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Abstract

Globally 1 in 3 people do not have access to safe drinking water.[1] Households, industry,
and agriculture often introduce persistent organic pollutants into their waste streams, and by
extension into surface waters, ground water and eventually drinking water supplies.[2] An
increasing number of these pollutants are being linked to potentially serious negative health
effects.[3-4] The ideal solution to this problem would be to prevent these compounds from
reaching surface waters, but failing that, there is a pressing need for sustainable, highly active
tertiary water treatment solutions.

The most common experimental tertiary water treatment methods use
coagulation-flocculation, adsorption on activated carbon materials, ozonation, advanced
oxidation processes (AOPs), and various bioremediation processes.[5] Some of these methods
do not actually destroy pollutants, just transfer or concentrate them into another phase, which
often ends up being incinerated, while others suffer from high costs and/or slow detoxification.

This thesis discusses the development of carbon-supported bifunctional catalysts that are
capable of both generating H,0; and decomposing it into reactive oxygen species, which can
then be used to efficiently degrade aqueous organics.

The first chapter of this thesis explores the emergent synergism between a macroscale
carbon, graphitic nanofibres (GNFs), and a Fenton-like catalyst (MnO,). Extensive
characterisation is used to uncover the structure-performance relationships governing the
activity of this composite catalyst. A novel metric is also suggested for the field of organics
removal, which separates out the different contributions to overall organics removal. This
research has shown that the most active MnO,-GNF composite facilitates more than three
times as much truly catalytic dye degradation than unsupported MnQ,. The ability of the
composite to dissipate heat has been identified as a crucial factor in this increased catalytic
activity.

The second chapter explores the chemical modification of two macroscale carbon
materials, GNF and carbon beads (CB), via acid oxidation, and the effect of this modification on
sorption characteristics. Observations show that GNF was mostly unchanged by acid oxidation,
but CB went through significant changes. In this case, overall surface area decreased
moderately but the ratio of micropore area to overall surface area increased, while the
concentration of acidic surface functional groups doubled. This led to a strong suppression in

the mostly irreversible adsorption of the studied organics.
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These acid oxidised carbon materials (0GNF and oCB) are then used as catalyst supports
in Chapter 3. In this chapter the synthesis and thorough characterisation of Co, Mn spinels is
discussed, along with the catalytic performance of composites made of the most active spinel,
and GNF, oGNF, CB and oCB. It was found that the formation of composites only led to an
enhanced catalytic performance in the case of Co,Mn04-0CB, compared to the unsupported
catalyst. Results also show that oCB composites facilitate a much higher truly catalytic activity,
partly because of the prevention of adsorption.

Finally, in Chapter 4 the electrocatalytic activity of the previously synthesised composites
are investigated in Oz reduction. The electrochemical activity of GNF and oGNF supported Co,
Mn spinels has been investigated with multiple electroanalytical methods. Results showed
negligible O, reduction activity in the case of all studied materials.

This research highlights the suitability of macroscale carbon materials as catalyst
supports in Fenton-like chemistry, while also emphasises the need for a nuanced approach to
catalytic activity in the field, as not all organics removal modes are equally desirable.
Additionally, the results discussed here show that the acid oxidation of macroscale carbon
supports is a viable way of enhancing the catalytic activity of composites made with such

materials.
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Chapter 1 — Introduction and theoretical context
1.1 Project Aims

This project aims to create a catalytic system capable of removing harmful anthropogenic
organic compounds from surface waters in a more sustainable way than currently available
solutions are capable of. The project aims to achieve this by not only using an environmentally
friendly oxidant, but also by generating it on demand, in situ. Accordingly, the two main pillars
of this work are the electrochemical production of H,0,, and its activation in organics removal
reactions. The former is based on the two electron reduction of oxygen facilitated by a catalyst,
while the latter makes use of Fenton-like chemistry. This project aims to strike a balance
between industrial relevance and catalytic performance, accordingly cost and scalability were
important factors in choosing what materials are used.

In this introduction a brief overview is given of the most important theoretical
foundations of the project via a survey of the literature. More detailed and focused

introductions will be given at the beginning of each chapter.

1.2 Theoretical Basis and Context

1.3 Advanced Oxidation Processes (AOPs)

AOPs are water treatment processes that are most commonly used as tertiary treatment
methods on waters having a chemical oxygen demand of less than about 5 g/I. [6] AOPs often
incorporate adsorption and bioremediation in addition to chemical degradation, but these will
not be discussed here. Chemical degradation methods typically use in situ generated highly
reactive and non-selective oxidizing radical species to remove organic or less frequently
inorganic pollutants from water. Removal of organics is achieved via gradual decomposition
into smaller and more highly substituted oxidation products. The process ultimately results in
small, stable inorganic molecules and ions like water, carbon dioxide, nitrates, sulphates etc.,
which is referred to as full mineralisation. [7]

There are many types of AOPs, but only the type used in this work will be discussed in
detail. AOPs can be grouped together based on the oxidant, the activation method used and
based on whether the catalyst and the reactants are in the same phase or not (homogeneous
or heterogeneous). The oxidant is most commonly H,0,, O3 or peroxymonosulfate and while
these are considered strong oxidants, various methods are used to generate much more

powerful reactive oxygen species (ROS) from these molecules, like hydroxyl radicals (OH’),
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superoxide radical anions (02°), or singlet oxygen (102). This generation of radicals is generally
referred to as activating the oxidant. The most common methods of activation are photolysis,
sonolysis, or thermally activated catalysis!. [2-3] In this work thermally activated catalytic

decomposition of H,0: is used as the source of ROS.

1.4 Fenton Chemistry

The basis of Fenton chemistry? was discovered and developed by Henry John Horstman
Fenton in the period between the 1870s and 1890s. [10] Based on his work, aqueous mixtures
of H,02 and an Fe(ll) salt came to be known as Fenton’s reagent, and by extension this
chemistry is referred to as Fenton chemistry. Other similar systems that use Fe-free transition
metal or metal oxide catalysts are referred to as Fenton-like chemistry.

_800 -1 (1)
k, =4.00-107e” RT Ms
10100 (2)

ki =1.78-10% "RT Ms~?!

The next major contribution towards a deeper understanding of Fenton chemistry was
made by Fritz Haber and Joseph Joshua Weiss. In their 1934 publication Haber and Weiss have
hypothesised that the decomposition of H,0, catalysed by aqueous Fe(ll) salts proceeds
through the generation of OH and O3, and its kinetics can be described by equation (1). [11]
J. H. Baxendale et al. also corroborated Haber and Weiss’ kinetics findings in an article
published in 1946, reporting that the rate of the reaction between aqueous Fe(ll)/Fe(lll) and
H,0; can be described kinetically by equation (2). [12] These results place the rate of generating
ROS in Fenton chemistry at 1.3-10° and 3.0-107 M/s according to (1) and (2) respectively.

The first experiments intended to probe the rate constant between these radicals and
larger organic molecules in water, were conducted in the 1970s. Buxton3 et al. compiled a large
range of such rate constants, and published these in 1988. [13] Rate constants between radicals
were found to be in the range of 10°-10° M1s%, while the reactions between radicals and small

inorganic molecules generally have rate constants of 107-10° M1s2, Reactions between OH" and

1 Thermal activation is used to refer to reactions in which the reactants overcome the activation energy barrier
simply due to the kinetic energy provided by ambient temperature.

2 A large part of research into Fenton chemistry was done by British researchers, and in particular researchers
associated with the British Dyestuffs Corporation (which had manufacturing sites in Huddersfield and
Manchester), the University of Manchester and the University of Leeds.

3 George V. Buxton was an accomplished radiation chemist at the Cookridge Radiation Research Centre of the
University of Leeds.
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large organic molecules like Methylene Blue, Rhodamine B, or Coumarin have rate constants
of 10°-10%° M1s2, while smaller molecules like ethanol, hexane, or propionic acid show rate
constants of 108-10° M1s2, Based on the above it is safe to say that any reaction involving ROS
happens very rapidly, and the rate determining step is likely to be the generation of these
radicals.

