 100 kV.
Ultraviolet-Visible (UV-Vis) spectroscopy was used to confirm the identity of a
particular halogen dissolved in CCls solvent. This was performed on an Agilent

Technologies Cary 60 UV-Vis spectrophotometer.
43,5  Electrochemical measurements

The electrochemical measurements of ORR activity were carried out using a
CHI920D bipotentiostat instrument coupled with a RRDE-3A electrode rotor (ALS
Co., Ltd.). In a typical cell, a rotating Pt ring/glassy carbon (GC) disk electrode, a Pt
wire counter electrode and a HgO/Hg reference electrode stabilized in 0.1 M KOH
were employed in a three-electrode system. All electrochemical reactions were
performed in an O,-saturated 0.1 M KOH electrolyte; the O, saturation was done by
purging with the gas for at least 30 minutes before the measurements. Linear sweep
voltammetry on a rotating ring-disk electrode (LSV-RRDE) was performed using the

above setup at a sweep rate of 10 mV s, the electrode was rotated constantly at 1500
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rpm and the ring potential was held at +0.5 V versus the reference electrode. All the
potentials were quoted with respect to the reference electrode. The collecting
efficiency of the RRDE was determined by using a bare glassy carbon disk in an
Ar-saturated standard ferricyanide electrolyte (5 mM potassium ferricyanide in 0.1 M
potassium nitrate solution) under a rotation rate of 1500 rpm. The collecting
efficiency was found to be ~0.32 by calculating the ratio of the ring current (at
oxidizing potential) and the disk current (at reducing potential) for the one-electron

transfer reaction.

4.4 Results and Discussion

In the preparation of X-RGO, concentrated sulfuric acid was employed to
generate X, gases at laboratory scale from the various halide sources. Each reaction

follows one of the chemical equations shown below:

2 NaClO + 2 H,SO4 = 2 NaSOy4 + Clz(g) +2 H,O (41)
HySO4 +2 H' +2 Br = Bry) + SOy + 2 H,O 4.2)
HySO4+ 8 H + 81 = 4 Iy + HaS¢y + 4 HyO 4.3)

In this way, the highly oxidative X, gases can react with RGO in the solution phase
and introduce the desired carbon-halogen (C—X) species. Since halogens in their
gaseous form are typically unstable in an aqueous medium, we have examined the
effectiveness of this chemical modification in both sulfuric acid and carbon
tetrachloride. Figure 4.la is the schematic diagram of the X-RGO preparation
procedures in the two media. The typical sheet-like morphology of the raw RGO

material was confirmed by TEM and is shown in Figure 4.1b. The presence of X,
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gases in CCly after the solvent extraction was also identified by their characteristic
absorption bands in the UV-Vis spectra as shown in Figure 4.1c; the excitation
wavelengths for Cl,, Br; and I, are respectively 346 nm, 414 nm and 512 nm, which

: . 203,204
are in agreement with the reported values.”***°
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Figure 4.1 (a) A schematic diagram of the preparation procedures of X-RGO in
sulfuric acid (top) and CCly (bottom). (b) A typical TEM image of the RGO used in

the synthesis. (c) UV—Vis spectra of halogen gases dissolved in CCls.

Composition analysis of the surface of the modified X-RGO requires a highly
sensitive analytical technique and XPS was hence selected for this purpose. Figure 4.2
displays the survey spectra of the X-RGO prepared in both aqueous acidic and
organic media; all spectral intensity was normalized according to the C /s peaks. At
the first glance, there is a fair amount of oxygen (8.0 ~ 9.0 at.%) observed in the raw
RGO and this is found to be unchanged after the halogenation. No other impurities
except for sulfur and the halogens could be identified in the spectra. In 10 M sulfuric
acid (Figure 4.2a), the product X-RGO shows almost negligible halogen content after
the reaction. Interestingly, a notable amount of sulfur was unexpectedly incorporated
into the I-RGO,; this is probably due to the presence of H,S after the iodide reduction
of H,SO4 (Eq. 4.3). In contrast, the reactions performed in CCls demonstrated a much

improved effect of raising the halogen content in the X-RGO. In Figure 4.2b, the CI
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2p and the Br 2p features display pronounced signals for the C1-RGO and the Br-RGO,
respectively, although the iodine signature in the I-RGO remains at a very weak
intensity. The quantitative results are tabulated in Table 4.1. For clarity, the X-RGO
samples prepared in 10 M sulfuric acid are denoted X-RGO-A and those prepared in

CCl, are labelled X-RGO-CT.
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Figure 4.2 XPS survey spectra for X-RGO prepared in (a) 10 M sulfuric acid and (b)

CCl4 media; the quantitative analysis of each element is given in Table 4.1.

The quantitative analysis shows that the sulfur content in the original RGO is only
around 0.40 at.%, which arises from both sulfide and sulfate groups after the thermal
exfoliation process (data not shown here). This low amount of sulfur is likely to come
from the Hummer’s method of graphite oxide synthesis and it is therefore not
surprising to find sulfur traces in the RGO. For the same reason, the reactions

performed in sulfuric acid show slightly increased sulfur contents in the modified
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X-RGO; the special case of [-RGO-A will be discussed later. Furthermore, the
remarkably high amount of incorporated chlorine at 8.10 at.% in CI-RGO-CT has
shown that the reaction system is very effective when performed in an organic solvent,
even under ambient conditions. However, it was not clear about the origin of the
marginally increased oxygen level, given the fact that the NaClO salt was insoluble in
CCly. Similarly, Br-RGO-CT also yielded a fair amount of bromine in the product, but
the results were less encouraging for -RGO-CT. This is likely because I, gas is quite
unreactive and the iodine groups are excellent leaving groups compared to other
halogen elements. By all accounts, sulfuric acid does not seem to be a suitable
medium for the halogen modification of RGO, although the side reaction with iodide

ion has effectively facilitated the sulfur doping of the graphene material.

Table 4.1 Composition analysis of the X-RGO prepared from the two methods.

Composition (at.%), £0.2%
Sample
C X 0] S

RGO 91.58 0.0 8.02 0.40
CI-RGO-A 90.19 0.31 (Cl) 8.78 0.72
Br-RGO-A 90.46 0.28 (Br) 8.60 0.66
I-RGO-A 88.72 0.14 (D) 8.40 2.74
CI-RGO-CT 82.00 8.10 (Cl) 9.60 0.30
Br-RGO-CT 89.86 1.70 (Br) 8.07 0.37
I-RGO-CT 91.68 0.13 (D) 7.71 0.48

Of course it is not assured that all incorporated halogen species are in the desired

C—X configuration. We thus employed high-resolution XPS spectroscopy to examine
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the particular elements of interest. Figure 4.3 shows the high-resolution XPS spectra
of the halogen and the sulfur peaks in X-RGO prepared in the acid system. Although
the samples after modification were extensively rinsed with water and ethanol to
remove possible impurities, the deconvoluted spectra show that a low to moderate
level of halide species was present together with the covalently bonded halogen
groups. In the Cl 2p spectrum for CI-RGO-A (Figure 4.3a), the spin-orbit splitting
between 2ps,; and 2p;, was found to be 1.6 eV. The 2p;/, peaks of the two Cl species
are located at 200.5 eV and 197.9 eV, corresponding to C—Cl and NaCl,
respectively.'*??> The halide may be sourced from the Cl, decomposition in water
and the reaction by-products. Clearly, the majority of the doped chlorine is in the form
of C-CI groups. The Br 3d spectrum for Br-RGO-A (Figure 4.3b) also has two
bromine species at 70.6 eV and 67.9 eV of the 3ds, feature, corresponding to C—Br
and KCl, respectively.”***"” The spin-orbit splitting for Br 3d is about 1.4 eV. In this
sample, the amount of C—Br was only about 66.5% of the total Br content. For
[I-RGO-A, the two peaks in [ 3d spectrum are associated with 3ds, and 3ds,, with a
spin-orbital splitting value of 11.6 eV (Figure 3c). Again, the C—I and KI species can
respectively be found at 620.2 eV and 618.6 eV,***** and only 41.2% out of the total

I content is the C—I group.

In an attempt to understand the reason behind the unexpected increase of sulfur
content in [-RGO-A, the high-resolution S 2p spectra of all X-RGO prepared in the
acid system were carefully compared. In the spectra of X-RGO-A, two dominant
types of sulfur can be identified, which are sulfide (C-S, 164.0 eV) and
sulfate/sulfonate groups (SOy, 168.2 eV) at the 2psp posi‘[ions.m’211 In the case of
CI-RGO-A and Br-RGO-A, the C-S and SOy level were roughly in equal amounts. As

aforementioned, these sulfides should come from the raw RGO material. In contrast,
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the sulfur in I-RGO-A is predominantly in the form of sulfide as shown in the S 2p
spectrum (Figure 4.3c). Since there is no direct sulfide source in the starting reagents,
the excessive sulfide must be the consequence of additional reactions occurring
during the RGO modification process, likely by the H,S from the sulfate reduction.
This result has confirmed that [-RGO-A is really a sulfide-doped material and H,S is

perhaps an excellent reactant for sulfur doping.
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Figure 4.3 XPS high-resolution spectra of the halogen and sulfur species for (a)

CI-RGO, (b) Br-RGO and (c¢) I-RGO prepared in 10 M sulfuric acid.

The high-resolution XPS spectra of the halogens in X-RGO-CT are presented in
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Figure 4.4. As the reactions were carried out in a non-polar electrolyte, the problem of
salt deposition on the materials was entirely avoided. In the Cl 2p spectrum of
CI-RGO-CT (Figure 4.4a), the neat spectrum with a 2ps,, peak positioned at 200.3 eV
directly indicates the introduction of C—Cl into RGO by Cl,. The Br 3d spectrum for
Br-RGO-CT reveals one bromine type at 70.4 eV, suggesting the presence of C—Br
group (Figure 4.4b). The I 3d spectrum for I-RGO-CT is shown in Figure 4.4c. The
position of the 3ds/, peak is at 620.0 eV, signifying the presence of C—I group despite
of the broader peak width. This may be due to the minor contamination by I, given
that the binding energy for C-I (620.2 eV) and L, (619.9 eV) is too close to be
distinguished.”*®*'> Nonetheless, all of the X-RGO-CT samples have definite C—X

signatures and are free from halide contamination.
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Figure 4.4 XPS high-resolution spectra of the halogen species for (a) CI-RGO, (b)

Br-RGO and (c¢) [-RGO prepared in CCly.

With the above data, we are able to summarize the C—X and C-S contents in the
modified RGO, as shown in Figure 4.5. Briefly, the C—Cl content in CI-RGO and the
C-Br content in Br-RGO are probably the most pronounced differences for the acid
and organic systems. The minor amount of the water-soluble halide salts that present
in a non-covalently bonded fashion should have no influence on the electrocatalytic

activity in an aqueous electrolyte system. I-RGO-CT can be regarded as a true
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iodine-modified RGO, whereas the considerable number of C—S groups in I-RGO-A
means that it is in fact better described as a sulfur-modified RGO. By using
electrochemical methods, we shall be able to clarify the influence of each dopant on

oxygen reduction electrocatalysis.
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Figure 4.5 The C—X and C-S content in the X-RGO from two solution methods

derived semi-quantitatively from XPS.

To study the electrocatalytic activity of the modified graphene materials, the
ORR was carried out in an oxygen-saturated 0.1 M KOH electrolyte. In general, ORR
propagates through a two-step reaction in which each individual step is a two-electron

reduction process.® The following chemical equations describe the elementary steps of

ORR:
0O, +H,O+2e¢ = HO, +OH (44)
HO, +H,O+2e¢ = 30H (45)

An efficient ORR process would initiate the reaction at low reaction overpotential (i.e.,

towards positive onset potential) and deliver a large reaction current.” In an ideal
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scenario, an apparent four-electron ORR can be attained when the secondary reaction
is sufficiently fast that the escape of the peroxide intermediate from the electrode
surface can be prevented.’ By incorporating halogen group elements into graphene,
we are able to investigate the effect of increasing dopant electronegativity on ORR

electrocatalytic activity using a metal-free carbon platform.

We have employed a linear sweep voltammetry technique using a rotating
ring-disk electrode (LSV-RRDE) to study the electrocatalytic behaviour of X-RGO.
This technique basically creates a hydrodynamic environment which promotes the
introduction of fresh reactant and the removal of reaction products from the electrode
surface. Any meta-stable intermediate such as peroxide anion, if generated, will be
detected at the ring electrode generating a ring current. Figure 4.6 is the LSV-RRDE
profiles of X-RGO from the two preparation conditions; the unmodified RGO was
used as a reference for comparison. In the voltammogram of the raw RGO, a two-step
profile starting from —0.15 V can be read from the disk current, suggesting the
occurrence of the two-step consecutive reaction mechanism. The consistent initial
increase and the decrease of the ring current at approximately —0.80 V support the
view that the reaction mechanism is in agreement with equation (4.4) and (4.5). On
this basis, it is clear that the Cl-RGO-A in Figure 4.6a shows similar reaction
behaviour while starting at an almost identical onset potential to RGO. This means the
Cl-doping does not affect RGO in a way that alters the ORR property of the
electrocatalyst. Similar reaction features can be observed for CI-RGO-CT (Figure
4.6b). This affirms that the doped Cl does not participate in the ORR, even at a much
higher concentration. Br-doping, on the other hand, displays less negative reaction
onset potential at —0.12 V, as can be read from Br-RGO-A and Br-RGO-CT. This

suggests the doped Br promotes the O, reduction into HO, at a lower energy cost. In
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addition, Br-RGO-CT shows an improvement in the reaction current as compared to
Br-RGO-A; this could simply be a direct result of increased Br content. Looking at
I-RGO-CT as a real I-doped RGO as shown in Figure 4.6b, the improved reaction
behaviour in the onset potential and the reaction current has also suggested the
I-doping of RGO is beneficial for ORR, despite the low iodine concentration in the
sample. Yet, it is not clear why Br-doped and I-doped RGO share a similarly
improved reaction behaviour when there is a difference in the dopant electronegativity.
Nevertheless, both Br- and I-doped RGO demonstrate a better ORR activity in terms
of the onset potentials and the reaction currents over the entire reaction potential
range, as compared to Cl-doped RGO. Therefore, it is suggested that the difference in
electronegativity between the dopant and the neighbouring carbon atom is not the

crucial factor in providing excellent activity for ORR.

As a practically sulfur-doped graphene material, -RGO-A in Figure 4.6a exhibits
a poor reaction current with a strongly negative onset potential of around —0.20 V.
Moreover, the ring current shows a steady increase instead of a reduction at low
potential. This suggests that the reaction is producing multiple intermediate species
which can be easily oxidized at the Pt ring. This will reduce the electron gain per
reaction and lead to poor energy efficiency in a fuel cell. Clearly the incorporated
sulfide groups in [-RGO-A have an adverse effect on the general ORR activity of the
electrode. Although there are reports about the beneficial effects of doping sulfur by a
high temperature treatment,'** our results of doping sulfur at ambient temperature do

not support this conclusion.
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system, in O,-saturated 0.1 M KOH electrolyte.

In an evaluation of ORR performance for each doped RGO material, we have
calculated the average electron transfer (n) number based on the following
equation,””® where iq is the disk current, i, is the ring current and N denotes the

collecting efficiency at the ring electrode.