Instrumental evidence of OH and O, became possible to generate with high confidence
from the late 1970s when a combination of selective spin traps, most importantly
5,5-Dimethyl-1-pyrroline N-oxide (DMPO), and high resolution EPR spectroscopy became
available. [9-10] The research into ROS up to this point was mostly focused on cell biology
involving oxidative stress or cancer. The first EPR studies specifically aimed at industrially
relevant Fenton chemistry were also published around this time as illustrated by a selected
article from Croft et al.. [16] The first publication about using a catalytic water treatment
system based on Fenton chemistry on a laboratory and pilot scale was published in 1988, and

the field can be considered to have started in the late 1980s. [12—-15]
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Figure 1 — Graphs showing results of a survey of relevant literature; a: Graph showing the number of
publications containing the keywords ‘Fenton’ and ‘degradation’ versus year of publication. b: Graph showing
the number of publications containing an element’s name in addition to ‘Fenton’ and ‘degradation’;

Data is based on a survey of literature using Scopus (accessed 2025.02.24.).

In the last three decades research into Fenton chemistry in the field of water treatment
has gone through an exponential growth, as Figure 1 illustrates. The number of new

publications indexed by Scopus containing the keywords ‘Fenton’ and ‘degradation’ went from



-22 -

1in 1974 to 798 in 2023, with the total number of publications being almost 6500 by 202345,
Further differentiating this analysis based on what element a reported catalyst is made of,
shows that while Fe is still the dominant choice, other transition metals of the 3d row are
garnering more and more research interest, as well, especially Cu, Mn and Co.

The first research article about the application of ROS for water treatment purposes was
published in 1987 by Glaze et al.. [21] In this paper the authors coined the term ‘advanced
oxidation process’, and defined it as water treatment methods that generate OH" radicals in
sufficiently large concentrations to affect water purity. The authors mentioned AOP systems
using O3/H,0,, 03/UV, H,0,/UV, and O3 and H,0; activated by a metal or metal oxide. Using O3
and H;02 has become the most common choice because of the environmental friendliness,
high oxidation potential and capability of generating OH" radicals in aqueous media these
oxidants have.

An important milestone in the research and development of AOPs using Fe-based
catalysts is the comprehensive, highly-cited 2006 review article by Pignatello et al.. [22]
According to Pignatello Fenton-based AOPs compare favourably to other AOPs that also rely
on the generation of OH' radicals. The authors note that the reagents are readily available and
are relatively easy to store and handle. AOPs based on Fenton chemistry have a number of
limiting factors, some of which are specific to Fenton chemistry while others are specific to
AOPs in general. The former category includes the significant number of non-productive
reactions, the requirement for sufficiently low pH (generally 3-5), the potential interference by
compounds capable of chelating Fe ions, and the fact that normal operation produces a toxic
sludge, that also depletes the catalyst. The latter category includes interference by non-target
radical scavengers like bicarbonate and halide ions, the inability of OH" radicals to attack certain
compounds (e.g. perchlorinated aromatics), and the potential need for pre-treatment for
biological wastewater. The authors noted that the fundamental reactions of systems based on
Fenton chemistry are fairly well understood, but the whole system itself is very complex, and
difficult to fully understand. The most important reactions happening in homogeneous Fenton

chemistry are listed below (equations (3) to (10)). In general, this mechanism involves aqueous

4 Some additional search terms were used to exclude publications from non-chemistry related journals.
Additionally, only publications about thermally activated redox catalysis were included (ergo photocatalysis,
electrocatalysis, etc. were excluded).

5Inall literature surveys of this thesis only Scopus will be used, since it has been shown that 99.11% of all published
articles overlap between Scopus and Web of Science, and Scopus offers a better search interface. [242]
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Fe ions cycling between +2 and +3 oxidation states, while OH' O," and other species are being
generated as a result of reactions between the catalyst and H;0,. It's important to note that
the radicals can recombine to form H,0,, H,O and O, and this mechanism also leads to a

gradual increase in pH.

Fe?* + H,0, - Fe3* + OH™ + OH’ (3)
Fe3* + H,0, - Fe?* + HO, + H* (4)
OH" + H,0, —» HO, + H,0 (5)
OH" + Fe?* — Fe3* + OH™ (6)
Fe3* + HO, — Fe?* + 0,H* (7)
Fe?* + HO, + H* - Fe3* + H,0, (8)
HO, + HO, - H,0, + 0, (9)
HO, + H,0, - OH + H,0 + 0, (10)

As shown above, these radicals are extremely reactive and only minimally selective which
leads to a complex network of parallel and consecutive reactions. This makes kinetic and
mechanistic predictions extremely challenging, and it also serves as a barrier for applying
Fenton-based AOPs to waste streams of changing compositions. Pignatello et al. noted that
some of the main challenges where improvements are necessary for Fenton-based AOPs to be
competitive in water treatment are mechanistic clarifications including participating catalyst
species, potential side reactions with scavengers and intended degradation products,
immobilization of the catalyst, and thus limiting leaching, eliminating the need for low pH, and
elucidating the role of surface and solution phase catalysts.

A more recent highly-cited review article by Bokare et al. published in 2014 has
summarised the state of the art for Fe-free, Fenton-like AOP systems. [23] The authors describe
Fe-free catalysts based on Al, Ce, Cr, Co, Cu, Mn and Ru. This is an extensive review, but for this
thesis only the section detailing Mn and Co-based catalysts are relevant, so only these will be
discussed. A basic requirement for any Fenton-like catalyst system is the availability of easily
accessible oxidation states for the metal ions to cycle through. Each Fe-free catalyst system has
its advantages and disadvantages which need to be carefully weighed when selecting a metal

for experimental study.
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According to Bokare et al. Mn-based systems have the advantage of a wide scale of
oxidation states ranging from 0 to 7, of which +2 to +4 are the most common, most easily
accessible and thus most catalytically relevant. Mn(ll) and Mn(lll) are both theoretically water
soluble although Mn,q)** requires pH<4 and reducing conditions to be stable in solution, while
Mn(ll1) is only stable in solution while complexed. Mn-based Fenton-like catalysts show good
stability in the pH range 3.5 to 7.0; dissolution is practically absent above pH=5.5. This
significantly reduces the likelihood that a Mn-based Fenton-like catalyst would leach Mn ions
during its operation. In a Fenton-like system Mn ions cycle between the oxidation states +2 and
+4 through a +3 state. While all possible oxide polymorphs of Mn have been found to be
excellent catalysts of H,O; activation, the exact mechanisms depend on a large number of
factors, including composition, presence or absence of a catalyst support, reactant
concentrations etc. Mn is also a naturally abundant element, so any potential catalyst would
benefit from the low cost associated with this.

According to Bokare et al. Co based materials have also been widely studied as
Fenton-like AOP catalysts, although mostly with peroxymonosulfate as the oxidant. According
to publications reviewed by Bokare et al. Co-based materials have shown excellent reactivity
and recyclability in Fenton-like AOP systems; they even exhibited comparable and in some
cases enhanced reactivity in alkaline media, which is a rare property for Fenton-like catalysts.
Unfortunately, this excellent catalytic activity is somewhat overshadowed by a high
stoichiometric requirement of H,03, and excessive metal leaching from immobilized catalysts
in some cases. The latter of which is the largest drawback of Co-based systems as Co
compounds exhibit significant environmental toxicity.

The past decades also saw intense research into elucidating the exact mechanism of
Fenton chemistry. He et al. published one of the most highly cited review articles about the
decomposition mechanism of H,0; facilitated by Fe containing materials in which they propose
an interfacial decomposition mechanism. [24] They propose equations (11)-(20) as the most
important non-substrate-specific steps. The authors found that H,03 binds to the surface of the
catalyst via a hydroxide containing terminal Fe(lll) ion of the lattice. This step produces a
hydroperoxyl (OOH') radical and reduces the affected Fe ion. The Fe(ll) ion then gets reoxidised
by a solvated H;0; molecule, which also produces a OH' radical. These are the main radical
producing steps, but due to the extremely high reactivity of radicals there are several additional

reactions taking place. Overall, this mechanism produces OH and OOH' radicals and O; via the
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cycling of Fe ions between +3 and +2 oxidation states. It is worth noting that this mechanism
also leads to a gradual increase in pH. This general mechanism is expected to hold true for all
Fenton chemistry catalysts, as the below reactions are not specific to Fe(lll) and Fe(ll) ions, but

rather to a lower and a higher oxidation state metal ion in an oxide or oxyhydroxide lattice.

= Fe'' = OH + H,0, = (H,0,) (11)

(H,0,)s = (= Fe!'- 00H) + H,0 (12)

(= Fe!'- OOH) —»= Fe!' + OOH (13)

= Fe'l + H,0, »= Fe!' — OH + OH’ (14)

= Fe! — OH + O0H' /05 —= Fe!' + H,0/0H™ + 0, (15)

OH += Fe!' »= Fe!ll - OH (16)

OH + (H,0,); —= Fe!' — OH + O0H" + H,0 (17)
(H,0,)s + O0H /0, —»= Fe!' — OH + H,0/0H™ + OH" + 0, (18)
OOH + O0OH - (H,0,)s + 0, (19)

OH + OOH /05 — H,0 + 0, (20)

Fe:terminal Fe ion in a crystal lattice; (H,0,)s: surface bound molecule;

(= Fe?* - O0OH): adduct of lattice Fe ion and hydroperoxyl radical

The most common substrate-specific reactions are additions of radicals and H
abstractions, but the exact degradation pathway is going to be dependent on the model
pollutant used in any experiment.

Overall two mechanisms have been identified through which Fenton and Fenton-like
chemistry can proceed, homogeneous and heterogeneous (see equations (3) to (10) and (11)
to (20), respectively). In reality there will always be a dominant pathway but both will be
present since even in the case of heterogeneous catalysts there will be some amount of leached
metal ions, which will facilitate the homogeneous reaction pathway. He et al. termed this

heterogeneous catalysis induced homogeneous catalysis.

1.5 Carbonaceous Catalyst Supports

The industrialisation of heterogeneous catalysis started in the 19th century with

processes like catalytic hydrogenation, the contact process for H,SO4 production, or later on
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the Haber-Bosch process, and steam reforming of hydrocarbons. The first industrial
heterogeneous catalysts were often single phase materials, either metals like Pt, or minerals
like V oxides. With later discoveries, like Langmuir’s theory of reactions through surface bound
species, and Taylor’s discovery of active sites, it became apparent that the most active part of
a catalyst is its outermost atomic layer or layers. [20-21] A good example of how supported
catalysts were developed can be seen in the history of the Sabatier process. [27] The first
experimental catalysts used finely dispersed Ni, but this deactivated very quickly, and was
pyrophoric, so it had to be prepared immediately before an experiment, which was not suitable
forindustrial usage. [28] This catalyst has become the target of intense research interest, which
lead to a synthetic method for Ni/diatomite catalysts, and later a fully synthetic Ni/SiO»
catalyst. [29—-32] This almost century-long process showed how significant an impact a catalyst
support can have on the overall performance of a catalyst, from smaller catalyst particles and
by extension larger overall catalytically active surfaces to the emergent interface between
catalyst and support, which can further enhance activity.

The most common choice for industrial catalyst supports have been aluminium oxides
and silicates, since these are naturally abundant, cheap materials. But as the study of carbon
materials advanced it was realized that they have a much larger degree of customizability, more
elaborate surface morphologies and as a consequence the potential for much larger surface
areas. In a 1998 review by Rodriguez-Reinoso et al., the authors remark that although carbon
science has been an established field for about two decades, the use of carbon as industrial
catalyst supports and catalysts is still lacking, and their full potential has not been realised. [33]
The authors also mention that the property that makes carbon supports more promising than
oxidic supporting materials is that not only the surface topology, but also the surface chemistry
can be tailored to fit the needs of the catalyst in question. The most important property of
carbon materials that make them ideal supports is that the number and characteristics of their
functional groups are widely customizable. Oxygen and nitrogen groups are the most important
since these are the most common, but sulphur and halogenide groups are also present in some
materials. From the viewpoint of this thesis, the most important properties of these materials
are that the graphitic layers can facilitate the adsorption of organics, mainly through interaction
between m-orbitals, while the terminal functional groups can anchor metal ions, and thus act

as nucleation and crystal growth sites.
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Figure 2 — lllustration of the most common terminal oxygen functional groups in carbon materials on a

theoretical graphene nanoflake.

In the 2000s and 2010s carbon science have gone through an exponential growth, which
translated into a huge increase in research interest surrounding carbon nanomaterials. For the
first time companies around the world have been able to produce graphene-based materials,

among them graphitic nanofibres (GNFs).

1.6 Oxygen Reduction Reaction (ORR)

The oxygen reduction reaction (ORR) is a very important process, both in biological, and
technological systems, but owing to its radical intermediates, mechanistic studies were only
possible after the discovery of electron spin resonance spectroscopy in 1944-45 by Yevgeny
Zavoisky. [34] In the following decades intense research interest surrounded this topic,
although the motivation was mainly to gain a deeper understanding of the cellular respiration
step of photosynthesis. At this time the state of the art for studying ORR was to use Pt and Pd
catalysts. By using such systems researchers established important kinetic and thermodynamic
parameters, dependences on conditions, and some mechanistic understanding of the process.
Damjanovic et al. established that ORR can generally proceed through two mechanisms on Pt
catalysts: one leading to H;0, and one to H;0, but the intermediates and thus the exact
mechanisms, were not fully elucidated. [30-31] Toda et al. published an article in 1999, which
was the first to identify the correct mechanisms and intermediates of ORR on Pt. This also
unlocked research into promoting one mechanism over the other. [37]

While noble metals have been found to be excellent catalysts of the ORR, this thesis aims

to use non-noble metal catalysts. It was only during the 1970s that research into non-noble
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metal oxide catalysts started in the context of oxygen reduction. The first significant articles of
inorganic catalysts were published by King and Tseung, in which they studied the
electrocatalytic activity of Co;NiO4 in oxygen reduction. [33-34] At this time this field was
mostly interested in creating better cathode materials to be used in batteries, so even though
the electrochemical reaction of interest was oxygen reduction, the preferred mechanism was
the 4 e pathway. During the 2000s the interest in carbon supported non-noble metal and metal
oxide ORR catalysts has been significantly increasing. [40] This especially increased after the
rediscovery and full characterization of graphene, and the subsequent emergence of

nanocarbon materials like nanotubes, nanofibers etc.

1.7 Summary

In summary, the work presented in this thesis is underpinned by the theoretical basis set
out in the introduction above. More focused individual introductions will be given before the
discussions of results in each chapter. The first chapter will examine the catalytic activity of Mn
oxide — carbon nanofibre composites in Fenton-like chemistry, probing whether there is an
emergent synergism between the support and the catalyst. This chapter also showcases the
use of a metric that could improve the comparability between published results. The second
chapter discusses the acid oxidation of macroscale carbon materials, with a thorough
characterisation of the effect of such a treatment on surface morphology and chemistry. The
resulting materials adsorption performance is also evaluated. The third chapter discusses the
evaluation of carbon supported mixed metal oxide catalysts in Fenton-like chemistry. It starts
off by describing the synthesis of mixed metal spinels, but also probes the suitability of the
normal and acid oxidised carbon materials of the second chapter as catalyst supports. Finally,
the catalytic activity of the resulting composite catalysts is evaluated. The fourth and final
chapter discusses the electrocatalytic reduction of oxygen with the aim of promoting the
production of H,0; as the product of the process. Some carbon supported mixed metal oxide
composites are evaluated as catalysts of this electrochemical process. To conclude, a summary
is given of the results discussed in this chapter along with recommendations for future work in

this project.