= Hd (4.6)

ld+N

As shown in Figure 4.7, all modified RGO materials except for I-RGO-A have n
numbers of less than 2.5 at low negative potential that increase at approximately —
0.80 V. The sulfur-doped RGO (I-RGO-A) performs ORR at an electron transfer

number of around 2.0, suggesting that the secondary reduction of the peroxide
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intermediate is inhibited. In other words, the sulfide groups at the electrode surface
likely repel the intermediate species as soon as they are formed. The CI-RGO samples
produced by both doping methods share similar » number profiles across the potential
range and both are similar to the reference RGO. The n numbers are around ~2.8 at —
1.0 V, which indicates that only a small portion of peroxide intermediate has been
consumed for a full reduction of O,. Next, both Br-RGO show a clear improvement in
n number over the reaction potential range. This means a higher percentage of the
intermediate is utilized, especially for Br-RGO-CT; a n number of ~3.2 can be
reached at —1.0 V. A similar » number profile is also found for I-RGO-CT, which may
suggest that the ORR activity by the electron transfer efficiency is at a comparable
level with Br-RGO-CT. We are unable to distinguish between Br-doped and I-doped

RGO in terms of which really has a superior activity from the limited sample size.
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Figure 4.7 The electron transfer number evolution on X-RGO across the ORR

potentials range.

Overall our results have established an understanding of the impact of doping

highly electronegative elements into carbon on ORR performance. The ORR activity
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in the view of general performance (i.e., onset potential, reaction current and »
number) of the heteroatom modified RGO can be ranked approximately as: Br-RGO =
I-RGO > CI-RGO = RGO > S-RGO. Clearly, a highly electronegative dopant does not
necessarily create ORR active sites as in the case of nitrogen-doped carbons. Firstly,
none of the doped halogen elements led to an apparent four-electron ORR. Secondly,
chlorine exhibits the highest electronegativity among the halogen group elements
studied in this report, but it does not provide an enhanced electrocatalytic activity.
Hence, the origin of ORR activity is perhaps rather related to the local electronic and
bonding configuration around the dopant in the carbon lattice.”' Yet, the dopant
electronegativity may still have a role in tuning the electronic configuration. For
instance, our Br-RGO has yielded improved activity, noting that the electronegativity
value of bromine is very close to that of nitrogen (yg; = 2.96 and yn = 3.04). How such
a level of electronegativity affects the electronic configuration will require further
research. Overall, we believe that this report has solved an important piece of the

puzzle about the origin of ORR activity on metal-free carbon electrocatalysts.

4.5 Conclusions

We have successfully demonstrated the preparation of halogenated graphene in
both sulfuric acid and carbon tetrachloride media and addressed the effects of doping
RGO with Cl, Br, I and S elements on the ORR activity. In 10 M sulfuric acid, the
reaction yield of carbon-halogen groups was very poor (less than 0.5 at.%) and a
considerable amount of sulfide was incorporated into I-RGO-A by a side reaction
involving H,S. For reactions performed in non-polar CCly medium, the halogen

introduction was highly effective and free of possible halide impurities; the chlorine
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content in CI-RGO-CT was as high as 8.1 at.%. The electrochemical experiments
revealed that both Br-RGO and I-RGO facilitated a more efficient ORR than CI-RGO
and the undoped RGO at a higher reaction onset potential. The sulfide-containing
[I-RGO-A delivered the worst general ORR activity among all the modified RGO
materials. The level of activity can be approximately rated in the order: Br-RGO =
[I-RGO > CI-RGO = RGO > S-RGO. It is clear that high electronegativity of a dopant

is not the key factor for a superior ORR electrocatalyst.
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Chapter V.

Graphene-supported Metal Oxide Hybrid as High
Performance ORR Electrocatalysts: The Synergism and

The Dual Functionality

(Separated into two parts)
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V-Part A

The Synergistic Consequence at the Covalently Coupled

Metal Oxide/Graphene Oxide Interface

A manuscript has been submitted
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5A.1 Abstract

Non-precious carbon/metal oxide hybrid electrocatalysts are of increasing importance
in oxygen reduction reaction (ORR) in basic solutions. A synergistic effect is
commonly used to explain the superior ORR activity exerted by the electrocatalytic
hybrids, and is attributed to the carbon-metal interfaces. However the structure and
the activity of the interface are unclear. We observed the site-specific growth of spinel
Mn3O,4 nanocrystals on graphene oxide nanoribbons and revealed the superior ORR
activity of the hybrid electrocatalyst that was facilitated by the site-dependent
interface structure. By combining X-ray photoelectron spectroscopy with synchrotron
far-infrared spectroscopy, we elaborated the interface structure (>C—O-Mn®") and
identified its electrocatalytic activity. The activity of the interface is illustrated by a
~60 mV decrease in overpotential. We expect the elucidation of the structure and the
role of the >C—-O-Mn®" interfaces in ORR can inspire the mechanistic insights into

other carbon/metal oxide catalysts and computational studies.

5A.2 Introduction

The oxygen reduction reaction (ORR) is a central process in fuel cells and
metal-air batteries for the next generation sustainable energy technologies.**’ Owing
to the sluggish reaction nature, high-performance electrocatalysts such as platinum is
required to promote the ORR kinetics. However, the very high cost and scarcity of Pt
have limited the commercial applicability.*> Enormous research effort has therefore
been devoted to developing highly efficient electrocatalysts at an affordable
cost.’®?23% The emerging research trends involve the metal oxide-functionalized

95,108,156,157

nanocarbons, and the heteroatom-doped nanocarbon
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electrocatalysts.!12#132214215 A synergistic effect has been commonly claimed for the
improved activity in the hybrid electrocatalyst consisted of spinel metal oxides and
graphene.>1%8150157 A theory suggested that the interfacial oxygen or nitrogen atoms
may reduce the charge transfer resistance,**® but there is a lack of explicit mechanistic
insight into the origin of the broadly accepted synergistic effect. In particular, the
subtle interface structure and its electrocatalytic activity in the carbon/metal oxide
hybrids have been neither clearly resolved nor directly correlated. New mechanistic
insight into these remaining questions is important to assist in unravelling the origin

of the synergistic effect in ORR.

Here, we aim to further elucidate the structure of the interface between spinel
metal oxide nanoparticles and oxygen-rich graphene-based substrates, and its role in
the synergistic ORR process. We employed spinel manganese oxide (Mn3;O4) and
graphene oxide nanoribbon (GONR) in the form of a synergistic hybrid, as an

expedient system to advance the understanding of the covalent interface.

5A.3 Experimental Section
5A.3.1  Materials

Multi-walled CNTs (purity = 95%) were provided by Institute of Metal
Research, Shengyang and were purified through extensive washing alternately in 20%
HCI solution and 1.0 M KOH solution several times, to dissolve away possible metal
residues. This was followed by rinsing in water, ethanol and weak HCI solution to
remove any remaining impurities. Other reagents (36% HCI solution, KOH pellets,

KMnQ,, 30% H,0, in H,O and ethanol) were purchased from Sigma-Aldrich and

Ajax Chemicals and used as received.
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54.3.2  Preparation of Mn3;0,GONR hybrid and Mn;0,/GONR mixtures

The Mn304,-GONR hybrid material was prepared by a modified Hummer’s
oxidation and unzipping of CNTs,*®" followed by a pH-controlled co-precipitation.
Typically, 1.0 g of purified CNTs was mixed with 10 g of KMnQO,4 in 120 mL of
concentrated sulfuric acid. The temperature of the solution was then raised to 60 °C
and maintained for 4 hours under stirring. After that, the reaction mixture was cooled
to room temperature and 150 mL of water containing 30% H,O, was added. Under
stirring, this mixture was aged under ambient condition for two days to allow
stabilization of GONRs and development of Mn clusters on the GONR surface. The
solid product was separated by centrifugation in 50 mL Falcon tubes at 4400 rpm for
30 min; this solid contained a thick layer of white MnSQO, salt and a layer of dark
green GONRSs. By discarding the supernatant, the product was purified with water
using centrifuging an additional two times to remove the large excess of salt residues
(i.e., until the white solid in the centrifuged product were removed). Next, the dark
green product was re-suspended in 100 mL of water and the solution was carefully
neutralized with 2.0 M KOH solution to pH 9.0 to precipitate Mn;0,-GONR hybrid.
Finally, the black product was harvested by filtering and washing with water using a
large pore-size cellulose filter paper (Whatman, Grade 1) to allow removal of

free-standing Mn30,4 nanoparticles.

The synthesis of GONRs and Mn30,4 nanoparticles basically employed the same
procedure as the synthesis of Mn3O4-GONR hybrid. For GONRs, extensive washing
with water was applied until a neutral pH has been reached, instead of proceeding to
the co-precipitation procedure. For Mn3O4 nanoparticles, the same Hummer’s method
was again followed, but without adding CNTSs; this is to ensure a similar synthesis

environment. The final reaction solution was diluted in proportion according to the
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original procedure, and then the Mn3O,4 nanoparticles were precipitated using 2.0 M

KOH. Extensive washing was also applied to harvest the nanoparticles.

The preparation of the Mn3;04/GONR composite was done through direct blending
of Mn30O,4 nanoparticles and GONRs. In a mass ratio of 1:4 and 1:2 for Mn3;04:GONR,
the as-prepared materials were firstly ground in a mortar for a good mixing, then were
placed into a small volume of ethanol and ultrasonicated for a uniform suspension and

finally were dried in an oven for a well-mixed composite.
5A4.3.3  Characterizations

Transmission electron microscopy (TEM) was performed on a Tecnai G2 F20
transmission electron microscope at an acceleration voltage of 200 kV and an
extraction voltage of 4,500 V. X-ray photoelectron spectroscopy (XPS) was carried
out on a Kratos Ultra XPS spectrometer using a monochromated Al Ka source under
ultra-high vacuum. The survey spectra were measured from 0-1200 eV at a resolution
of 1.0 eV and a pass energy of 160 eV. The high-resolution spectra were collected at a
resolution of 0.05 eV and a pass energy of 20 eV over an appropriate spectral range.
All spectra were corrected based on the C 1s position (284.8 eV). The peak
deconvolution in O 1s spectra involved constraining both the characteristic binding
energies and the full-width at half-maximum (FWHM, 1.15 eV) at £0.05 eV tolerance.
The X-ray diffraction (XRD) profiles were collected using a Bruker Diffractometer
X8 with a Cu Ka source from 10° to 70° (26). The step size was 0.02 degrees and
each step was recorded per second. Raman spectroscopy was performed on an inVia
Renishaw Raman spectrometer using an Argon green excitation laser (514 nm) with
1% of the maximum power (50 mW). The spectra were recorded from 100 cm™ to
3000 cm™ at a resolution of 1 cm™. No background correction was performed except

for the GONR sample; the large fluorescence background was corrected by
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extrapolation and subtraction of an exponential background function.
Fourier-transform infrared (FTIR) spectroscopy experiments were conducted in
transmission mode using Australian Synchrotron facilities and the samples were
prepared using a pellet-pressing method. For mid-infrared (MIR) spectroscopy, 1 wt%
of sample and KBr was used as the mulling agent to form a uniform disc pellet. Each
spectrum was collected at ambient temperature in vacuum using a Globar light source
and MCTm detector and the data was averaged over a total of 1000 runs. For
far-infrared (FIR) spectroscopy, a 10 wt% sample with polyethylene (PE) to obtain a
white pellet was used. The experiment was performed in the same environment except
a synchrotron light source and a Si-bolometer detector were employed for the
measurement. All spectra were corrected against a background spectrum for particular

IR ranges. (MIR = pure KBr and FIR = pure PE)
54.3.4  Electrochemical measurements

All electrocatalysts for electrochemical measurements were prepared into
appropriate electrodes with CNTs as conductive filler and Nafion as binder. Typically,
a target electrocatalyst and purified CNTs were mixed at a weight ratio of 1:4 (20%)
in a total mass of 5.0 mg. The solid was then dispersed in 1.0 mL of 0.5 wt% Nafion
solution (Sigma-Aldrich) with the help of ultrasonication. Onto a glassy carbon
electrode (RRDE Pt ring/GC disk electrode, ALS Co., Ltd.), 15 uL of the dispersion
was drop-cast and dried in an oven to obtain a uniform composite film (0.6 mg cm2).

This electrode was then used directly for electrochemical experiments.

Electrochemical experiments were performed in an O,-saturated (flow rate: 10 mL
min*, saturated for at least 1 h) 0.1 M KOH electrolyte using a three-electrode system:
Pt ring/GC disk working electrode (ALS Co., Ltd., GC diameter: 4.0 mm, Pt ring

inner diameter: 5.0 mm and outer diameter: 7.0 mm), a Pt wire counter electrode and
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a HgO/Hg reference electrode stabilized in 0.1 M KOH. A RRDE-3A apparatus (ALS
Co., Ltd.) for the electrode rotation control coupled with a CHI920D bipotentiostat

instrument was installed for the measurement.

Differential pulse voltammetry (DPV) was carried out on a rotating electrode at a
constant rotation rate of 1600 rpm. The potential range covered from 0.0 V to -0.6 V
to study the reactions at ORR activation potentials. The data was recorded at an
equivalent scan rate of 8 mV s with a pulse width of 0.2 s for every 0.5 s. Linear
sweep voltammetry on a rotating ring-disk electrode (LSV-RRDE) was measured
from 0.2 V to —1.0 V at a scan rate of 10 mV s, also under a constant rotation rate of

1600 rpm; the ring potential was held at +0.5 V.

The calculation of the average number of transferred electrons (n) was performed
using an analytical equation as follows:
4y
"t i /N
, Where iq is the disk current, i, is the ring current and N is the collecting coefficient.
The value of N was experimentally determined to be 0.37 by using a standard

ferricyanide system (5 mM KzFe(CN)g in 1.0 M KNOgs electrolyte solution).

5A.4 Results and Discussion

The morphology of the Mn3O04,-GONR hybrid was characterized by transmission
electron microscopy (TEM). Figure 5A.1a shows the crystalline Mn3O,4 nanoparticles
supported by GONRs. The TEM image in Figure C1 shows the width of 50-100 nm
for GONRs (Appendix C). The high-resolution TEM (HRTEM) image displays the

(101) plane of Mn3O4 nanoparticles. Free-standing nanoparticles were not observed.
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This result suggests the Mn3O,4 nanoparticles are tightly adhered to the GONRSs in the
Mn30,4-GONR hybrid. It is worthwhile to point out that most of the visible Mn3O4
nanoparticles are attached to the basal plane of the GONRs; very few particles are
seen on the edge sites. This indicates the tendency of in-plane growth for the Mn3O,
nanoparticles on the GONRs, which is believed relevant to the different chemistry at
basal and peripheral sites of GONRs. The size of the GONR-supported MnzO,
nanoparticles is 10-30 nm, which is very similar in size to the separately prepared
Mn3;O,4 nanoparticles (Figure C1, Appendix C). Both the X-ray diffraction pattern
(Figure C2, Appendix C) and the Raman spectra (Figure 5A.1b) confirm the expected
constituents in the Mn3;O,-GONR hybrid. In the Raman spectra, the peak at 655 cm*
corresponds to MnzO, and those at 1358 cm ™ (D band) and 1605 cm ™ (G band) relate
to GONRs. These characteristic peaks remain at the same positions compared to the
spectra of the individual constituents which suggest that these components in the

hybrid maintain similar bulk structures to their individual forms.
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Figure SA.1 (a) TEM micrographs of the Mn;O4-GONR hybrid. (b) Raman spectra of
the hybrid, Mn3;O4 nanoparticles and GONRs (fluorescence background subtracted).
(c) XPS survey spectra for Mn3;O4-GONR hybrid, Mn3;04/GONR composite and

GONRs.