-29 -

Chapter 2 - General experimental details
2.1 Chemicals

The water used in experiments of all chapters was produced internally. First, tap water is
fed into an Elga Purelab Option-R15 which produces type I+ water, referred to as deionised
water from this point onwards. [41] This water has a resistivity of 15 MQ-cm. Feeding this
deionised water through an Elga Purelab Flex purifier, type | water is obtained, which is referred
to as ultrapure water from here on out. This ultrapure water has a resistivity of 18.2 MQ-cm,
and TOC content of 1 ppb.

The acetone used in all work presented in this thesis was purchased from Sigma-Aldrich,

and it was of analytical purity.

2.2 Characterisation of Materials

2.2.1 X-ray Diffraction (XRD)

XRD analysis of Chapters 2-4 were done using a Bruker D2 Phaser instrument, the X-rays
were generated from a Cu anode at 30.0 kV 10.0 mA using the Cu Kq1 emission. The XRD
analysis of Chapter 4 was done using a Malvern Panalytical Aeris instrument, similarly using a
Cu Kq1 analysing beam.

The crystallite size, defined as the lower limit of coherently diffracting crystalline
domains, was estimated using the Scherrer-equation (see equation (21)). [42] The value of K
was 0.9 as is customary when the FWHM of peaks is used as B instead of the integral breadth.
[43]

__ KA (21)
= B cos(8)

where t: lower limit for coherently diffracting crystalline domains, K: Scherrer-constant, A: X-
ray wavelength, B: FWHM of XRD peak, 0: Bragg angle.

The extent of instrumental line broadening was identified by recording XRD pattern of a
corundum probe, illustrated by Figure 3 and Figure 5. The corundum probe’s diffraction pattern
is made up of doublet signals of 2:1 ratios, where the separation between the doublet peaks
increases with 28. No additional data processing was done to remove the Kq2 peaks in the

remainder of this thesis.
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Figure 3 — Top: Image of corundum probe used in the identification of instrumental line broadening.
Bottom: XRD pattern of corundum probe (red trace) against a simulated diffraction pattern (black trace) of
the same materials. The simulated pattern was generated with both the Cu Kal and Cu Ka2 sources.

The line broadening of the corundum probe was determined at peaks originating from
Cu Kq1 in the 26 range of 30-60 °, since this range fits the diffraction patterns discussed in this
thesis. The determined FWHM values are shown by Figure 4. The FWHM values in this range

were averaged, which gives 0.07341.
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Figure 4 — FWHM values of corundum probe XRD peaks

This was taken to be the instrumental broadening in all measurements. For any sample

this should be taken into consideration according to (22). [44]

2 — P2 2
Btotal - Bsample + Binstrument (22)

To provide an example on how the instrumental broadening is taken into consideration,
the diffraction pattern of a GNF sample is used (see Figure 5). In this case total line broadening
was measured as 1.915, which means broadening due to the imperfections of the sample is
1.914. In any calculation including instrumental line broadening it is taken into consideration

as described above.
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Figure 5 —XRD pattern of GNF including FWHM of the (002) peak.
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Finally, an example is given as to how the Williamson-Hall method is used in this work to
separate overall line broadening into size and strain contributions using the diffraction pattern
of the corundum probe. [45] The line broadening originating from the sample is caused by size
and strain effects of the crystallites, the former is inversely proportional to broadening, while

the latter is linearly proportional to it as described by equations (23) and (24).

B, = K-A (23)
L7 L. cos®
K=constant, A=X-ray wavelength, L:mean linear dimension of particle, 6:Bragg-angle
Be=C-e-tan 6 (24)
C=constant, €:lattice strain, 0:Bragg-angle
If one considers the different broadening contributions to be simply additive, which is a
common approach, (equation (25)), the above equations can be reorganised into an expression
resembling the equation of a line (equation (26)).

K-A 2
Bsample:BL+Bg=C'€'Sin9+T (25)

K- 26
Bsample'COSG=C'£'Sin6+T (26)

Figure 6 shows the so called Williamson-Hall plot gained by plotting Bsample - COSO versus

KA
sinB, the slope is equal to C-g, while the intercept to T Both the slope and the intercept are

very small meaning that crystallites are quite large, and the lattice strain negligible. The former
observation is also supported by considering that the estimated crystallite size according to the
Scherrer-method is 200 + 40 nm in this case, which is a large value.

Neither the Scherrer nor the Williamson-Hall method will be used to gain definite values

of crystallite sizes and lattice strains, but rather it will be used to compare similar materials.

2.2.2 Scanning Electron Microscopy (SEM)

SEM images were produced by Dr. Alexander Kulak, a Research Officer of the School of
Chemistry, University of Leeds, using an FEI Quanta 650 instrument. This instrument is capable
of recording energy dispersive X-ray (EDX) spectra with an Oxford Instruments INCA 350
detector, and images with an Everhart—-Thornley detector (ETD) for secondary electrons (SE)

and a concentric backscatter (CBS) detector for backscattered electrons. EDX spectra was used
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for elemental analysis, SE images were used to study topography and morphology, while CBS
images were used to highlight areas of different atomic numbers. All images in this thesis are
SE images unless otherwise noted. Samples were mounted on high purity carbon tabs without

any specific preparation. The tabs were then stuck to steel sample holder pins.
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Figure 6 — Williamson-Hall plot for the corundum probe used in determining instrumental line broadening

2.2.3 Transmission Electron Microscopy (TEM)

TEM images were recorded using a FEI Titan3 Themis 300 instrument by Dr. Zabeada
Aslam, a Research Officer of Leeds Electron Microscopy and Spectroscopy Centre (LEMaS), and
images were analysed by the author. Samples were made into a very dilute slurry by first
dispersing 2 mg of each in 5 mL IPA, homogenising by sonication, and then 100-fold dilution.

The resulting liquid was dropcast onto lacey carbon covered sample holder chips.

2.2.4 N Sorption Experiments

N, sorption experiments were done using a Micromeritics ASAP 2020 instrument
operated by Dr. Alexander Kulak. Prior to the experiments the samples were dried at 120 °C for
2 hours under a flow of nitrogen. Surface areas and sorption isotherms were generated using
BET theory. The macro-, and mesopore size distribution was analysed by applying the BJH
method, while the contributions of micropores to the overall surface area was identified by
applying the deBoer t-plot method. All dataanalysis was done with the instrument’s software
by the author. Samples were analysed as they were, without any specific preparation. Roughly

100 mg of each sample was loaded into the analysis vessel.
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2.2.5 Thermogravimetric Analysis (TGA)

TGA experiments were done using a Waters SDT 650 instrument. First, all samples were
heated to 120 °C over the course of 20 minutes. This temperature was held for 10 minutes to
make sure all surface adsorbed water is removed. The samples were then heated to 900 °C at
a rate of about 10 °C/min. The final temperature was held for another 10 minutes. Samples
were analysed without any specific preparation. Roughly 5-10 mg of each sample was used in

a measurement. All data was recorded and analysed by the author.

2.2.6 Raman Spectroscopy

Raman spectra were recorded by Dr. Alexander Kulak using a Horiba LabRAM HR
Evolution Raman microscope with a 50 W 532 nm laser, passing through an edge filter. A hole
size of 50 um and laser powers of 1-10% were used. Samples were analysed without any

specific preparation; a few mg was placed on a glass slide for analysis.

2.2.7 X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were done using a UHV-XPS SPECS FLEXPES system which contains an
Al Ko X-ray source of 1486.7 eV wavelength at a generating power of 400 W and a voltage of
15 kV. The pressure inside the analysis chamber was 10° mbar. The analysis spot size was
3.5mm by 1 mm oval in all cases. The instrument is equipped with a SPECS Phoibos 150
hemispherical analyser with a 1D delay line detector. Slits were always fully open and all
measurements were done in medium area mode. Survey spectra were done with a step size of
1 eV and a pass energy of 50 eV, while high resolution spectra were collected at 0.1 eV
resolution with a 30 eV pass energy. All measurements were done with at least some charge
neutralisation using a low energy electron flood gun. Samples were used without any further
preparation. Experiments were carried out by the XPS Research Officer of the Bragg Centre for
Materials Research at Leeds, Dr. Andrew Britton.

We acknowledge support from the Henry Royce Institute (EPSRC grants: EP/P022464/1,
EP/R00661X/1), which funded the VXSF Facilities (https://engineering.leeds.ac.uk/vxsf) within
the Bragg Centre for Materials Research at Leeds’.

The analysis of the results was done using CasaXPS. Deconvolution of XPS signals were
done by adopting the exact peak parameters of other researchers. For example, the
deconvolution of high resolution Mn 2p spectra were done by adopting the spectral fitting

parameters of Biesinger et al.. [46] These authors have published detailed peak shapes, and
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peak components of many binary oxides of transition metals, which can be used to differentiate
between oxidation states. For example, when deconvoluting a high resolution Mn 2p spectrum
it can be assumed that the oxidation states present are +2, +3 and +4 and so peak fittings of
MnO, MnOOH and MnO; can be used to estimate the amount of each oxidation state in the
sample.

The calibration of binding energies was done using published values of adventitious
carbon C 1s peak shifts for certain types of materials, like metal oxides [47]. In the case of
homologous materials, like an untreated carbon material and its acid oxidised version, the

same exact peak parameters were used in order to enable comparison.

2.3 Assessment of Catalytic Activity

2.3.1 Kinetics

The catalytic performance of the prepared materials in Fenton-like chemistry was
assessed through studying the kinetics and quantified removals of a model pollutant in batch
reactions. In order to study kinetics, the rate of overall dye removal was used. To do this, the
concentration of the dye was plotted against time. Any fittings of c(dye) vs time graphs are
solely to aid the understanding of the reader, these graphs were not used in kinetic analysis.
The rates of reactions were generated by plotting In(c (dye)) vs time, where the slope of the

resulting line is equal to the k value of the reaction.

2.3.2 Truly Catalytic Degradation

As the later chapters will discuss, the field of Fenton chemistry lacks a quantified metric
that allows for easy comparison between different catalysts. To address this, the metrics of
truly catalytic degradation and catalytic efficiency are proposed here. In order to define this
metric, the assumption is made that the concentration of dyes in a degradation reaction
mixture can only decrease through two modes: adsorption on the catalyst and degradation by
ROS. Accordingly, the overall dye removal is separated into adsorption and truly catalytic dye
removal contributions facilitated by a certain mass of the catalyst. These are calculated as set
out by (27). This metric quantifies how much dye is actually degraded by a certain amount of

the catalyst.



- 36 -

2.3.3 Catalytic Efficiency

The term catalytic efficiency has been defined to quantify the economy of H.0;
consumption needed to achieve any given truly catalytic dye removal. H,0; consumption has
been defined as the difference in H,0; concentration between the starting point and end point
of a degradation reaction, minus the amount of H,0, decomposed without a catalyst present,
divided by the amount of MnO; present in the catalyst (see (28)). The previously defined truly
catalytic degradation is then divided by the H,0, consumption. This metric quantifies the
percentage of H,0, consumption that is used to achieve a certain amount of truly catalytic

degradation.

Truly catalytic degradation (nmol/mg) = Overall dye removal (nmol/mg) —

Adsorption capacity (nmol/mg)=

((c(dye)t=0 — c(dye),_¢o) * V(reaction mixture)

>Overall dye removal

m(Composite catalyst) (27)
(c(dye),_o — c(dye),_g) * V(reaction mixture)
m(Composite catalyst) )
adsorption
) c(H,0,) =0 — c(H;0,) =60
H,0, consumption(nmol/mg) = - -
m(MnO2 in composite) )
dye degradation (28)
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Chapter 3- Investigating the emergent synergism between a
catalyst and its support in Fenton-like organics removal

3.1 Introduction

The work presented in this chapter is part of the wider field of AOPs using noble
metal-free Fenton chemistry, so first an overview of the relevant literature is given. A broader
introduction to Fenton chemistry has been given in the introduction chapter, but here a more
technical introduction is given, specifically for the materials used. The most important criterion
in choosing a Fenton catalyst is that the metal centre should be able to rapidly cycle between
oxidation states. This can be done if the metal ion has a large number of unpaired valence
electrons. It is also an important consideration that the metal ion should form stable
compounds with the chosen chalcogenide, most commonly oxygen, at multiple oxidation
states. These requirements identify the middle elements of the 3d row of the periodic table as
ideal Fenton catalysts, especially Cr, Mn, Fe, Co, and Ni. In this chapter, the catalytically active
component is not required to be novel as the focus is on the emergent synergism between the
catalyst and the support. Therefore, MnO, was chosen, as it is cheap and its behaviour in
Fenton-like chemistry is extensively researched, and well understood. A commercial,
macroscale carbon support was used to form novel composite catalysts, with which the author
aimed to make this work relevant for real life applications.

This chapter aims to contribute to the field of Fe-free, metal oxide catalysed Fenton-like
chemistry by reporting the catalytic activity of a novel composite, probing the emergent
synergism between the carbon support and the catalyst, and also by demonstrating a universal

metric for the field.

3.2 Literature Review

3.2.1 Catalyst Synthesis

Many different crystal lattice types have been researched for transition metal oxides to
be used in AOPs, including binary oxides, bimetallic oxides in spinel or perovskite lattices, or
clays like layered double hydroxides.[48] For this chapter binary oxides of Mn are the most

relevant, so only these will be discussed.
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3.2.2 Synthesis and Physico-chemical Properties of MnO, Materials

When it comes to binary oxides, manganese has three main oxidation states, +2, +3, and
+4. The +2 oxidation state is the most stable - it is the only one stable in solution as a hydrated
ion - while the +3 and +4 oxidation states are only stable in complexes.[49] MnO; contains
Mn(Ill) and Mn(IV) ions, the latter generally being dominant. The Mn ions are surrounded by
the oxide ions in an octahedral geometry in MnO,.

MnO; has four main polymorphs, a, B, y, and 6, where the main difference is how the
[MnOg] octahedra are connected.[50] The most relevant polymorph for this work is a-MnQO,,
which is often also called hollandite-type MnO, after the natural mineral analogue. These
materials have a general composition of A*¥Z[M2*/3*,M**5,]016, where x is generally below
3.[51] Hollandite-type Mn oxides can be further differentiated based on the counterion they
contain, like Cryptomelane for K(Mn3*Mn*;)01¢, Hollandite Ba(Mn3*,Mn*'¢)O1¢, or Coronadite

Pb(Mn3*,Mn**)016.[5-7]

Figure 7 — lllustration of a-MnO; (CID:1514116) particle simulated using CCDC Mercury; Top left: view along
¢ axis showing 2 x 2 tunnel structure; Top right: Rotated view of [MnOs] octahedra along a 2 x 2 tunnel;
Bottom: Illustration of 2 x 2 tunnels occupied by counterions (orange).

Hollandite-type Mn oxides contain [MnOe] units in an edge-, or vertex-sharing

configuration, which leads to the formation of 2 x 2 tunnels in the material, as illustrated by
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Figure 7. Larger structures in hollandite-type Mn oxides are then made up of stacks of these
2 x 2 tunnels, which inevitably leads to 1 x 1 tunnels, as well. The 2 x 2 tunnels are roughly
460 pm wide, which is large enough to accommodate hydrated ions of up to about 140 pm in
diameter, while the 1 x 1 tunnels are empty.[55]

Cryptomelanes have been extensively researched in the field of battery cathodes and
supercapacitors, and although the present application is different, these articles can be used
to illustrate the state of the art for the synthesis and physico-chemical properties of these
materials.