The XPS results are consistent with the expected composition and impurities
were not observed (Figure 5A.1c). The oxygen content of Mn3O4,-GONR hybrid was
lower than that of GONRSs, suggesting that the pH-stimulated Mn3O4 growth may
induce some chemical reactions that removed some oxygen groups from the pristine
GONRs. Since deoxygenation helps with repairing the damaged sp® network, we
adopted electron energy loss spectroscopy (EELS) to probe the local structural
differences between the pristine GONRs and the one in the hybrid. Figure C2
(Appendix C) reveals a much sharper z* peak at the carbon absorption edge in the
EELS spectrum of the GONRSs in the hybrid compared with the pristine GONRs. This
coincides with the observed lower oxygen content from XPS and confirms the carbon
lattice being repaired in the Mn3O,4-decorated GONRs. In contrast the XPS for the
Mn3;0,/GONR composite demonstrates a much-pronounced O 1s peak that is similar
to that of the pristine GONRs, indicating no dramatic impact of ultrasonic agitation on
the oxygen groups. According to the atomic population of Mn (2.75 at. %), about 3.66
at. % oxygen in the composite can be assigned to Mn3Q,4, and the content of oxygen
from GONRs is about 35.64 at. %. Hence the O/C ratio of GONRSs in the composite
approximates 0.62, which is relatively close to the ratio of 0.45 for the pristine

GONRs compare to that for the hybrid (O/C=0.19).

In order to correlate interface structure with the surface oxygen on GONRs, we
investigated the structural evolution of oxygen functionalities on GONRs by using

high-resolution XPS. The high-resolution O 1s and C 1s spectra for Mn;O04,-GONR
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hybrid, Mn3O4/GONR composite and pristine GONRs are compared in Figure 5A.2a.
The basal plane chemistry of GONRs is dominated by epoxides (<) as depicted by
the peaks at 287.0 eV and 532.8 eV in the C 1s and O 1s spectra, respectively, with a
reasonable amount of carboxyl/carbonyl groups on the peripheral sites.**>*° After the
growth of Mn3O4 nanoparticles, the epoxides on basal planes of GONRs in the hybrid
were mostly removed, leaving only a small amount of hydroxyl groups (C-OH, 286.3
eV in the C 1s spectrum). However, the peripheral carboxyl/carbonyl groups remained
in a similar quantity to that in the pristine GONRs. Combining the TEM and XPS
results, it is believed that the basal plane epoxides are probably the sites on which the
Mn3;O,4 nucleated and grew. It has been shown that divalent cations can cross-link
graphene oxide sheets via the interactions with the oxygen groups on basal planes.?*’
We presume that the Mn ions in the solution preferentially attacked the relatively
reactive epoxide groups and developed into Mn3O, nanoparticles.’>** In contrast,
the population of peaks due to epoxides in the Mn3O,/GONR composite remained
similar to that of the pristine GONRs. This provides a straightforward clue that the
interface structure in the Mn3O,/GONR composite is distinct from that in the
Mn3;0,4-GONR hybrid, where the two constituents in the composite are likely spatially
separated by the epoxide groups instead of being covalently connected. The slight
decrease in epoxide population and the variation in the relative content of carboxyl,
C=0 and C-OH groups may be a sign of some weak interaction between Mn3zO,

nanoparticles and GONRs in the composite.
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Figure 5A.2 (a) High-resolution XPS C 1s and O 1s spectra for Mn3O4-GONR hybrid,
Mn3;04/GONR composite and GONR. (b) FTIR spectra for the hybrid, the composite
and the individual constituents. (c) An illustrative diagram of the interfacial junction
between a Mn30,4 nanoparticle and a GONR, based on collective information from

XPS and FTIR spectroscopy.

The different surface chemistry of GONRs in those samples was examined by a
synchrotron Fourier-transform infrared (FTIR) spectroscopy (Figure 5A.2Db).
Carbon-associated vibrations are found in the mid-infrared (MIR) region (4000 cm™
to 800 cm™). In the MIR spectrum, significant amounts of C-O functionalities
(carboxylic C=0 (A, 1727 cm™), hydroxyl C-O (B, 1387 cm™), carboxylic C-O (C,
1227 cm™) and epoxy C-O (D, 1057 cm ™) are depleted in the hybrid as are the O-H
groups (~3360 cm™), as compare to the GONR spectrum.?*®2 It is unlikely that the
Mn ions reacted with the hydroxyl to form Mn hydroxides based on the XRD result

(Figure C3, Appendix C). The loss of O-H groups should be mainly due to the

removal of water intercalate in graphene oxide as reflected by the disappearance of
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the low-angle XRD peak (Figure C3, Appendix C).*>*° This could be the case as the
Mn3;O,4 nanoparticles tend to nucleate firstly on the epoxide sites and then to grow,
which could concurrently break down the hydrogen bonding between water and
epoxides, and expand the interlayer space of GONRs, resulting in the removal of
intercalate water. In the composite, most C—O groups remain unchanged except for
some loss in the epoxyl C-O and the carboxylic features (peaks A and C). This
outcome agrees with the XPS results in that there was a considerable reduction in the
oxygen groups of GONRs in the hybrid, and some relatively weak interaction has
occurred between GONRs and Mn3;O, nanoparticles in the composite during the
ultrasonic agitation. The distinct surface chemistry of GONRs in the three samples
suggests the possibly different interface structures between the hybrid and the

composite.

Since the Mn3O, in the hybrid grows from the epoxide groups, O-bridged
interface structure should be expected similar to our observation in a graphene-nickel
oxide composite.??® Therefore there should be two structures: Mn—-O—Mn and Mn—O—
C. The sharp peak at 529.8 eV in O 1s (Figure 5A.2a) is attributable to the structural
oxygen (Mn—-O-Mn) in the Mn3O, crystal lattice while the peak at 530.8 eV is
typically ascribed to the surface oxygen groups connected to non-metal elements (for
example, Mn—O—C in this case).?? It can be noticed that the relative peak intensity of
Mn-O-C to Mn-O-Mn for the hybrid is higher than that for the composite. This

implies the relative abundance of Mn—O-C in the hybrid.

There are both Mn** and Mn** in Mn3O, lattice; thus it is uncertain which Mn
cation links with O atom. To identify this subtle interface structure is critical for
acquiring new mechanistic insight into the interface effect in synergistic ORR process,

and for computer-aided simulation. In the far-IR region (600 cm™ to 200 cm™?), only
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Mn3O4-related signals present (Figure 5A.2b). The four characteristic peaks signify
the Mn-O bond vibrations at particular locations in the crystal structure. As compare
to free-standing Mn3O,4 nanoparticles, one substantial difference in the Mn3zO4,-GONR
hybrid is the red-shift of the peaks at 415 cm ™ (E) and 351 cm™* (F) by ~10 cm™* for
MnzO,-GONR hybrid, with respect to the peak at 247 cm ™ (G), the Mn?* bond
vibration at the tetrahedral sites in Mns;O, crystal lattice.?”* Such shifting is not
observed in the Mn3O4/GONR composite. Interestingly, both shifted features are
associated with the Mn®*-O bond stretching at the octahedral sites of Mn3zO4

crystal. 2

A red-shift in an IR spectrum typically means that the particular vibration
was restricted in space or attached to a bulky neighbouring mass. It is believed that
the MnzO, nanoparticles are connected to the bulky GONRs through >C—O-Mn**

linkages, where the Mn®" stays at the octahedral site on the spinel surface.

Combining the above findings, the coupled interface between Mn3;O,4 nanoparticle
and GONRs in the hybrid is illustrated in Figure 5A.2c. Basically, the MnzO4
nanoparticles are covalently connected to the GONR basal plane through >C—O—Mn**
bridges at the original epoxide sites on GONRs. As a result of epoxide ring-opening,
the bridging oxygen should be singly bonded to both a carbon atom and a Mn** ion.
Recalling that most epoxide groups were consumed for the development of Mn3O4
nanoparticles at an alkaline pH; it is somewhat straightforward that the initially
formed >C—O—Mn*" moieties can be the seeds for crystal growth. During the growth,
the Mn®" ion in the moiety may be incorporated into the Mn3O, crystal structure at the
octahedral site of the lattice while being connected with GONRs. Since the >C-O—
Mn** junction bridges between the Mn3;O,4 nanoparticles and GONRs in the hybrid, its

electrocatalytic nature at the exposed interfacial periphery must be important for
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understanding the origin of the synergistic effect in carbon/metal oxide hybrid

electrocatalysts.

We used differential pulse voltammetry (DPV) to identify the electrocatalytic
nature of the >C-O-Mn®" interface at the exposed peripheries in ORR. Multi-walled
carbon nanotubes were used to support the three samples for the purpose of reducing
resistance. The weight ratio of the samples to nanotubes was fixed at 1:4. The loading
density of the samples is 0.6 mg/cm?. Figure 5A.3a is the DPV profiles of the hybrid,
GONRs and Mn3O4 nanoparticles, showing the characteristic reaction peaks at
activation potentials. As already known, an apparent four-electron ORR could be an

overall result of two highly efficient elementary processes as below:

0,+H;0+2¢e - HO, +OH (5A.1)
HO; +H,0+2¢e — 30H (5A.2)
0,+2H,0+4¢ —40H (5A.1+2)

The peak for GONRs is attributable to the O, reduction into HO, according to the

established theory of the ORR performed on oxidized carbons, 3%

while the peak
for Mn3O,4 nanoparticles should be associated with the simultaneous reduction of O,
and HO, into their corresponding products.®” Interestingly, the Mn;O4-GONR
hybrid result shows a broad envelope comprising of two deconvoluted peak features
(solid lines in brown and in red), in close relation to the two individual reaction
courses related to Mn3O4 and GONRSs respectively. The peak of the red solid line is
associated with the O, /HO, reduction and is up-shifted by about 60 mV in
comparison with that of GONRs (green dotted line), whereas the feature
corresponding to the ORR on Mn30,4 nanoparticles (brown peak) remains unchanged.

It is likely that the >C—-O-Mn*" junction preferentially promotes the first-step
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two-electron reduction of O, into HO, by reducing the activation barrier for oxygen
adsorption, electron transfer, or both. The unchanged reduction peak in brown for the
formation of OH™ suggests that the interface coupling does not affect the
electrocatalytic processes on Mn3O,4 nanoparticles. It is worth mentioning that Mn3O,
nanocrystals also function to accelerate the consumption of HO, through either
electrocatalytic reduction or catalytic decomposition.??* In such a situation, it is
suggested that the second-step two-electron reduction of HO, is dominated by Mn3O,
nanocrystals and is less relevant to the >C—-O-Mn®" interface. It is believed that the
commonly observed synergistic effect is a combined result of the facilitated first step
reaction catalysed by the peripheral >C—-O-Mn*" moieties, coupled with the rapid

HO, consumption by Mn3O,4 nanoparticles.
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Figure 5A.3 (a) DPV profiles of Mn30,-GONR hybrid, GONRs and Mn30O,4 at ORR
activation potentials on a rotating disk electrode; the solid lines represent the
deconvoluted features for the hybrid. (b) LSV-RRDE profiles of Mn30,-GONR
hybrid (Mn/C=0.08) (A), Mn304,/GONR composite (Mn/C=0.05) (B), Mn3O4/GONR
composite (Mn/C=0.12) (C), and pristine CNT (D). Measurements were performed in

an O,-saturated 0.1 KOH electrolyte and at an electrode rotation rate of 1600 rpm.

Linear sweep voltammetry experiments were conducted on a rotating ring-disk

electrode (LSV-RRDE) in 0.1 M KOH electrolyte to verify whether the
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electrocatalysis at the interfacial periphery is indeed significant. We use the
manganese-to-carbon (Mn/C) atomic ratio as an index to represent the relative amount
of Mn3O,4 nanoparticles and GONRs (Figure 5A.1c). Note that the Mn3;O4-GONR
hybrid has a Mn/C ratio of 0.08, which is higher than that of the composite
(Mn/C=0.05). The ORR performance of the samples are compared in Figure 5A.3b;
the relevant values for Mn3zO,-GONR hybrid is listed with the values for the
Mn3;04,/GONR composite (Mn/C=0.05) in parentheses. The Mn304,-GONR hybrid
exhibits a more positive onset potential of —0.045 V (-0.068 V), a more positive
half-wave potential of —0.159 V (-0.195 V), a larger diffusion-limiting current of
0.664 mA (0.538 mA), and an electron transfer number of 3.9 (3.6) at —0.6 V. The
small ring current of the hybrid (9 pA at —0.6 V), in contrast to that of the composite
(Mn/C=0.05, 22 pA), indicates that a negligible amount of peroxide was produced on
the Mn3O4-GONR hybrid. This is typical of the synergistic consequence from hybrid
electrocatalysts. 98112156157 T determine the effect of Mn3;O, content in the composite
on ORR, we prepared a composite with a higher Mn3;O4 content (Mn/C=0.12). As
shown in Figure 3b, the green curve (C, Mn/C=0.12) demonstrates nearly identical
onset potential and half-wave potential compared with the blue curve (B, Mn/C=0.05).
This indicates that the activation barrier does not reduce as the amount of Mn3O; in
the composite increases, which reflects the determinant role of the >C—O-Mn®"
interface in activating dioxygen molecules. Note that the red curve in Figure 5A.3c
(Mn304-GONR hybrid, Mn/C=0.08) with a smaller Mn content has a similar limiting
current to that of the green curve (Mn3O4/GONR composite, Mn/C=0.12). The
facilitated electron transport through the interface is likely to be responsible for the
improved utilization efficiency of MnsO, in the hybrid.**® Additionally, the freshly
formed HO,™ molecules at the peripheral >C—O—Mn*" sites can immediately reach the

uncoupled Mnz0, surfaces with a very short diffusion path, which may increase the

126



reaction current by preventing the intermediate loss (Figure 5A.4).

Covalently Attached Free-standing

The Covalent (promoted O, / HO, reduction)
Interface

Figure 5A.4 An illustrative summary of the coupled interface (the highlighted
boundary) in Mn3;O4-GONR hybrid and its electrocatalytic role for ORR in

comparison to the uncoupled composite.

5A.5 Conclusions

In conclusion, we devised two approaches (pH-stimulated precipitation and
ultrasonic agitation) to tune the interface structure between spinel Mn3O,
nanoparticles and GONRs. By combining XPS and far-IR spectroscopy, the interface
structure of the Mn3;04,-GONR hybrid was explicitly determined, to be in the form of
>C-O-Mn*" with Mn*" ions selectively bound to single-bonded oxygen atoms on
GONRs. Based on the comparative voltammetry studies, the coupled interface at the
periphery is found to accelerate the initial O,/HO, reduction leading to a reduced
ORR activation barrier. Moreover, the interface assists the utilization of Mn3O,
nanoparticles in the whole ORR process. We expect that recognition of the interface
structure in the MnzO,-GONR hybrid could advance research in interfacial
modification in carbon/metal oxide hybrid electrocatalysts for high performance

ORR-related applications.
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V-Part B

Dual Electrocatalytic Roles in Metal Oxide Bound
Graphene Oxide Nanoribbon Hybrid Promote Highly

Efficient Oxygen Reduction Reaction

A manuscript to be submitted
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5B.1 Abstract

The integration of multiple electrocatalytic functions can lead to highly efficient
oxygen reduction reaction (ORR). We report on the two key electrocatalytic roles
carried out by Mn30O4 nanoparticles and graphene oxide nanoribbons (GONR) in a
hybrid configuration. Our results show that the GONR effectively facilitates the
peroxide production and the Mn3;O4 component promotes the peroxide
electro-reduction. The results suggest that the dual electrocatalytic roles carried by the
GONRs and Mn3;04 nanoparticles are the direct origin of the efficient four-electron
ORR, in conjunction with the synergistic particle-substrate coupling for a further
reduced ORR activation barrier. We further highlight the superior peroxide reduction
activity of Mn3O4 nanoparticles in supporting the immediate consumption of the
intermediate peroxide. As a successful example of functional integration, our
Mn304-GONR hybrid demonstrated a highly efficient ORR that is close to the activity

of Pt/C with good chemical robustness against methanol poisoning.

5B.2 Introduction

The electrocatalysis of oxygen reduction reaction (ORR) has great industrial
importance in energy storage and conversion.»*"9 Since the invention of the fuel cell,
platinum has been considered as the state-of-the-art electrocatalysts for the sluggish
ORR, despite its very high cost.”® For practical application, alternative cost-effective
electrocatalysts are highly desired. Recently, transition metal oxide nanoparticles (e.qg.,
Co304 and Mn30,) supported on a conductive carbon substrate have been highlighted
for their superior electrocatalytic activity due to the synergistic coupling between the

nanoparticle and the graphitic carbon substrate,'%®2156157.225 Haowever, the role of
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each catalytic component (i.e., the metal oxide nanoparticle, the carbon substrate and
the covalent junction) in the metal oxide-carbon hybrid has not been clearly addressed.
A complete ORR process can proceed through two consecutive electron transfer
reactions in an alkaline electrolyte such that (1) an oxygen molecule is reduced to a
peroxide intermediate, followed by (2) a rapid reduction or decomposition of peroxide
into hydroxide ions.®??*??® \When effective electrocatalysts for each reaction are
carefully selected and combined, a functionally integrated electrocatalyst can be
sensibly devised for excellent activity. For proof-of-concept, we intend to highlight
the dual electrocatalytic roles in a hybrid electrode combining the catalytic materials

that promote ORR almost as efficiently as a commercial Pt/C electrocatalyst.

Mn;0,

02 ;;l, = g '"‘/ . ‘»’ O 4 3 A OH_
Mn;0,-GONR Hybrid

Figure 5B.1 An illustration of the design rationale for the functionally integrated
Mn3;04-GONR hybrid electrocatalyst for highly efficient four-electron ORR by
combining GONR and Mn3;O4 nanoparticles for the respective ORR elementary

processes.

In this work, we demonstrate that a functional combination of catalytic
components for each elementary reaction can lead to highly efficient four-electron

ORR. We have employed graphene oxide nanoribbons (GONRs) as an
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oxygen-enriched graphitic carbon for initial oxygen reduction into a stable peroxide

intermediate,?®

and Mn3O,4 nanoparticles as excellent electrocatalysts for rapid
peroxide reduction. The design rationale and the configuration of our Mn;O04-GONR
hybrid are illustrated in Figure 5B.1. Note that Mn3O4 nanoparticles were deliberately
decorated on GONR to ensure a uniform distribution of nanoparticles throughout the

hybrid as well as to allow beneficial covalent coupling for a further suppressed

activation barrier for peroxide generation.””’

5B.3 Experimental Section
5B.3.1  Materials & Preparations

The preparation of graphene oxide nanoribbons (GONRS) employed a modified
Hummer’s method according to the literature.’®” Extensively purified multi-walled
carbon nanotubes (CNTs; commercially obtained, purity > 95 %) were mixed with
KMnO, (Sigma, reagent grade), at a mass ratio of 1:10, in 120 mL of sulfuric acid,
concentrated (Sigma, reagent grade). The reaction temperature was kept at 60 °C for 4
hours under stirring. After that, the mixture was cooled to ambient temperature and
200 mL of purified water containing 10 mL of 30% H,O, was added. The
yellow-green solution was allowed to stand and the dark green GONR product

obtained through extensive washing with water by centrifugation.

For the growth of Mn3O,4 nanoparticles on GONR, the purified GONRs were
suspended in a 60 mM MnSQ, solution containing 2% H,0, and the mixture allowed
to stabilize before the addition of 2.0 M KOH solution to simultaneously precipitate
the Mn3O4-GONR hybrid product. The solution pH was carefully controlled until a

pH of 9.0 was attained. The hybrid materials was then separated from the solution by
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vacuum filtration, washed extensively with water and dried in an oven.

For individual Mn3O,4 nanoparticles, the same procedure for the simultaneous

precipitation was used, except that purified GONRs were not added.

To prepare the materials into composite electrocatalysts, each material was
mixed with purified CNTs at 20% of electrocatalyst content. In a small volume of
ethanol, a mixture was dispersed using a probe ultrasound apparatus to ensure
homogenous mixing. Finally the liquid portion was dried to collect the well-mixed

composite.

5B.3.2 Characterization

The morphology of the hybrid composite was investigated by transmission
electron microscopy (TEM, Tecnai G2 F20 transmission electron microscope) at 200
kV. The crystalline properties of the materials were characterized by powder X-ray
diffraction (XRD, Bruker Diffractometer X8) using a Cu Ko source from 5° to 70°

(26). The diffraction profiles were recorded at a step size of 0.02 degrees per second.

5B.3.3  Electrochemical measurements

Each composite electrocatalyst was prepared by making dispersion at a
concentration of 5.0 mg/mL in 0.5 wt% Nafion solution (Sigma), with ultrasound
treatment. 15 pL of the dispersion was loaded onto a glassy carbon electrode (RRDE
Pt ring/GC disk electrode, ALS Co., Ltd.; GC diameter: 4.0 mm, Pt ring inner
diameter: 5.0 mm and outer diameter: 7.0 mm) through drop-casting technique and
dried in an oven for a uniform electrode film. This electrode was then used directly

for electrochemical experiments.

Electrochemical experiments were carried out in either an O,-saturated or
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Ar-deaerated 0.1 M KOH electrolyte using a three-electrode setup: Pt ring/GC disk
working electrode, a Pt wire counter electrode and a HgO/Hg reference electrode
stabilized in a 0.1 M KOH; the solution was purged with O, gas for at least 30 min
before the measurement to ensure oxygen saturation, while Ar gas was used to purge
the solution for more than 1 hour before the measurement when an Oj-free
environment was required. An RRDE-3A apparatus (ALS Co., Ltd.) for the electrode
rotation control coupled with a CHI920D bipotentiostat instrument was installed for

the measurement.

Cyclic voltammetry (CV) was performed in an undisturbed electrolyte. The
voltammograms were collected from 0.2 V to —1.2 V, at a scan rate of 50 mV s . In a
hydrodynamic environment, linear sweep voltammetry on a rotating ring-disk
electrode (LSV-RRDE) was measured from 0.1 V to —1.0 V at a scan rate of 10 mV s~
! ‘and under a constant electrode rotation rate of 1600 rpm; the ring potential was held
at +0.5 V. LSV on a rotating disk electrode (LSV-RDE) for H,O; reduction activity
assessment was measured from 0.0 V to -0.8 V in an Ar-deaerated electrolyte with
added 15 mM H,0, under a rotation rate at 1600 rpm at a scan rate of 10 mV s,
Stair-case voltammetry (Tafel plot) was measured from 0.1 V to -0.3 V in an
O,-saturated electrolyte with a rotation rate of 1600 rpm at a step size of 20 mV. For
each step, a dwell time of 10 s was allowed and the data points were collected at the
end of each step. Constant potential amperometry (methanol-poisoning test) was
performed in an O,-saturated electrolyte at an electrode potential of —0.5 V, under a
rotation rate at 800 rpm over a total duration of 2000 s. The first 100 s was allowed
for current stabilization and hence was not recorded. Methanol (MeOH) was carefully

injected into the electrolyte 200 s after the measurement was initiated.

5B.3.4  The calculation of electrochemical properties
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The calculation of the theoretical diffusion-limiting ORR current was done using

the Levich equation:
iL = 0.2 NFAC, D3y 6¢)!/2

where i, is the Levich diffusion-limiting current (A), n is the electron transfer number,
F is the Faraday constant (96,485 C mol %), A is the electrode surface area (cm?), Cy, is
2 S—l

the bulk reactant concentration (mol cm ), D is the diffusion coefficient (cm?s?), v is

the kinematic viscosity (cm?® s ) and w is the electrode rotation rate (rpm). For the
calculation of i, the values: n = 4, A = 0.1257 ¢cm? C, = 1.2x10° mol cm™, D =
1.9x10° cm?st, v=0.01 cm?*s* and w = 1600 rpm were used; these system values

for 0.1 M KOH electrolyte can be found in the literature.™*’

The calculation of the average number of electron transferred (n) and the

percentage production of peroxide (%HO,") was performed using analytical equations

as follows:
4i,
n =—
ig +i./N
And
o0~ = 2000
2 TN+

where iq is the disk current, i, is the ring current and N is the collection coefficient.
Both equations were applied over the potential range after the reaction activation. The
value of N was experimentally determined to be 0.37 by using a standard ferricyanide

system (5 mM K3Fe(CN)g in 1.0 M KNOjs electrolyte solution).

5B.4 Results and Discussion
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Transmission electron microscopy (TEM) was employed to examine the
morphology of the Mn3zO4,-GONR hybrid composite with CNTs. The TEM
micrographs are shown in Figure 5B.2a. In the hybrid composite, the Mn3O,4
nanoparticles were decorated on GONRs through intimate connection, while the
CNTs merely maintained physical contact with the Mnz;O,-GONR hybrid.?*’ The
Mn3;O,4 nanoparticles bound to GONRs are typically of size 10-30 nm. The
high-resolution TEM image on the right hand side shows the spinel crystalline phase
of the nanoparticles; the interplanar distance of 0.491 nm of the lattice fringes is in
agreement with that of the Mn3zO, (101) crystal plane (dip1 = 0.492 nm). TEM
micrographs of the hybrid components are provided in the Supplementary

Information.
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Figure 5B.2 (a) TEM images of the Mn3O4-GONR hybrid composite with CNTSs; (b)

XRD patterns for the Mn3;04-GONR hybrid, GONRs and Mn30,4 nanoparticles.

136



The spinel crystal phase was further confirmed by powder X-ray diffraction
(XRD). The diffraction patterns of the hybrid and its components are provided in
Figure 5B.2b. Both GONR and Mn3;O, nanoparticles exhibited the expected
diffraction profiles, where GONR shows an expanded graphite (002) interlayer
distance at ~10 ° (doo2 = 0.91 nm) and the pattern of Mn3O, nanoparticles directly
matches the literature values (JCPDS Card# 24-0734). Interestingly, the
Mn;04-GONR hybrid shows a pattern that exactly matches that of Mn3O4
nanoparticles without any features from GONRs. This suggests there was a
penetrative growth of Mn3;O,4 nanoparticles into the GONR layers which distorted the
layered stacking. Nevertheless, it is clear that the Mn3O4,-GONR hybrid is in a desired
structural configuration and the Mn3O,4 nanoparticles, either attached or free-standing,

have their expected crystalline phase.
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Figure 5B.3 (a) LSV-RRDE profiles of all composite electrocatalysts including 20%
Pt/C and purified CNT in O,-saturated 0.1 M KOH electrolyte; (b) CV profiles of the
hybrid and its components in composites with CNTs in both Ar-deaerated (dashed

lines) and O,-saturated electrolytes (solid lines).

The electrocatalytic activity of the hybrid and its components, in composite forms
with CNTs, were studied by linear sweep voltammetry on a rotating ring-disk
electrode (LSV-RRDE) in an Oj-saturated 0.1 M KOH electrolyte. The results are
displayed in Figure 5B.3a. Clearly, there is appreciable ORR activity in the
Mn304-GONR hybrid composite. As a conductive filler, CNTs alone do not perform
efficient ORR. The onset potential of the hybrid composite is around —0.05 V, which

is very close to that of the Pt/C electrocatalyst. The reaction current approaches the
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theoretical limiting current described by the Levich relation for a four-electron ORR,
while the ring current remained negligible. These indicate promoted ORR completion
at a low energy cost, regardless of the reaction pathway. On the other hand, the
GONR composite exhibited a two-step current behaviour with a significant ring
current within the potential range. While the Mn3;O, composite also showed a
four-electron ORR-like current performance, a more negative onset potential and
retarded activation behaviour (in that the system lacks a sharp increase in current)
could be observed. It was noticed that the GONR composite has a more efficient ORR
activation than the Mn3zO, composite, although the ORR does not proceed to
completion. Moreover, the GONR composite showed larger disk and ring currents
than the CNT and initiated ORR at a more positive potential. This suggests that the
GONR in the hybrid likely functions to facilitate O, reduction to stable peroxide
intermediates without further reducing them, while the Mn3;0O,4 nanoparticles promoted
the consumption of the intermediate after the initial reaction was effectively activated.
Evidence for these conclusions can also be found from experiments using the hybrid
and its components when not supported with CNTs; a short discussion is provided in

Appendix D.

Cyclic voltammetry (CV) experiments further support the cooperative ORR
mechanism. Figure 5B.3b shows the CV profiles for the hybrid and its components, in
composites with CNTs, in both Ar-deaerated and Oj-saturated electrolytes. All
composites exhibit neat voltammograms and the reduction peaks are associated with
ORR. It can be observed that the reduction feature of the hybrid composite somewhat
resembles an envelope of the reduction peaks of its individual components. This
suggests that the components in the hybrid mainly carry out their own electrocatalytic

roles while working together for efficient ORR. Note also that the reduction envelope
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of the hybrid composite activated the ORR more efficiently than the GONR
composite, given by the enhanced current increment relative to GONR composite.
This is attributable to the consequence of the synergistic coupling between the Mn3O,
nanoparticles and GONRs, since this was not found in the individual components
alone. Nevertheless, it is clear that the efficient ORR performed on the hybrid

composite is the consequence of two complementary electrocatalytic functions.
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Figure 5B.4 (a) LSV-RDE profiles of the composite electrocatalysts in Ar-deaerated
0.1 M KOH containing 5 mM H;O,. (b) A diagram illustrating possible mechanisms
for peroxide consumption on the Mn3O, nanoparticles in Mnz04,-GONR hybrid,

indicating that the electrocatalytic reduction is the dominant pathway.