The precipitation of MnO; is thermodynamically favoured, it is by far the most stable
oxide in acidic media, and the most stable by a slight margin in alkaline media.[49] Most
syntheses are thus using acidic conditions. The most common syntheses involve the oxidation
of Mn(ll), the synproportionation of Mn(ll) and Mn(VIl) and the disproportionation of Mn(VIl),
either at atmospheric pressure, or hydrothermally.[56-58] The most commonly used

characterisation methods are XRD, Raman spectroscopy, electron microscopy, BET, TGA and

XPS.
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Figure 8 — Raman spectra of Cryptomelanes showing the influence of counterion (left), and temperature of
hydrothermal treatment (right). Sources: Left: [57]; Right: [59]

Cryptomelanes tend to precipitate as 20-40 nm wide, roughly 500-2000 nm long needles,
and these can then form larger urchin-like structures that have diameters in the few microns

range.[50] In rare cases flat nanoflakes can also form.[60] These materials generally produce



-40 -

sharp XRD peaks, due to large particle sizes and high crystallinity. The crystallinity of prepared
materials can generally be increased by increasing the synthetic temperature or changing the
ratio of reactants.[59]

The Raman spectra of Cryptomelanes can be used to confirm the identity of the
counterion, and the Raman signal intensity is also very sensitive to crystallinity. The main
Raman signals are illustrated by Figure 8; the most important are the peaks at about 580 and
635 cmL. The presence of these peaks has been associated with a well-developed tetragonal
a-MnO; structure with a 2 x 2 tunnel, while the ratio of them can be used to identify the
counterion. Researchers of the field have found that the surface area of MnO2 materials is
generally in the range of 20 to 200 m?/g, but can be as large as 300 m?/g, with the exact value
being strongly dependent on crystallinity and the tunnel structure.[60][14-15] Cryptomelanes
containing 2 x 2 tunnels tend to have surface areas of 70-90 m?/g.[16—18] Thermogravimetric
analysis of Cryptomelanes show extensive dehydration below about 400 °C, where water is
initially removed from the surface, and then from the tunnels.[56][19-20] Further weight loss
steps are due to thermal reduction to Mn;03 and then to Mn304, with the former not always
being clearly visible. Santos et al. also confirmed these thermal reduction steps via
temperature-programmed desorption experiments where they often recorded multiple weight

loss steps for the reduction to Mn,03, as well.[58]
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Figure 9 — Deconvolutions of XPS spectra; Left: Correct deconvolution by llton et al.; Right: Incorrect
deconvolution by Tomon et al..

Studies of Cryptomelanes commonly use XPS in the characterisation of MnO, samples.
The main XPS regions of interest are Mn 2p and O 1s; the former often being challenging to

deconvolute due to the co-occurrence of multiple oxidation states. In addition to this, it can be
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hard to find high quality publications with properly deconvoluted XPS data, including peak
fitting parameters. Many researchers just fit a certain number of peaks under the envelope
curve of XPS data, the number being equal to the number of expected oxidation states in the
sample. In reality, multiplet splitting leads to several different energy levels for each oxidation
state. Figure 9 shows an example of a correctly deconvoluted high resolution Mn 2p3/2 peak,
and an incorrectly deconvoluted one.

When it comes to the analysis of high resolution O 1s spectra it is generally agreed by the
field that the lowest binding energy, and usually dominant component of the peak is associated
with lattice oxide ions, and is usually positioned at around 527 eV. It is also well understood
that if there is a third peak at around 531 eV, this is due to the presence of hydroxide ions.
There is less agreement about the assignment of the peak component between these two. In
this work the deconvolution of high resolution O 1s spectra is based on the work of Biesinger
et al., who assign the middle peak to oxygen ions chemisorbed onto defective oxygen sites.[46]
As such the middle peak is going to be treated as a proxy for oxygen vacancies.

There are other widely used practices that are heavily criticised, like using the C 1s peak
of adventitious carbon to calibrate binding energies, since this can undergo a shift of 1-2 eV
based on the sample type, and surface charging can increase it even further.[70] In this work
the problem of binding energy calibration was solved by using publications from the journal
Surface Science Spectra. Publications here contain very specific technical and spectral details
of pure samples, including a recommended shift of binding energies, like it can be seen in the
work of Militello and Gaarenstroom.[71] Nonetheless, in XPS data analysis, one should consider
not just peak positions, but their shapes, and the magnitude of multiplet splittings. The analysis
of XPS data should be done in light of the findings of other characterisation methods, as well.
Fortunately MnO; is a widely studied material and so it is possible to find highly cited
publications with peak fitting parameters, like those of Nesbitt and Baranjee, llton et al., and
Stranick.[68][26-27] In addition to this, the author has to mention that the XPS sections of this
whole work would have been significantly more difficult, and lower quality had it not been for
the work of B. Vincent Cris and Mark Biesinger, who created xpslibrary.com and xpsfitting.com,

respectively.[28-29]



-42 -

3.2.3 Composites

The most commonly used supports in materials science research are carbon materials,
biochars, silica, and zeolites.[76] Only carbon materials are relevant for this work, so the others
will not be discussed.

In the last decade or so, graphene-based materials have been the most popular choice of
carbonaceous catalyst supports for MnO,, especially nanotubes, nanofibers, graphene and its
derivatives. As noted above, Cryptomelane forms relatively thin, long needles on its own, but
this can be influenced with the use of carbon supports. Zhao et al. have prepared MnO;
nanosheets made up of nanoneedles, which formed spikes on the surface of the support in the

presence of N-doped CNTs (see Figure 10, left side).[77]

2 pm

Source: [77] Source:[78]
Figure 10 — Electron micrographs showing typical morphologies of MnOz-carbon nanofibre composites.

Similarly Ye et al. produced graphene supported MnO; which showcase a more even
coverage of the metal oxide on the carbon fibres (see Figure 10, right side).[78] These
morphologies represent the extremes in the literature, namely spikes versus an even

nanosheet coating of MnO,.

3.2.4 Dye Degradation

The research of MnO; as a functional material is a very active field with applications
ranging from Fenton-like chemistry to supercapacitors.[33—35] Only Fenton-like chemistry is

relevant for this work, so only this will be discussed.
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The main reaction parameters that define a Fenton-like reaction is the choice of catalyst,
oxidant and activation method. For this work, the most relevant of these are MnQ; as catalyst,
H,0; as oxidant, and thermal activation®.

The most common aim in the use of Fenton-like chemistry is to use the generated ROS to
degrade organic pollutants in water. These radicals are extremely reactive towards organics,
and generally don’t introduce secondary pollution? into the reaction medium, so these are ideal
oxidants. Accordingly, the most important characteristic of a Fenton-like catalyst is how quickly
it can facilitate the removal of certain organics. Different organic compounds are degraded
through different reaction pathways, but overall reaction mechanisms are similar in the case

of the same oxidant and activation method.
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Figure 11 — Molecular structure of acid orange 7.

The assessment of catalytic activity in Fenton-like chemistry is most often done by
monitoring the disappearance of a model pollutant. The model pollutant is most commonly a
dye, since this way it is very simple to monitor its concentration via UV-Vis spectrometry. A
survey of the literature indexed by Scopus shows that there are more than 60000 articles with
the keywords ‘dye degradation’ (Scopus accessed on 2025.03.21.). The main classes of dyes are
azo, anthraquinone and phthalocyanine.[82] When these are combined with the keywords ‘dye
degradation’ there are 15000, 650, and 270 articles indexed by Scopus for azo, anthraquinone
and phthalocyanine dyes respectively, which means azo dyes are by far the most researched.
Since this work does not aim to elucidate new degradation mechanisms, the chosen model
pollutant is acid orange 7 (AQ7); its molecular structure is illustrated by Figure 11. There are

more than 1000 articles published with the key words ‘acid orange 7 degradation’. Such

6 Thermal activation is used to refer to processes where the reactants overcome the activation energy barrier
simply by possessing some kinetic energy due to the ambient temperature. Reactions were always done at room
temperature.