Following the design principle discussed above, Mn3O, nanoparticles must

perform efficient electrocatalysis of peroxide reduction to support the overall
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four-electron ORR, as distinguished from the catalytic disproportionation of peroxide
into oxygen (2 HO,  — O, + 2 OH").®* Next, we studied H,0, electro-reduction on
the composite electrocatalysts in an Ar-deaerated alkaline electrolyte as a reaction
analogue to the peroxide reduction using LSV on a rotating disk electrode
(LSV-RDE). In Figure 5B.4a, both GONR composite and CNT are obviously inactive
for H,O, electro-reduction; this is in agreement with the previous discussion.
Remarkably, the Mn3;O4-containing composites displayed excellent H,O, reduction
activity that is even superior to the Pt/C electrocatalyst. Note that the Pt/C is
considered a good electrocatalyst for H,O, reduction, and this suggests that peroxide
reduction is very likely an elementary step in the ORR.?*® The reason that the hybrid
composite has an enhanced reduction current remains unclear, although it could be a
facilitated H,O, adsorption on the GONR surface or a synergistically promoted H,0,

reduction activation at the hybrid interface.

From the above, we can conclude that Mn3zO, nanoparticles play a crucial
electrocatalytic role in the four-electron ORR apart from the synergistic effect. Figure
5B.4b is an illustration of two possible mechanisms for the peroxide removal in the
associative ORR pathway. Very likely, the electrocatalytic reduction, rather than the
catalytic decomposition, dominates the process since excellent H,O, reduction
activity can be expressed by the Mn3Oy4-containing composites. Overall, it appears
quite straightforward that the excellent ORR activity in the hybrid composite is the
combined consequence of (1) the dual electrocatalytic role of both GONR and Mn3O,
nanoparticles, and (2) the synergistic coupling at the interface between Mn3zO4

nanoparticle and GONR resulting in a reduced activation barrier.?*’
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hybrid composite and 20% Pt/C in Oj-saturated 0.1 M KOH; 1.0 wt.% methanol was

injected to the system at 200" second (red arrow).

In the last section, we address the reaction properties performed on the
Mn3;04-GONR hybrid composite. Figure 5B.5a displays the Tafel plots of the hybrid
composite and Pt/C electrocatalyst, measured using stair-case voltammetry (SCV).
Both materials showed a linear relation at low overpotential region and the hybrid
composite exhibited a slope of 58 mV dec™, which was very close to that of Pt/C (63
mV dec™). This suggests the rate-determining step of the electrocatalysts may be a
two-electron transfer process, for which could be the peroxide generation process.*®
Such resemblance in the reaction mechanism implies that the hybrid composite may

share similar elementary reactions with the Pt/C electrocatalyst.

The average electron-transfer (n) number and the percentage production of HO,
(%HO,") of the composite electrocatalysts were calculated along the reaction potential
(with a measured collecting efficiency of 0.37) and the profiles are provided in Figure
5B.5b. The Mn3O4, Mn3O4-GONR composites and Pt/C had n numbers that stabilized
at ~3.9 and with %HO, values of less than 5.4%. This is a direct indication of
four-electron ORR. Moreover, these electrocatalysts reached an n number of 3.8 at —
0.20 V, -0.11 V and -0.09 V, respectively, for Mn3O, composite, Mn3;O4-GONR
composite and Pt/C. In other words, a high-level activity can be attained by the hybrid
composite at only small potential difference to 20% Pt/C. In contrast, both the GONR
composite and CNT only afforded n numbers less than 3.0 at —0.6 V with significant
production of peroxide. This suggests the peroxide production rather than complete
ORR dominated on these materials. Certainly, the Mn;O4-GONR hybrid composite
delivers highly efficient four-electron ORR at a comparable activity to a commercial

Pt/C electrocatalyst.
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For the stability of hybrid composite towards methanol poisoning, constant
potential amperometry in a hydrodynamic system was carried out to examine the
current response in the system when 1.0 wt% methanol (MeOH) was injected (Figure
5B.5c). The 20% Pt/C electrocatalyst showed ~10% current reduction upon the
addition of methanol. The Mn3zO4,-GONR hybrid composite, however, maintained a
stable current profile over the course of the experiment. This indicates that the hybrid
composite is chemically insensitive to the methanol in the alkaline electrolyte. Indeed,
our hybrid composite electrocatalyst not only has excellent ORR activity, but also

displays great chemical robustness against poisoning.

5B.5 Conclusion

In conclusion, we demonstrated that a rational combination of electrocatalytic
components for each elementary ORR process can lead to highly efficient
four-electron ORR. In the case of the Mn3zO4,-GONR hybrid composite, the dual
electrocatalytic functions inherent in the hybrid together with the synergistic coupling
were the true origins of the excellent performance that was observed. Through
extensive electrochemical experiments, we have revealed that the GONR component
facilitated oxygen reduction to peroxide, while the decorated Mn3zO, nanoparticles
accelerated the electro-reduction of the peroxide for ORR completion when electron
transport was expedited. Furthermore, we showed that the rate-determining step for
the hybrid composite and of Pt/C electrocatalyst may be similar, and that our hybrid
composite has good chemical stability through methanol-poisoning test. Overall, it is
anticipated that this rational design principle can ultimately provide a logical path

towards a functional all-in-one electrocatalyst.
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Chapter VI.

Manganese-Oxygen Nanoclusters on Carbon
Nanotube as Directly Bound Active Sites for

Oxygen Reduction Reaction

A manuscript to be published
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6.1 Abstract

Synergistic coupling in metal oxide/carbon hybrid can lead to effective catalytic
interfaces for highly efficient oxygen reduction electrocatalysis. However, direct
examination of the unexposed interfaces is difficult because of the on-site growth of
metal oxide nanocrystals. In this report, we demonstrate that manganese-oxygen
nanoclusters bound on carbon nanotube imitate the coupled interface found in
manganese oxide/carbon hybrids and are the direct active sites for promoted oxygen
reduction reaction (ORR). The nanometer size-scale and the amorphous nature of the
nanoclusters were characterized by high-resolution transmission electron microscopy
and extended X-ray absorption fine structure (EXAFS). Using differential pulse
voltammetry, we observed improved activation of both peroxide generation and
reduction reactions at the bare C—-O—Mn domains in the nanoclusters as compare to
Mn3;O,4 nanocrystals. Importantly, the nanocluster-decorated carbon nanotubes can
directly promote more efficient four-electron ORR on the exposed amorphous active

domains.

6.2 Introduction

The pursuit for high performance non-platinum electrocatalysts for oxygen
reduction reaction (ORR) has been an important on-going research topic for fuel cell
industries.’>*%?? The goal is to accelerate the sluggish ORR process in order to
enhance the energy efficiency and to maximize the output power at low cost.
Currently, two major classes of developing electrocatalyst are represented by
heteroatom-doped carbons and non-precious metal oxide/carbon

hybrids,21:9:108.123138.156.157 Tha heteroatom-doped carbons include the nitrogen-doped

148



carbons and other metal-free phosphorus, sulfur, oxygen and halogen-doped carbon
materials.>*#21%2214223 However, the origin of activity remains elusive in these
non-metal electrocatalysts, and most of them have not been able to demonstrate
Pt-level ORR activity without nitrogen. However, the metal oxide/carbon hybrids
have been quite extensively studied for their unusual synergistic effect for ORR, as a
result of which a level of activity close to that of Pt can be achieved.*****" This has
stimulated the search for better combinations of metal oxide (e.g., Mn, Fe, Co, Cu or

mixtures) and carbon support,>>108:16.157:230-234

and raised interest in understanding the
origin of the hybrid synergy.®®?*! In particular, unravelling the origin of the
synergistic effect could show the way towards rational development of highly
efficient ORR electrocatalysts. Although the actual mechanism is still unclear, the
current opinion is that the synergistic effect is the result of the covalently coupled
metal oxide/carbon interface. For example, facilitated electron transport across the
bridging interface is a likely cause of the reduced ORR activation overpotential.'*®
Furthermore, our recent study suggests that the synergistic result is a direct
consequence of the promoted oxygen-to-peroxide reduction at the exposed interface
periphery, with the help of highly efficient peroxide reduction by the neighbouring
metal oxide nanocrystals.”?’” Since the central synergistic effect revolves around the
covalent C-O-M (or C-N-M) interfaces, gaining further mechanistic insight will

require direct investigation of C—-O—-M moieties on carbon surfaces, without covering

metal oxide nanocrystals.

149



Mn-OCNT

Metal-oxygen
Binding

—)

(in MnSOj solution)

g

H . H

H Mn ion !

H H

H © H

: R—O :

H H

H .

: Reversible H

H R | Mn
! Binding ;
: |
: / :
P a

R—O

Figure 6.1 The preparation method of Mn-OCNT and the surface chemical structures

of Mn-OCNT and OCNT.

With the aim of studying bare C—O—Mn moieties without the complicating effect
of metal oxide nanocrystals that occur in typical hybrid catalysts, we introduced
manganese-oxygen (Mn-0) nanoclusters to the surface of carbon nanotubes to imitate
the interface configuration in the Mn3O4-GONR hybrid.?*’ In our previous work, we
showed that mildly oxidized CNTs (OCNTs, KMnO4:CNT = 2:1) prepared using
Hummer’s method can preserve the electronic conductivity while incorporating a

reasonable level of surface oxygen functionalities.??

On such a system, we devised a
protocol utilizing metal ion binding to the surface oxygen groups to develop directly
connected Mn-0O nanoclusters on OCNTSs (Figure 6.1, see also Appendix E). Note that
the reaction was carried out at pH ~6.0 to inhibit nanocrystal growth and the
Mn-bound OCNTs (Mn-OCNTSs) were subjected to dilute H,O, treatment to stabilize
the Mn—O nanoclusters from dissociation. The same procedure was applied to pristine
CNTs as a reference to demonstrate the specific binding. A range of characterization
methods, including high-resolution transmission electron microscopy (TEM) and

X-ray absorption spectroscopy (XAS) were combined to elucidate the chemical nature

of Mn—O nanoclusters on Mn-OCNT. We also assessed the ORR mechanism and the
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activity of the Mn-OCNT by necessary voltammetry techniques.

6.3 Experimental Section
6.3.1 Preparation of OCNTs

The multi-walled carbon nanotubes (CNTSs, purity > 95%) used in this work were
kindly provided by Institute of Metal Research, Shengyang and were purified before
use through extensive washing in 5.0 M HCI (Sigma), ethanol and water, separately
for many times. In the preparation, 2.0 g of the purified CNT was used following a
modified Hummer’s method using 4.0 g of KMnO4 (BDH Chem).*® The resulting
oxidized CNTs (OCNTs) were collected by filtration and extensively washed with
water. OCNTs with different degrees of oxidation were prepared via the identical

procedure with varying KMnO4:CNT mass ratios.
6.3.2  Preparation of Mn-OCNT

Mn-OCNT was prepared through a simple Mn-binding protocol as follows.
Typically 0.3 g of OCNTs was dispersed in a 60 mL of 0.4 M manganese sulfate
(Ajax Chem) aqueous solution with the help of probe ultrasonic agitation. The
solution was kept at its natural pH of about ~6.0. Note that Mn oxides do not
precipitate at this pH. The mixture was magnetically stirred and maintained at 60 °C
for 2 hours, followed by an addition of 5 mL 30% H,0, (BDH Chemicals) to stabilize
the as-formed Mn—-O nanoclusters. After another half hour, Mn-OCNT was harvested
by filtering and washing with water. The same procedure was applied to unmodified,
purified CNTs as a control experiment and to different OCNTs to examine for
selective binding. In the acid treatment, Mn-OCNT was suspended in a 3.0 M HCI

solution and stirred for 4 hours before the sample was collected by filtration. For the

151



KOH treatment, an amount of Mn-OCNT was suspended in 1.0 M KOH for 20

minutes in air and then purified for an XAS measurement.
6.3.3  Preparation of Mn oxides

Pure MnO standard was provided on-site by National Synchrotron Radiation
Research Center (NSRRC), Taiwan. Mn3O,4 was synthesized by a one-pot method. An
amount of manganese sulfate was dissolved in a H,O, aqueous solution. 1.0 M KOH
was then slowly dropped into the solution to precipitate brown MnzO, nanocrystals
and the product was then purified by filtration and washing with water. Mn,O3 was
prepared by heating (CH3COO),Mn.4H,0 (Sigma) at 550 °C for 4 hours in air. The
a-MnO, synthesis employed a literature hydrothermal method.?*® The crystallinity of

the Mn oxides was confirmed by XRD as shown in Figure S5.
6.3.4  Characterization

XPS was performed on a Kratos XPS spectrometer using a monochromated Al
Ka source. The survey and high-resolution spectra were collected at pass energies of
160 eV and 20 eV, respectively. All spectra were charge-corrected against the C-C
peak at 284.8 eV as reference and the full-width at half-maximum (FWHM) values
were constrained to within 0.1 eV. ICP-OES for quantitative composition analysis was
done on a Varian Vista Pro ICP-OES instrument, assisted by microwave digestion of
samples on a Milestone Ethos-1 Advanced Microwave Digestion Labstation.
High-resolution TEM was performed on a FEl-aberration-corrected Titan 80-300
transmission electron microscope at an accelerating voltage of 300 kV, using an
ordinary transmission mode and high-angle annular dark-field (HAADF) mode
(STEM). Powder X-ray diffraction (XRD) was carried out on a Bruker D8 Advance

X-ray diffractometer with a Cu Ka source; the step rate was 0.02 degrees per second.
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The XAS measurements were performed at 16A1 station (Tender X-ray beamline) in
NSRRC, a 1.5 GeV light source. The incident beam energy was calibrated with a Mn
metal standard. The energy range was scanned from 6400 eV to 7200 eV and the
energy intervals for pre-edge, near-edge and post-edge were set to be 2.0 eV, 0.5 eV

and 0.05 eV, respectively.
6.3.5  Electrochemical measurements

The electrochemical measurements employed a three-electrode setup, which
consisted of a rotating Pt ring/glassy carbon (GC) disk working electrode (ALS Co.,
Ltd.; GC diameter: 4.0 mm, Pt ring inner diameter: 5.0 mm and outer diameter: 7.0
mm), a Pt wire counter electrode and an HgO/Hg reference electrode stabilized in 0.1
M KOH. The modified CNT electrocatalysts were prepared into liquid suspensions at
5mg mL™" in a 1.0 wt% Nafion (Sigma) solution, and a total of 75 pg of catalyst
material was loaded onto the GC electrode. All voltammograms were measured in
gas-saturated 0.1 M KOH electrolyte, on a CHI920D bipotentiostat instrument
coupled with RRDE-3A apparatus (ALS Co., Ltd.). Gas saturation was achieved by
bubbling O, gas at a flow rate of 15 mL min™ for at least one hour before the
measurements, while de-oxygenation was carried out by bubbling Ar gas under
similar conditions.

The LSV-RRDE experiments were carried out in an O,-saturated electrolyte,
measured at a sweep rate of 10 mV s . The electrode was rotated at 1600 rpm and the
ring potential held at +0.5 V versus the reference electrode. The LSV-RDE
experiment for H,O, reduction activity was measured using the same parameters in an
Ar-deaerated electrolyte containing 20 mM H,0,, except a ring potential was not
applied. The DPV profiles were collected at an equivalent rate of 8 mV s with a

pulse width of 0.2 s for every 0.5 s, and at a 1600 rpm rotation rate. The Tafel plot
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measurements employed stair-case voltammetry (SCV) in an O,-saturated electrolyte
at a constant electrode rotation rate of 1600 rpm in order to ensure steady-state
conditions. The voltammograms were taken at a step size of 20 mV and 10 s dwell

time was allowed before each data points was collected.

6.4 Results and Discussion
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Figure 6.2 (a) XPS survey spectra and (b) LSV-RRDE profiles of Mn-OCNT and the
controls. (¢) The Mn and O contents (based on XPS quantitative analysis) of the
Mn-OCNTs using OCNTs at varying oxidation degree and (d) the LSV-RRDE
profiles of the Mn-OCNTs. All voltammograms were collected in an O,-saturated 0.1

M KOH electrolyte using an electrode rotation rate of 1600 rpm.

X-ray photoelectron spectroscopy (XPS) was firstly employed to study the

composition of the modified CNTs. The survey spectra in Figure 6.2a show that the
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mild oxidation was successful, demonstrated by the intense O /s peaks in the oxidized
CNTs. After the Mn-binding, the small signal at the Mn 2p position (642 eV) for
Mn-OCNT confirms the residual presence of Mn. It was noted that the surface oxygen
is at a much higher content than Mn, probably due to efficient reversible binding. The
Mn binding is also evident in the XPS O Is spectra of the OCNTs before and after
binding (Figure E1, Appendix E). In contrast, the pristine CNT after the same
Mn-binding procedure (Mn-CNT) exhibited no Mn signature, which suggests the Mn
ions do not bind to the bare carbon surface. These observations were also supported
by our inductively coupled plasma optical emission spectroscopy (ICP-OES)
measurements, in which all except Mn-OCNT has negligible Mn content (< 0.01
wt%); Mn-OCNT had a Mn content of 9.45 wt% (Supporting Information). Note that
most of the bound Mn on Mn-OCNT can be removed by an acid treatment, which
means this material is vulnerable in an acidic environment. Nonetheless, these

composition analyses evidently support the reality of Mn—O binding.

Next, we employed linear sweep voltammetry on a rotating ring-disk electrode
(LSV-RRDE) to confirm the Mn—O binding as well as to assess the ORR activity on
each modification. In Figure 6.2b, Mn-OCNT performed a very efficient ORR starting
from an onset potential of —0.05 V (versus HgO/Hg reference electrode), which is
very close to that of 20% Pt/C electrocatalyst (0.00 V). The large ORR disk current
together with a small ring current indicates an apparent four-electron ORR with little
peroxide production. These features resemble the superb ORR activity found in the
Mn3;0,4-GONR hybrid,”® even though Mn-OCNT only has a minute amount of Mn.
On the other hand, the OCNT exhibited inferior ORR activity with a more negative
onset potential (-0.11 V) and significant ring current, suggesting predominant

peroxide generation and retarded ORR activation. It should be mentioned that the

155



ORR activity of OCNT is distinguished from original CNT by a finite improvement.
This means that the activity of OCNT is further improved by the Mn binding. In a
cross-checking experiment, the superb activity of Mn-OCNT degraded to the level of
OCNT once the bound Mn ions were removed by an acid treatment (Figure E3,
Appendix E). In any explanation, the Mn ions from the salt solution must be
associated with the surface oxygen groups on OCNT to give rise to the superior
electrocatalytic activity in Mn-OCNT. In addition, the Mn-CNT displayed an
overlapping LSV-RRDE profile to the unmodified CNT. This signifies a selective
binding of Mn ions to the surface oxygen groups, since a thorough wash with water

on Mn-OCNT could not remove the bound metal ions.

The selectivity of Mn binding to the surface oxygen groups was further inspected
on different OCNTs. A series of Mn-OCNTs were prepared using OCNTs of varying
oxidation degree, represented by the KMnO4:CNT mass ratios (1.0, 1.5 and 2.0). The
composition of the resulting Mn-OCNT is provided in Figure 6.2c. There is a direct
correlation between the Mn content and the oxygen level, even after extensive rinsing
with water, which is a supporting evidence for the selective binding of Mn ions to the
surface oxygen groups. Figure 6.2d shows the LSV-RRDE profiles of the as-prepared
Mn-OCNTs. The consequences of the selective binding can be observed from the
convergence of the ORR onset potentials and the progressive increase of the disk
currents due to the growing Mn content. Moreover, the gradual decrease of the
measured ring currents may suggest a facilitated consumption of peroxide
intermediate with an increasing amount of Mn. Clearly, these results imply that the

presence of bound Mn ions plays a key role in promoting the four-electron ORR.
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Figure 6.3 High-resolution TEM images of Mn-OCNTs in (a, b) normal mode and (c,
d) HAADF mode; (e) the EDX spectrum of Mn-OCNT. (f) The XRD patterns of
Mn-OCNT, OCNT and pristine CNT; the grey dashed lines indicate the strongest

signal from possible manganese oxides (Mn,0O3, Mn3;0O4 and MnOs).

High-resolution TEM enables visualization of tiny Mn—O nanoclusters on
Mn-OCNT. We performed this technique in different modes to validate the physical
existence of Mn—O nanoclusters, as well as to check for any unexpected growth of
nanocrystals. Ordinary high-resolution TEM images of Mn-OCNT are shown in
Figure 6.3(a, b). The multi-walled nature of the nanotube is reflected by the graphitic

lattice fringes, and the impact of mild oxidation can be seen from the minute
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roughness of the outer surface. No nanoparticles could be observed on the nanotube or
elsewhere under normal microscopy mode. Another important feature is the lack of
lattice fringes for metal oxide nanocrystals, if they existed. In order to visualize the
amorphous Mn—O nanoclusters, TEM images under high-angle annular dark-field
(HAADF) mode were also taken to contrast for the heavy elements, as shown in
Figure 6.3(c, d). Quite remarkably, there are in fact many small Mn—O nanoclusters of
~1.0 nm size adhered to the surface of nanotube. The local composition of the
modified nanotubes was again checked by energy dispersive X-ray (EDX)
spectroscopy. The metal content of the nanoclusters can be picked up by the Mn
signature in the spectrum of Figure 6.3e; the Cu signals are sourced from the TEM
grid. We further employed powder X-ray diffraction (XRD) to identify possible
crystalline Mn oxide phases, if formed on Mn-OCNT. The XRD patterns of
Mn-OCNT and its precursors are shown in Figure 6.3f, and the most intense
diffraction peaks for the crystalline oxides are also listed in the pattern. All diffraction
patterns possess identical characteristic peaks (labelled by asterisks), relating to
graphite-2H crystal structure. The strong diffraction at ~26° (26) indicates the (002)
crystal plane from the interlayers of the multi-walled OCNT. Not surprisingly, no
diffraction peaks associate with any Mn oxide could be found. In other words, the
Mn—O nanoclusters are amorphous and no growth of Mn oxide nanocrystals has

occurred during the Mn-binding process.
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Figure 6.4. (a) High-resolution XPS Mn 2p spectra of Mn-OCNT. (b) The first
derivative of Mn K-edge XANES spectra and (c) the Fourier transforms of Mn
K-edge EXAFS spectra of Mn-OCNT and crystalline Mn oxide standards. (d) A

model surface configuration of Mn-OCNT.

We also investigated the chemical nature of the Mn—O nanoclusters using XPS
and XAS. XPS at high spectral resolution can reveal the valence state of the bound
Mn species. Figure 6.4a is the Mn 2p spectra of Mn-OCNT. In the deconvolution
analysis, we only resolved the principal peaks for the valence states, since the spectral
features at higher binding energies could be complicated by the shake-up satellites.”’
The two characteristic 2ps;, peaks at 641.2 eV and 642.8 eV reveal the presence of
both divalent and trivalent states of the Mn species in Mn-OCNT.?** The area of the
shaded peaks additionally suggests that a small portion of the bound Mn?**

wasoxidized into Mn>" during the H,O, treatment. The edge feature in the X-ray

159



absorption near-edge structure (XANES) spectrum also agrees with the multivalent
state of the bound Mn. The first derivative XANES spectra of Mn-OCNT and Mn
oxide standards are shown in Figure 6.4b. The position of the main edge (indicated by
the dashed lines) for the oxide standards suggests that the single-valent Mn*" (MnO),
Mn®** (Mn,O3) and Mn*" (MnO,) species are located at 6542.2 eV, 6545.5 eV and
6547.0 eV, respectively.”’ For mixed-valent Mn®"/Mn’" oxide (Mn3O,), the main
edge position is at 6543.7 eV. Clearly, Mn-OCNT (6543.5 eV) also has a mixed
Mn?"/Mn’* state. Additionally, the presence of a characteristic trough for Mn”" at
~6555 eV probably suggests a higher Mn>" population in Mn-OCNT.****" We further
examined the chemistry of the Mn-OCNT treated in an alkaline solution in order to
ensure that the mixed-valent chemistry will be preserved in the ORR. The XANES
spectrum in Figure E7 (Appendix E) shows that the treated Mn-OCNT shares a
similar valence nature with Mn3O4, which has a larger Mn®" population in the crystal
structure. In other words, the alkaline treatment merely increases the Mn>" population
in Mn-OCNT, and does not alter the mixed valence state overall. Certainly, there is a

2+/3+

mixed Mn”"""—O configuration in the nanoclusters, which is somewhat similar to the

coupled interface structure (Mn>"—0) in the Mn;O4-GONR hybrid.*’

The diverse oscillation feature in the post-edge region in XANES profiles
inspired us to study the subtle structural chemistry by extended X-ray absorption fine
structure (EXAFS). The Fourier-transform EXAFS spectra can reveal the atomic
neighbours to a central Mn ion at approximate radial distances. Figure 6.4c shows that
the Mn oxide references have two well-defined closest neighbours, which can be
ascribed to the first adjacent oxygen (~1.48 A) and the first Mn neighbour (~2.8
Ry21242

This means that these crystalline Mn oxides have distinct local crystal

structures around their Mn species. In contrast, Mn-OCNT only has one oxygen
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neighbour located at 1.55 A and no obvious second closest neighbour. In comparison
to crystalline Mn oxides, the adjacent oxygen is slightly farther away from the Mn in
the nanoclusters, perhaps due to a lack of crystalline order. The absence of the second
closest neighbour in the profile suggests that the Mn species on Mn-OCNT are not at
a fixed position relative to another Mn neighbour. Again, this strongly suggests the

amorphous nature of the Mn—O nanoclusters, even down to a sub-nanometer scale.

On the basis of these observations, we constructed a model surface configuration
for Mn-OCNT, as illustrated in Figure 6.4d. Firstly, the nanoclusters are attached to
CNT in a C-O-Mn*" or C-O-Mn** configuration, suggested by the Mn-binding
experiments and the spectroscopy studies. Our composition analysis shows that there
IS much more oxygen than the bound Mn on Mn-OCNT, which means most of the
surface oxygen groups remain unbound to Mn ions. Through TEM and XRD
investigations, we know that there is no development of Mn oxide nanocrystals. The
EXAFS study further emphasizes the amorphous nature of the Mn—O nanoclusters. It
is likely that the nanoclusters have organized into small planar domains, without any

crystalline development along the c-axis with respect to the graphitic planes.
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Figure 6.5 (a) DPV profiles of Mn-OCNT, OCNT and the Mn3;04-GONR hybrid
composite in an O,-saturated 0.1 M KOH electrolyte. (b) A Mn—O nanocluster
domain, labelled with particular electrocatalytic functions for the ORR.
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With uncovered Mn—O active domains decorated on conductive nanotubes, we
are able to examine the ORR on this surface, which mimics the Mn oxide/carbon
interface. Differential pulse voltammetry was carried out to resolve the sequential
ORRs occurring on Mn-OCNT, as shown in Figure 6.5a. The Mn3;O4-GONR hybrid
composite (as reported in our previous work)”® and OCNT are included for
comparison. Without bound Mn ions, the peroxide generation (O,—HO; ) on OCNT
occurred at —0.188 V. Where electrocatalysts possess Mn—O domains in the form of
hybrid interface or nanoclusters, there is a common improvement in the reaction
potential for the hybrid composite (—0.128 V) and Mn-OCNT (—0.120 V). It is worthy
to note the slightly higher reaction potential for the fully exposed Mn—O nanoclusters.
This may be due to the more efficient access to the C—O—Mn sites for the primary

. 236
reduction.

More interestingly, we observed a substantial improvement in the
reaction potential for peroxide reduction (HO, —OH") on Mn-OCNT (-0.238 V) as
compared to that of Mn;O4-GONR hybrid composite (—0.292 V). This means that the
active sites in metal oxide/carbon hybrid are obscured by the covering nanocrystals.
From our result, the exposed nanoclusters in an amorphous form are capable of
accelerating the peroxide reduction at the Mn—O domains more effectively than the
crystalline form. This is remarkable and highly significant because current knowledge
of the high activity in metal oxide/carbon hybrid is usually attributed to the intrinsic

activity of metal oxide nanocrystals, aided by the synergistic effect of the coupled

interface, rather than to the interface directly."®

It is fairly obvious that the C—O-Mn moiety can catalyse two independent
reduction reactions. If we must split the functional domains to describe their roles,
then the C—O and Mn*”**-O sub-domains should be ascribed for the peroxide

generation and reduction, respectively, as shown in Figure 6.5b. Since the C-O
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sub-domains (inclusive of carbonyl, carboxyl and epoxide) in oxidized carbons are
known to facilitate peroxide generation, an activity enhancement is probably due to a
change in the local electron density by the Mn binding. Similarly, the Mn—O
sub-domain merely resembles an amorphous Mn oxide surface and its advanced

activity is perhaps a result of the amorphous nature or the unusual coordination

environment.
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Figure 6.6 (a) Tafel plots for Mn-OCNT and 20% Pt/C. (b) A transformed
LSV-RRDE profile for Mn-OCNT with separated reduction current densities. (c)
LSV-RDE profiles of Mn-OCNT, OCNT and 20% Pt/C in Ar-deaerated 0.1 M KOH
electrolyte containing 20 mM H,O.. (d) The calculated » numbers and %HO, at —0.5

V from the corresponding LSV-RRDE profiles (Figure 6.2b).

The ORR mechanism of activation was further verified by Tafel analysis. The
Tafel plots of Mn-OCNT and Pt/C are shown in Figure 6.6a. Both electrocatalysts
exhibit a slope of ~60 mV dec ™', which suggests the rate-determining step is likely a

two-electron transfer process in a stepwise electrochemical reaction.”® This supports
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the sequential reduction mechanism on Mn-OCNT. On the basis of the stepwise ORR
mechanism, we evaluated the electrocatalytic activity of Mn-OCNT. A mathematical
treatment using both disk and ring currents was applied to derive the individual
reduction currents for O, reduction and HO, reduction (Supporting Information).
Figure 6.6b is the transformed profile for Mn-OCNT. It is clear that the O, reduction
current density almost approaches the diffusion-limiting current density for a
two-electron transfer reaction described by the Levich relation. However, the HO,™
reduction current density is lower than that of the primary reduction. This means some
peroxide intermediate avoids being reduced at the Mn—O sub-domains. In other words,
the amount of Mn may simply be insufficient to support the simultaneous reduction of
the as-produced peroxides, although the Mn—O sub-domains are efficient for the
reduction activation. We also directly assessed the peroxide-reducing ability of
Mn-OCNT in a deaerated electrolyte containing 20 mM H,0,. The LSV on a rotating
disk electrode (LSV-RDE), as shown in Figure 6.6¢, demonstrates improved H,0,
reduction activity for Mn-OCNT in comparison to OCNT. If we take away the current
density of OCNT, the dashed purple line is essentially the current density contributed
by the Mn—O nanoclusters. Clearly, the enhanced peroxide reduction activity must be

associated with the presence of Mn—O active centres.