7 Secondary pollution refers to aqueous species generated as a result of normal operation of the catalyst. These
can include metal ions originating from the catalyst, or degradation by-products originating from the oxidant.
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published results were used to aid experimental design of this work. Since AO7 is so commonly
used, its degradation pathway in Fenton chemistry is well-known. Zheng et al. have found that
the first step in the degradation of AO7 is the cleavage of the azo-bond, which leads to the loss
of colour.[83] It is important to keep in mind that while the loss of colour is what’s monitored
via UV-Vis, the overall degradation mechanism is far more complicated, and full removal of
colour is not the same as full mineralisation of organics. Nonetheless, most researchers only
use UV-Vis monitoring, as it is extremely easy to do, and it is a good proxy for catalytic
performance. The most common approach to kinetic evaluation of dye degradation reactions
is to assume that the disappearance of the dye follows pseudo-first order kinetics, for which
the H,0;, and by extension the ROS have to be in large excess compared to the dye.[84] A more
complete evaluation of dye degradation would involve using chromatography or total organic
and inorganic carbon content measurements, where the former also allows researchers to
probe the degradation mechanism.

One significant problem is that many researchers only use kinetic curves at different pH
values, temperatures, concentrations etc. in characterising the performance of catalysts.
Further, articles often omit crucial details that would allow comparison, like the composition
of hybrid catalyst, or reaction parameters; often the only published metric of dye degradation
is percentage removal. For any article to be a suitable comparison, the catalytic metal oxide,
and the oxidant has to be the same, while it is crucial to know the catalyst loading, pH, and the
catalyst concentration, dye concentration, and oxidant concentration used in the dye
degradation. So while kinetics is an important aspect of catalytic performance, it would also be
really important to quantify organics removal in some way to make results comparable.
Nonetheless, considering the k values facilitated by different MnO, catalysts can be used to
give a rough basis of comparison. Kim et al. have found that an a-MnO; catalyst of 48 + 3 m?/g
surface area facilitates a rate of reaction of 0.030 + 0.002 min-1, when used at a concentration
of 0.1 mg/mL, with 1.45 M H,0; in the removal of 0.16 mM methylene blue.[85] Additional
comparisons are made throughout this chapter for individual physico-chemical properties.

In summary, the field of Fenton chemistry still relies heavily on Fe-based catalysts which
have significant drawbacks. This work focuses on Fe-free Fenton-like chemistry, specifically
using MnO; as the catalyst, and H,0, as the oxidant. This field has received considerable
research attention since the discovery of Fenton chemistry in the 1870s, but major issues still

remain that prevent wide-scale industrial application. One of the main issues is that there is no
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single metric that researchers use to quantify organics removal, and so comparison between
research outputs is challenging or even impossible. Additionally, not all aspects of Fenton-like
chemistry are well understood, especially when it comes to emergent interactions between the

catalyst and support in composite catalysts.

3.3 Experimental Details

3.3.1 Chemicals

KMnOs (>99% purity) was purchased from Sigma Aldrich, while concentrated H;SO4
(295%; analytical grade) was purchased from Fisher Scientific.

The carbon nanofibres used in these experiments were purchased from Applied Sciences
Inc. (Cedarville, OH, United States). This line of products are collectively called Pyrograf IlI;
there are multiple grades but the present work used PR-19-XT-HHT type.

Acid orange 7 (AO7, 285%) was purchased from Aldrich. The H,0; solution (30% w/v) was
purchased from Fischer Scientific, and it was stored in a refrigerator. TiOSO4 solution (15%

solution in dilute H,SO4) was purchased from Sigma Aldrich.

3.3.2 Methods
3.3.2.1 MnO: Synthesis

The synthesis of MnO; was done by adapting a procedure originally reported by KoroSec
et al..[67] The first step of this procedure involves the preparation of an aqueous solution of
KMnOj4 (3.2 mmol, 505.7 mg) in ultrapure water (36 mL), and the subsequent slow addition of
H2SO04 (1.6 mL, 98%); this corresponds to a pH of 2.97. In the next step the solution is
homogenised, and is then hydrothermally treated at 90 °C for 10 h. The resulting slurry was
then separated from the supernatant via vacuum filtration, and washed with ultrapure water
(3 x50 mL), and then with acetone (3 x 50 mL). The wet solids were then dried in a vacuum
oven overnight at 70 °C, 0.1 bar. The dried solids were gently ground using a mortar and pestle.
This synthetic method produces a fine, dark brown powder (Yield: 268 + 4.9 mg, 96 + 1.8%).
The synthetic method was optimised for the production of neat metal oxide and then used as

is for the production of composites.
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3.3.2.2 Composite Synthesis

Composites were made in two different ways: a) ex situ composites, where the neat
metal oxide was co-sonicated with certain amounts of GNF, and b) in situ composites, where
certain amounts of GNF were added to the synthetic mixture before the hydrothermal
treatment.

Ex situ composites were made by mixing previously made MnO; with GNF in five different
ratios, as laid out by Table 1. For example the catalyst of 84.6% loading was made by measuring
out MnO; (25.0 mg), GNF (4.6 mg), mixing them in a sample vial, and then sonicating the closed

sample vial in an ultrasound bath for 30 min.

Table 1 - Amounts of MnO2 and GNF used in the preparation of ex situ composites

Nominal loading
m(MnO_) (mg) m(GNF) (mg) of MnO; on GNF
(%)
455.0 5.2
182.0 12.1
25.0 45.4 355
135 65.0
4.6 84.6

In situ composites were made by adding different amounts of GNF to the synthetic
mixture of MnO; in five different nominal loadings (see Table 2). These ratios were chosen to
cover the whole range of loadings at reasonable intervals.

First a trial run of the synthesis was performed to see if ethanol can be used in this
reaction mixture to aid the dispersion of the otherwise very hydrophobic GNFs. In this
experiment a reaction mixture of KMnOa4 (505.7 mg), H2SO4 (1.6 mL cc.) and ultrapure water
(36 mL) was prepared. After homogenisation 2 mL ethanol and 250 mg GNF was added. After
this the mixture was homogenised again, sealed into a hydrothermal reactor and was heated
to 90 °Cfor 10 h. The experiment was unsuccessful so ethanol or any other organic solvent was
not used in further syntheses.

In the subsequent synthetic reactions the amount of KMnQO4, water and H,SO4 was always
the same, since the most important internal factors determining the morphology and
crystallographic form of the product are pH and how oxidising the reaction mixture is.[86] For

example, the composite of 84.6% nominal loading was made by using 505.7 mg KMnOa4 and
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50.6 mg GNF. The theoretical maximum yield of MnO; would be 278 mg, and assuming that all
of the MnO; and GNF will be collected, this corresponds to a loading of 84.6%. Yields were

above 85% in all cases.

Table 2 — Amounts of KMnO4 and GNF used in the preparation of in situ composites

m(KMnOz) (mg) m(GNF) (mg) m"(;'z“;" ('i‘l’:f;'}g) of
5057.0 5.2
2023.0 12.1
505.7 505.7 35.5
151.7 65.0
50.6 84.6
Table 3 — Recorded yields of MnO>-GNF composite syntheses
Catalyst loading Yield Catalyst loading Yield
(%) (%) (%) (%)
5.18 84.7 45.6 92.1
11.8 86.5 64.2 94.3
34.9 90.1 83.7 98.3

3.3.2.3 Dye Degradation Experiments

Dye degradation experiments were done by preparing a solution of AO7 (1.59 mL,
1.5 mM), H202 (7.5 mL, 30% m/V) and ultrapure water (32.5 mL). This mixture was prepared in
a roundbottom flask, submerged in 18 °C water; both being simultaneously stirred at 600 rpm.
After an initial homogenisation, a sample (800 pL) was taken and analysed via UV-Vis
spectroscopy to determine the starting dye concentration. The catalyst was then added and
further samples of the same volume as above were regularly taken. Right after the samples
were taken, they were passed through a syringe filter with a 0.2 um pore size hydrophilic PTFE
filter and analysed via UV-Vis spectroscopy at 485 nm. Dye concentrations were calculated
using a previously recorded calibration curve, shown by Supplementary figure 1. Catalyst

concentrations were between 0.3 and 0.6 mg/mL.

3.3.2.4 Determination of H,0, Concentration

Before using the TiOSO4 solution, its concentration was determined via a novel method.
A certain mass of the solution was put into a pre-weighed crucible with a lid, which was then
heated up to 800 °C for 4 h. At this temperature TiOSO4 turns into TiO2 completely.[87] The
mass of the crucible was measured again, and from this the amount of TiO, contained in it can
be calculated, which in turn can be used to calculate the concentration of the original solution.
The concentration of the TiOSO4 solution was found to be 15.4 £ 0.25%.