Figure 6.6d is the calculated electron transfer (n) number and the percentage
production of peroxide intermediate (%HO; ) of Mn-OCNT and its precursors for
comparison. As expected, Mn-OCNT performed an apparent four-electron ORR,
given by its » number at ~3.7. This is very close to the n number of 20% Pt/C. In the
%HO, profile, the amount of peroxide produced on Mn-OCNT is ~17% as compared

to ~6.0% on 20% Pt/C. As discussed earlier, this may be due to a deficiency in the
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Mn-O active sub-domains for reducing peroxide. Nevertheless, this is a significant

improvement from the activity level of OCNT by developing Mn—O nanoclusters.

6.5 Conclusion

In conclusion, we developed Mn—O nanoclusters on modified CNT in order to
study the intrinsic activity of the coupled interface in Mn oxide/carbon hybrid. The
selective formation of amorphous Mn—O nanoclusters on OCNT was extensively
validated by comparative electrochemical experiments, high-resolution TEM and
X-ray absorption/photoelectron spectroscopy. All results demonstrated that the
chemical configuration of the nanoclusters is in agreement with the expected coupled
hybrid junction without any covering Mn oxide nanocrystals and the Mn species are
in a mixed Mn®"/Mn’" state. Our electrochemical measurements revealed that the
Mn—-O nanoclusters can act as direct active sites for an apparent four-electron ORR
without any nanocrystals. Furthermore, the amorphous C-O—Mn domain can not only
activate the peroxide generation more efficiently, but also effectively promote the
peroxide reduction. These outcomes have led to recognition of the functional roles
and the capability of Mn—O nanoclusters for ORR in an alkaline medium. We believe

this knowledge will prompt rational innovation in non-precious ORR electrocatalysts.
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Chapter VII.

Concluding Remarks
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7.1 Conclusions

7.1.1 Optimizing Graphene Porous Electrodes for ORR

Optimizing the electrode structure for gas-diffusion is important to the ORR as
opposed to selecting an appropriate electrocatalyst. As the reaction occurs at an
electrode/electrolyte interface, efficient conduction for both electrons and ions is
crucial to support fast reaction kinetics. Carbon-based electrocatalysts can have
various forms and can self-assemble into different morphologies in a composite with
an electrode binder. The morphology and composition of a carbon composite
electrode essentially determine the capability for simultaneous electron/ion transport
and therefore the observed performance for the ORR electrocatalysis. In the example
of graphene/chitosan composite electrode (Chapter II), we demonstrated that the
reaction overpotential can rise upon inefficient reactant-product inter-diffusion
(trapped in the binder matrix) and poor electron conduction when there is an absence
of connected carbon channels. To circumvent such situations, the composite electrode
should have a high loading of conductive, active material to ensure densely connected
electron conduction channels and a minimal binder content to facilitate the
reactant-product inter-diffusion. In this way, the composite electrode can deliver a
high reaction current density, at intrinsic reaction overpotential with respect to the

electrocatalytic material.

7.1.2 The ORR on Heteroatom-doped Carbon Electrocatalysts

Heteroatom-doped carbon materials are believed to exert high electrocatalytic
activity for the ORR when a particular electronic configuration is achieved. The
N-doped carbons prepared at elevated temperatures have been excellent examples of

the idea, although the origin of activity is still unclear because the N dopant can adopt
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complex configurations and are usually formed with the help of transition metals.
Current speculation is that the breaking of electro-neutrality at the carbon-dopant
moiety may be the origin of the high activity in the N-doped carbons. The validation
of such hypothesis requires the use of non-nitrogen dopants with less complex
bonding configurations. For this reason, we have revisited the oxygen dopant as a
more electronegative element (y = 3.44) than nitrogen (y = 3.04) (Chapter III) and
systematically studied the halogen dopants as elements from the same group with
decreasing electronegativity (Chapter [V). In addition, sulfur, as an unexpected dopant

from using concentrated sulfuric acid was also investigated (Chapter IV).

Oxygen-modified carbons can provide a higher ORR activation potential as
compare to unmodified carbons, but remain inferior to N-doped carbons and the
reaction mechanism is a two-electron dominated pathway at low overpotential. Our
study confirms that the electrocatalysis has to occur at the surface oxygen groups of
an oxidized carbon nanotube and not the edge (sp’) defects on the nanotube. For
mildly oxidized carbons, the facilitated ORR occurs at the carbonyl and/or carboxyl
groups, rather than at the hydroxyl groups. When the carbons are deeply oxidized via
a modified Hummer’s method, epoxide groups are introduced with different levels of
carbonyl groups (and the carbon lattice is highly compromised). These epoxide
groups are among the most active oxygen groups for the ORR only when in the
absence of carbonyl groups and supported with conductive fillers, although it is a
small +20 mV difference in the onset potential as compared to carbonyl group-rich
carbons. In short, the oxygen groups in alternative bonding configurations displayed
different ORR activation properties and none of them exhibited comparable activity to
N-doped carbons. Clearly, a more electronegative dopant to nitrogen in a carbon

lattice does not give rise the high activity.
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Halogen group elements have a simple single bonding configuration and
electronegativity which decreases with increasing period in the periodic table.
Chlorine, bromine and iodine were selected as dopants to study the effect of reducing
electronegativity contrast relative to carbon. We have demonstrated a solution-phase
synthesis of halogen-doped RGO in both organic solvent and concentrated sulfuric
acid, and confirmed the presence of C—X groups by XPS analysis. In general, our
results suggest that Cl-doping does not enhance the ORR activity, whereas Br-doping
and I-doping can provide substantial improvement in the reaction onset potential. This
is interesting in that Cl is the most electronegative dopant in the system, but only
those with lower electronegativity showed better activity. Again, the hypothesis of
“breaking electro-neutrality at carbon-dopant moiety for better ORR activity” is not

supported by the halogen-doped carbons.

Sulfur only has a small electronegativity difference relative to carbon (Ay = 0.03)
and is in the same group as oxygen (although their chemical nature is very different).
In our study with I-doped RGO, sulfur can be incorporated into the carbon material by
substituting the carbon-bound iodide (C-I) through a complex redox reaction in
concentrated sulfuric acid. The C-S configuration in the carbon was confirmed by
XPS. In the tests that followed, the S-doped RGO exhibited very poor ORR activity
even when compared to the original RGO. Certainly, sulfur, a weakly electronegative

dopant, does not form the active site required for an efficient ORR.

Collectively, our experiments do not support the idea that electronegativity
contrast is the sole origin of ORR activity in heteroatom-doped carbon materials.
Rather, it appears more likely that the complex bonding/electronic configuration of
the dopant is the true origin of the electrocatalytic activity, if the heteroatom-doped

carbons are exclusively metal-free.
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7.1.3 The ORR on Metal Oxide/Carbon Hybrid Electrocatalysts

The synergistic effect on metal oxide/carbon hybrid electrocatalysts describes an
improved ORR activity when metal oxide nanocrystals are covalently attached to a
carbon substrate. However, the origin of the synergistic effect is unclear — it could be
a result of facilitated charge transport through the covalent connection or a more
efficient active site at the covalent junction. Furthermore, the electrocatalytic role of
each component of the hybrid (metal oxide, carbon substrate and the covalent
interface) has not been clearly explained. To elucidate the origin of the synergistic
effect, a hybrid system comprised of Mn3O4 nanocrystals and GONRs was carefully
examined at the hybrid covalent interface (Chapter V-A). Using the same system, we
separately studied and identified their functional roles of each component for the ORR
(Chapter V-B). In the validation of the electrocatalytic hybrid interface, amorphous
Mn—O nanoclusters were decorated at the surface of mildly oxidized carbon
nanotubes to imitate an exposed hybrid interface, as the direct active site for the ORR

(Chapter VI).

The covalent interface in the Mn304-GONR hybrid is responsible for a promoted
ORR at the periphery of the attachment. Through detailed characterizations and
various comparative experiments, the presence of C—O—Mn covalent junctions is
evident in between the attached Mn3;O4 nanocrystals and GONR. The nanocrystals
grew upon consuming the epoxide groups on GONR (and thus a mild reduction had
occurred) and remained connected to the GONR substrate after the growth through an
oxygen bridge anchored to the octahedral Mn®" site of the Mn;O, nanocrystal. Since
the majority of the interface is covered by the nanocrystals, any improved activity is
attributed to the exposed peripheral sites. The DPV measurements showed that the

Mn3;04-GONR hybrid promoted O, reduction to peroxide as compared to GONR, and
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the activity for the subsequent peroxide reduction at the attached nanocrystals was
similar to that of free-standing Mn3O4 nanocrystals. This means that the covalent C—
O—Mn interface directly participates in the primary reduction of O,, rather than

assisting in the charge transport mechanism.

The second part focused on elucidating the role of the nanocrystals and carbon
substrate in the hybrid for the ORR. We demonstrated that the GONR component in
the hybrid facilitates the primary reduction of O,, while the Mn3;O4 nanocrystals
facilitate the simultaneous electro-reduction of the peroxide intermediate rather than
the possible alternative catalytic decomposition of peroxide. With the hybrid interface
at the periphery, the primary O, reduction was further accelerated and therefore a
higher reaction onset potential could be attained. In the activity evaluation, the hybrid
composite exhibited superior ORR performance, at a level almost equivalent to the

commercial Pt/C standard, and with good tolerance against methanol poisoning.

Further exploitation of the hybrid interface requires fully exposed C—O-Mn
moieties at the surface of a conductive carbon support. For this purpose, we
developed amorphous Mn—O nanoclusters on carbon nanotubes (Mn-OCNT) to
imitate a hybrid interface, without the covering crystalline nanoparticles. The specific
Mn—O binding and the physical presence of the nanoclusters were confirmed by the
electrochemical experiments and high-resolution TEM. The chemical nature of the
nanoclusters was elucidated by XPS and XAS characterizations; the covalent
connections were in the forms of C—-O-Mn”" and C-O-Mn’". Our DPV experiments
on the Mn-OCNT showed that the interface not only assisted in facilitating the
primary O, reduction at the C—O(Mn) domain, but it also helped in the subsequent
electro-reduction of the peroxide intermediate at the amorphous Mn—O(C) domains.

The ORR activity of the Mn-OCNT also resembled that of the Mn3;O4-GONR hybrid,
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except for the slightly inferior peroxide reduction current due to the very low level of
Mn-O nanoclusters. Nevertheless, it is clear that the hybrid interface is a direct active

site for the generally promoted ORR.

In summary, the source of the commonly observed synergistic effect in metal
oxide/carbon hybrid comes from the unique covalent interface between the
nanocrystal and the carbon substrate and the cooperative electrocatalytic functions.
Although the covalent interface facilitates the ORR by reducing the activation barrier
for the stepwise reductions, the hindered exposure of the interface in conventional

hybrid electrocatalysts greatly hinders their electrocatalytic output.

7.2 Future Prospects

There are still many challenges in developing low-cost, high-performance ORR
electrocatalysts for fuel cells and metal-air batteries. Carbon-based materials,
especially the heteroatom-doped carbons and metal oxide/carbon hybrids, have been
considered potential candidates for replacing platinum-class materials. Unfortunately
the poor structure of carbon composite electrodes and the lack of understanding of the
activity origin in carbon-based materials and the reaction mechanism represent the
two major obstacles retarding the electrocatalyst development. Solving these key

problems is the most urgent task in the near future.

The first problem usually encountered in the exploitation of carbon-based
electrocatalysts is the poor electrode structure of composite electrodes for the ORR
occurring at complex phase boundaries. This could provide masked electrocatalytic
activity of a material and thus result in misleading interpretations. In many cases, the
problem of poor electron and ion transport has not been carefully considered in the

preparation of a composite electrode. As such, further systematic studies should be
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conducted on rational optimization of composite electrode structure to optimise the

ORR Kinetics.

While it is tempting to achieve high electrocatalytic activity by integrating all
beneficial empirically-determined elements (e.g., N-doping and high-temperature
treatment) into an electrocatalyst, grasping the knowledge of the activity origin is
important for the rational design of advanced electrocatalysts. At present, there are
still controversies regarding the origin of activity in heteroatom-doped carbons and
metal oxide/carbon hybrids. For heteroatom-doped carbons, there is an underlying
belief that the dopant can alter the chemical nature of a carbon framework in a way
that is not unique to a particular doping element. The aspect of high electronegativity
contrast at the carbon-dopant moiety for better ORR activity has been discouraged by
the works presented in the thesis. More work needs to be done on clarifying the
influence of trace metal impurities and the particular bonding configuration in
N-doped carbons (i.e., the graphitic nitrogen); using other elements does not seem to
help in clarifying the origin of the effect. For metal oxide/carbon hybrids, there appear
to be numerous possibilities for chemical modification. With the basic understanding
of the synergistic effect and its origin, different combinations of metal oxide and
carbon substrate may be examined for the applicability of the theory, as well as for
screening purposes. Other transition metal compounds (e.g., metal chalcogenides)
may also be investigated in a hybrid configuration with carbon. All of this should shed

some light on the development of highly effective ORR electrocatalysts.

In conclusion, there is a promising future for carbon-based electrocatalysts as
they present versatile approaches for tailoring the physical, chemical and electronic
properties of carbon materials. The increased understanding as a result of the studies

described herein will hopefully be of benefit in helping fine-tune these properties for
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optimal activity for the ORR. It is expected that these carbon-based materials will
play a major role in massive energy storage and conversion systems in commercial

markets.
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Synthesis of graphene oxide by a modified Hummer s method.:

1.0 g of expandable graphite flakes (GrafGuard 160-50-N, Graftech, USA) was
mixed with 6.0 g KMnO,4 (BJH Chemicals), followed by addition of concentrated
H,SO, (98%, Sigma Aldrich). The reaction mixture was maintained at 60 °C in a
water bath with continuous stirring over 5 hours. The reaction mixture slowly turned
from dark green to brown and finally to a pink-purple color. After cooling to room
temperature, 100 mL of water and 3.0 mL H,0, (30%, Merck Pty Ltd) were added to
the mixture, turning the solution bright yellow. The reaction solution was centrifuged
at 4400 rpm for 30 minutes and the resulting supernatant decanted away. This process
was repeated several times until the solution pH reached 7. The resulting graphene
oxide powder was collected after a thermal exfoliation and reduction at 1000 °C for a

period of few seconds.

Chitosan saturation content in purified water

The preparation of chitosan-saturated aqueous solution is described in the
corresponding manuscript. Five parallel experiments were performed to obtain an
average result for the chitosan content in the saturated solution. Briefly, 10.0 mL of
the chitosan-saturated supernatant in a 20 mL reaction bottle was placed into an 80 °C
oven to remove water. The weights of the empty bottles before and after the addition
of chitosan were recorded (Table S1), and an average result was calculated from the
data. The weight percentage of chitosan in G/Chitl:1 composite (1 mg/mL) of

graphene was calculated as follows:

0.18 (mg)
Chit 1% = % 100% = 15.25 wto
itosan wt% = 150+ 0.18 (mg) % wtto

Due to the high sensitivity at a small mass, the error analysis was not rigorously
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attempted and therefore the measured weight percentage should be regarded as a
rough estimate.

Table Al. Data from the solution drying method

Weight of chitosan
Weight of empty bottles (g) Weight of dried bottles (g)
(mg/10mL)
13.3919 13.3936 1.7
13.3793 13.3815 2.2
13.4086 13.4101 15
13.3832 13.3852 2.0
13.3764 13.3780 1.6
Average + (Standard Deviation) 0.18 £0.03 mg/mL

TEM image of thermally exfoliated graphene nanosheets

Figure Al. A TEM micrograph of thermally exfoliated graphene nanosheets. The
lateral size of the nanosheets typically varies from 100 nm up to 600 nm.

Adgueous suspensions of graphene in chitosan-saturated solution
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Figure A2. A photograph of G/Chit aqueous suspensions at different w/v ratios, and
graphene nanosheets in purified water at 10 minutes after mixing. (a) Saturated
chitosan solution [0.0 mg/mL], (b) G/Chit1:10 suspension [0.1 mg/mL], (c) G/Chitl:1
suspension [1.0 mg/mL] and (d) graphene suspension in purified water [1.0 mg/mL].
It was noticed that a strong aggregation of graphene nanosheets to the air-water

interface within a short period.

Cyclic voltammetry on G/Chit1:1 composite in O, / N,-saturated environment

Current Density (mA/cm’)

(1

)

T T T T T T T T d
-1.4 1.2 -1.0 0.8 £.6 0.4 0.2 0.0 0.2 0.4
Potential (V, vs HgO/Hg)

Figure A3. Cyclic voltammograms of G/Chitl:1 composite in O,-saturated (red) and
Ny-saturated (black) 0.1 M KOH electrolyte. The two reaction peaks appear only in

the presence of O,, suggesting they belong to ORR.
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Figure A4. (a) Cyclic voltammogram (50 mV s ) and (b) LSV-RDE profile (10 mV
s, 1600 rpm) of graphene/Nafion composite at 1.0 mg/mL of 1 wt% Nafion solution
(G/Nafl:1) in Oj-saturated 0.1 M KOH electrolyte. G/Chitl:1 composite, graphene
film in the CV profile and Pt/C in the LSV-RDE profile are inserted for comparison

purpose. In both figures, G/Chitl:1 composite displays the highest current density for

all cases.

Koutecky-Levich Analysis on G/Chitl:1 Composite

The electron transfer (n) number of G/Chitl:1 composite was evaluated based on
Koutecky-Levich (K-L) analysis (j* vs. @ ?) using linear sweep voltammetry on a rotating
disk electrode (LSV-RDE). We have performed the analysis at a potential of —0.50 V by
plotting the inverse current density (j!) against the inverse square-root of electrode rotation

rate (w™?), based on the K-L equation [Eq. (A1)],*®

11 1 1
TRt T an
J IR 92nFc,D3v6

(A1)
where j is the measured current density (A cm™), j« is the kinetic reaction current density for
ORR, n is the average number of electrons transferred in ORR, F is the Faraday constant (F =

96,485 C mol'l), C, is the bulk O, concentration, D is the diffusion coefficient of O,

molecules in the electrolyte, v is the kinematic viscosity of the electrolyte, and w is the
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rotation rate of the disk electrode in rpm. We have used the parameters from the literature for
0.1 M KOH electrolyte system: C, = 1.2 x10° M, D = 1.9 x10° cm?s™, and v = 0.01 cm® 7.
Figure A5 displays the LSV-RDE profiles for G/Chitl:1 composite at various rotation rates

and an n number of 2.94 was calculated from the slope of the K-L plot.
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Figure A5. LSV-RDE profiles for G/Chitl:1 composite at various rotation rates in

O,-saturated 0.1 M KOH electrolyte (left) and the corresponding KL plot at —0.50 V (right).
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Figure A6. Graph of peak separation against G-Chit ratio in a linear scale. The peak
separation data was obtained from the CV profiles in 10 mM K3Fe(CN)e/1.0 M KNOj; system.
Black line is the fitting and the transition point at 0.061 mg/mL is the “switching” point for

electron conduction.
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Hummer s oxidation of carbon nanotubes

0.6 g of the purified CNTs was mixed with 80 mL of concentrated H,SO4 and
homogenized for 30 min under stirring. In a given mass ratio with CNT, an amount of
KMnO, was slowly added into the mixture and the reaction temperature was raised to
60 °C. Once the target temperature was reached, the reaction mixture was maintained
at constant stirring for 3.5 hours. After that, the solution was cooled down to ambient
temperature, followed by an addition of 300 mL water solution containing 10 mL 30%
H,0O; solution. In about 20 minutes, the oxidized CNTs (OCNTs) were filtered (or
centrifuged), washed with water and ethanol extensively and finally dried in air at 60

°C. The mass ratio used: 1.0, 1.5, 2.0, 2.5, 3.0 and 5.0 for KMnQO4:CNT ratio

Synthesis of graphene oxide nanoribbon

The procedure is similar to the Hummer’s oxidation of CNTs, except the
synthesis started with 1.0 g of the purified CNTs and 120 mL of concentrated H,SOs,.
The KMnO4 amount was increase to a mass ratio of 10 times the CNT mass and the
reaction time was increased to 4.0 hours. After adding 300 mL of water/H,O; solution,
the solution was left for 2 days under stirring to stabilize the GONRs in the resulting
solution. Through repeated centrifugation and extensive washing with water and

ethanol, the final product was collected.

Oxidative acid etching of CNTs

Approximately 1.0 g of the purified CNTs was suspended in 150 mL solution of
70% HNOs/ 98% H,SO4 in a volume-to-volume (v/v) ratio of 2:1 in a loosely capped
glass bottle, wrapped by Al foil. The acid mixture was ultrasonically treated for 30
minutes in an ultrasonic bath before reaction. Next, the mixture was heated up to 85

°C in a water bath for a given period under magnetic stirring. Over a given time, 25
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mL of the uniform solution was harvested from the bottle and diluted in 150 mL of
water in order to filter and wash the surface oxidized CNTs (SOCNTs). Finally, the

washed CNT was dried in air at 60 °C.

Thermal treatment of O-CNTs

This was performed in a tube furnace. Before the treatment, the tube chamber
was purged with 5% Hj-containing N, gas for 30 minutes. The temperature was then
raised to 800 °C and held for 2 hours, followed by natural cooling and sample

collection.

2200

Purified CNT

2000

1800

1600

Intensity (CPS)

538 I 553 ‘ 554 552 ' 530 I 528
Binding Energy (eV)

Figure B1. XPS O Is spectrum of purified CNT for reference. Note that the oxygen
groups in CNT should not be compared with the OCNTSs because they are most likely
attributed to the adsorbed CO,, hydrocarbons and hydrates (in the analytical chamber)

when the oxygen is at a negligible level (C/O ratio = 70).
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Figure B2. XPS O Is spectrum of SOCNT-0.5h for comparison with the spectral

profile of SOCNT-48h in the manuscript.
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Figure B3. XPS survey spectra for the thermally treated O-CNTs and their respective

contents are shown in the spectra.
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Figure B4. Modified linear sweep voltammetry on a rotating disk electrode

(LSV-RDE) profiles for evaluating the reaction onset potential, using a Pt/C electrode

as a reference. The peak effectively represents the reaction onset potential (it is in fact

the point of deflection but since they share a similar profile shape, the peak can be

used).

* the capacitive background was corrected to the background current of the blended

samples at 0.0 V.
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Figure C1. TEM micrographs of free-standing Mn3O,4 nanoparticles (top) and pristine
GONRs (bottom). The size of the particles is 10-30 nm, similar to that grown on
GONR. The nanoparticles are highly crystalline and the interlayer spacing indicate the

(101) and (103) crystal planes of spinel Mn3Oy structure.
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Figure C2. Electron energy loss spectra of MnzO4-GONR hybrid and GONR. The
feature at 285 eV and 292 eV signify the 1s to 7 transition (sp? characteristic) and 1s
to o transition (sp® characteristic). The chemical reduction of GONR in the hybrid

can be read from the augmented sp? characteristic of the sample.?*?
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Figure C3. XRD pattern of Mn3O4,-GONR hybrid. All diffraction peaks can be

matched with Hausmannite (MnzO,4, PDF# 24-0734).
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Figure C4. LSV-RRDE profiles of Mn3;04-GONR hybrid in Ar-deaerated or

O,-saturated 0.1 M KOH electrolyte (@ 1600 rpm).
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Figure C5. LSV-RRDE profiles of Mn;0,-GONR hybrid and the thermally treated
hybrid at 200 °C for 2 hours (Mn3;0,-GONR-200HT) performed in an O,-saturated
0.1 M KOH electrolyte (@ 1600 rpm). This indicates that the hybrid interface has a

good thermal stability.
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Figure D1. TEM micrographs of purified GONRSs.

Figure D2. TEM micrographs of Mn;O,4 nanoparticles.

211




0.02

0.0

Current/ mA
)

-0.2
Mn,0,-GONR
-0.3 1 Mn;0,
—— GONR
-0.4

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
E /V, versus HgO/Hg

Figure D3. LSV-RRDE profiles of Mn3;04-GONR hybrid and the individual hybrid
components, Mnz0O,4 nanoparticles and GONR, without CNTs for electron transport, in
an Op-saturated 0.1 M KOH electrolyte. The voltammograms were collected at a scan

rate of 10 mV s %, at an electrode rotating rate of 1600 rpm.

In Figure D3, it is obvious that the impact of electron transport to ORR activity is
significant as the reaction currents for both disk and ring were considerably lower
than when CNTs were incorporated. Moreover, the ORR performance for each
material was very different. Mn3;O4 nanoparticles displayed a poor ORR activation
potential relative to other materials. This suggests that Mn3O, is perhaps not a good
electrocatalyst for the initial oxygen reduction to peroxide. Also, there was not much
ring current after ORR activation for MnzO, nanoparticles. This means the ORR
immediately consumes any peroxide as generated. On the other hand, GONR shows a
more positive ORR activation potential, although there is considerable ring current,
signifying the generation of stable peroxide intermediates. The ring current for GONR
was stable until —1.0 V, suggesting that this material hardly further reduce the
peroxide into final product. From here, it is clear that each of the hybrid components
carries a particular electrocatalytic role for ORR. When these components were

combined together into a hybrid, the ORR behavior is a result of their mutual benefits:
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an efficient ORR activation with a large disk reaction current and a minimal

production of stable peroxide species.
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Figure E1. XPS O 1s spectra of Mn-OCNT (after binding) and OCNT (before
binding); all FWHM values are fixed to 2.0. The Mn-attached oxygen is assigned to
the peak at 530.7 eV. A decrease in the C-OH/C-OC feature should be due to the

Mn-binding and the possible interaction between Mn ions and the surface oxygen.
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Table E1. The Mn content of CNT and modified CNTs measured by inductively

coupled plasma optical emission spectroscopy (ICP-OES).

Sample Mn content (wt% £0.01)
CNT 0.00
Mn-CNT 0.01
OCNT 0.00
Mn-OCNT 9.45
Mn-OCNT (acid washed) 0.13
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Figure E2. LSV-RRDE profiles of Mn-OCNT in O,-saturated and Ar-deaerated 0.1 M

KOH electrolyte.
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Figure E3. LSV-RRDE profiles of OCNT, Mn-OCNT and Mn-OCNT (acid washed)
in Oy-saturated 0.1 M KOH electrolyte. The deprived ORR activity of Mn-OCNT

after an acid treatment in 2.0 M HCI removes most of the bound Mn and therefore the

activity degraded to the level of OCNT.
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Figure E4. The size distribution of nanocluster domains on Mn-OCNT, as counted in
HAADF TEM micrographs; the inset displays a sample HAADF TEM image of

Mn-OCNT. A Lorentzian distribution was applied to the data and the median domain

size is 1.02 nm.
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Figure E5. XRD patterns for the crystalline Mn oxide references. All Mn oxides are

pure in their respective crystalline phase
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Figure EG6. (a) The full Mn K-edge spectra for Mn-OCNT, crystalline Mn3Og4, Mn,03

and a-MnO; and (b) the transformed spectra in k-space using a k-weight of 3.0.

Clearly the near-edge and post-edge features in the raw spectra are different and the

oscillations in k-space are also distinguished from each other.
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Figure E7. (a) The Mn K-edge XANES spectra and (b) the first derivative spectra of
Mn-OCNT, KOH-treated Mn-CONT and Mn3QO,4. In the derivative spectrum of
Mn-OCNT (KOH), the asterisk indicates the disappeared feature for mostly
single-valent Mn?* compound. Clearly the spectral profiles of KOH-treated
Mn-OCNT become very similar to that of the mixed-valent MnzO, (Mn?*:Mn** = 1:2);

this suggests an increased Mn** population after the KOH treatment.

The mathematical treatment for ORR current separation.
The separation of O, reduction and peroxide reduction current densities employed the

following equations by using both the disk and ring current in a LSV-RRDE profile:

joz = Ja (5e") (E1)

JHoz = Ja (021\;;,1) (E2)
, Where jo, is the current density for O, reduction, juo is the current density for
peroxide reduction, jp is the original disk current density, o is the disk/ring current
ratio, and N is the effective collecting efficiency. The derivations of Eq. E1 and E2 are
shown below, and the detail will be published in another manuscript.
Basically the percentage completion for a full ORR reduction (if only sequential

reduction mechanism is considered):
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Ve  Je2
Vez T V4 je2 +jd

%completion =

, Where v and j are reaction rate and current density, respectively, and the subscripts e2
means the peroxide reduction and d is the escape of peroxide intermediate from the
disk electrode through diffusion. Since the escaped peroxide will be detected at the

ring electrode such that:

Ja =

Z|=

Rearrange:
je2 — jeZN
Jez tjr/N = jeo2N + Jr

If we divide both side by jq and let & = jy/j;, we can yield:

le2 5
ocompletion = i
ez
—=oN +1
Jd ’

Since the %completion can be described by the following equation, where y is the

selectivity for a complete ORR:
. Y
%completion = m

_0N—1
Y=

Thus,
Je2
oN-1_ G, N
2

].L20N+1
Jd

An expression of je is:

O'N—l)

Since jg = jer + Je2,

0N+1)

jor = Ja (G

220



The calculation of electron transfer (n) number and percentage production of

peroxide (%oHO,").

Similarly, the calculation for n number and %HO, " used the following equations:
4ig

n= (E3)

iq+ir/N

%HO,” = 220k (E4)

igN+ir

, Where ig and i, are the measured currents on disk and ring electrodes, respectively.
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