H,0, concentrations were determined via a titration method adapted from a publications

by Eisenberg.[88] A sample of the reaction mixture (5 pL) is pipetted into a 10 mL volumetric
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flask that already contains ultrapure water (about 2 mL), TiOSO4 solution (100 uL, 15%), and
H2S04 (100 pL, 98%). The flask was filled to 10 mL, homogenised and a sample (800 uL) was
pipetted into a quartz cuvette for UV-Vis analysis at 407.5 nm. Concentrations were calculated

by using a calibration curve shown by Supplementary figure 2.

3.4 Discussion of Results

3.4.1 Metal Oxide Synthesis

.
s X iParticle si.-

Figure 12 — SEM images of MnO2 samples; a: Micrograph showing several particles and their size distribution;
b: close-up of a few particles; c: close-up of internal structure of 2 particles.

The synthetic method published by Korosec et al. has previously been successfully used

by this research group to prepare MnO,. The authors of this synthetic procedure claim that this
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method produces Cryptomelane type a-MnO; nanorods, with the commonly accepted
molecular formula of K(Mn3*,Mn*)g016. In this material a small amount of the Mn(IV) ions is
replaced by Mn(lll) which leads to a negative charge balanced out by hydrated K* ions
occupying the channels.

The hydrothermal synthesis was done in a stainless steel pressure reactor with a PTFE
insert. The internal volume of the reactor is 36 mL. Due to safety concerns arising from heating
a volatile liquid in an enclosed space it was only ever filled to 24.5 mL, which is 2/3 of the overall
internal volume. The probable internal pressure of the reactor was estimated for risk
assessment purposes before this line of work was started. It was found that the thermal
decomposition of KMnOs contributes a negligible amount of O, gas to the vapour phase;
roughly 4 mbar excess pressure. Accordingly the overall pressure was estimated as the
saturated steam pressure at 90 °C, which is 700 mbar. This is well below the maximum pressure
of 30 bar that the hydrothermal reactor is rated for. In many cases, the supernatant would have
a very slight pinkish tint after the hydrothermal treatment which explains the less than 100%
yield. This is probably due to the mild nature of the synthesis. According to SEM analysis the
material is made up of large, urchin-like structures of 3.3 £ 0.9 um diameter (see Figure 12).
The nanorods on the outside of the particles are much larger and thicker than the ones on the
inside. Nitrogen sorption experiments show that this material has a surface area of
76.0 £+ 0.4 m?/g, which is towards the higher end of published values for similar

materials.[64][43-45]
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Figure 13 —a: XRD pattern of MnO2 sample prepared via hydrothermal method. The black trace corresponds
to a simulated reference diffractogram of an a-MnO., while the red trace to a MnO2 sample; b: Raman
spectrum of MnO2 sample.
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X-ray diffraction was used to identify the main phase of the produced material, by
comparing it to a reference diffraction pattern for a-MnO; (see Figure 13a). The diffraction
pattern of this sample matches the reference pattern of a-MnO; well. The peaks are broad and
low intensity which is generally explained by either size and strain effects (i.e. small crystallite
size, or high microstrain), or low crystallinity. The baseline of the recorded data is elevated due
to the X-ray fluorescence of Mnions in the sample. Two secondary analysis methods were used,
the Scherrer-method and the Williamson-Hall method. The Scherrer-method is often used to
estimate the size of coherently diffracting crystalline domains, which is a lower limit for particle
size. This method is considered rudimentary at best, as it makes a number of assumptions, the
two main ones being that particles are spherical and that peak broadening is entirely due to
size effects. The Williamson-Hall method is best used with XRD data that is free of distortions,
like X-ray fluorescence, and the data should be refined for best results. Considering these
limitations, these secondary analysis methods provide tentative results, but this can still be
useful in probing whether supporting the catalyst on GNF brings about any significant
crystallographic changes. The results of secondary analysis will only be presented and discussed
later in this chapter, along with the results of XRD analysis for the composites. Raman
spectroscopy was also used to further characterise the sample (see Figure 13b). Without going
into too much detail regarding the meaning of the peaks the MnO; sample was found to exhibit
three main signals: 181, 573 and 629 cm. This is in good agreement with previously published
results. The low intensity of the peaks points towards low crystallinity, while the ratio of the
573 and 629 cm peaks confirms that the counterion is potassium.[57]

Next, TGA analysis of MnO; was done, the results of which are shown on Figure 14. The
positions and extents of observed weight loss steps are consistent with literature.[45-46] The
steps below 500 °C correspond to removal of water, below 300 °C water is being removed from
the external surface, while between 300 and 500 °C water is being removed from inside the
2 x 2 tunnels. The steps around 550 and 650 °C correspond to formation of Mn,03, while the
step at 850 °C corresponds to the formation of Mn304.[67] The formation of Mn,03 oxide
seems to happen in two steps, which is likely due to the involvement of different polymorphs
of either MnO; or Mn,03.[58] Overall, a very small mass loss was seen, which is typical of such

metal oxides.
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Figure 14 — TGA curve of MnO2 sample with the identification of weight loss steps.
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Finally, XPS was used to study the oxidation state distribution of metal and oxygen ions in the
MnO; sample. The high resolution XPS spectrum of the Mn 2p region was deconvoluted
according to Stranick, and Biesinger et al. (see Figure 15).[46][73] This analysis shows that the
surface of the sample contains 59% Mn(lll) which is significantly more than what would be
expected for the bulk material. It has to be noted that the analysis depth of XPS is roughly
5-10 nm, so this analysis only describes an external layer. Further analysis of XPS data also
shows that the splitting in the Mn 2p doublet is 11.7 eV, which is in accordance with values
published for a-MnO; samples.[73][92] The presence of 9.9% potassium indicates that the
sample is a Cryptomelane type a-MnO,. This potassium content is in good agreement with
values published by the original authors of the synthetic method that was adapted for this
work.

The high resolution O 1s spectrum shows a large number of what is termed chemisorbed
oxygen ions here. This peak has received many names in the literature, but it is generally used
as a proxy for oxygen vacancies. Hou et al. have found that high surface Mn(lll) content in MnO;
samples can be associated to a large number of oxygen vacancies being present, which would
explain the simultaneously high Mn(lll) and chemisorbed oxygen ion content.[93] All of the

above are consistent with published details of Cryptomelane-type a-MnO; materials.[49-51]

3.4.2 GNF

Samples of GNF were characterised using a variety of methods from bulk to atomic. These
materials are made from natural gas, using an FeS catalyst, and the resulting nanofibres and
graphitised at 3000 °C. According to the producer this material is made up of fibres of
70-200 nm diameter, and 30-100 pum length, with a surface area of 20-30 m?/g.[97] In this

chapter only analysis relevant to the present results will be discussed.

3.4.2.1 Electron Microscopy

Electron microscopy analysis shows that the material is mostly made up of long, thin
fibres but also contains some undefined particles and fibres with excessive distortions (see
Figure 16a,b). The latter has been deemed a side-product of synthesis, and is likely a mass of
amorphous carbon. The fibres have a diameter of 148 + 70 nm; their length could not be
determined. The observed diameter is in good agreement with dimensions claimed by the
producer. Figure 16c shows a TEM image of GNF, which shows that each fibre has an internal

stacked cup structure, and an external sheath. Accordingly the interior of the fibres contain a
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sawtooth-like surface with step edges, while the exterior is smooth. The structure of GNF will

be discussed in much greater depth in Chapter 2.

Figure 16 — Electron microscope images of GNF samples; a,b: SEM images of GNF, with amorphous particle
highlighted; c: TEM image of an individual GNF particle.



-54 -

3.4.2.2 Bulk Characterisation

While the characterisation of a commercial sample is not very interesting in itself,
in-depth bulk analysis of GNF will be presented here, to serve as a comparison for later
chapters. At first glance, XRD analysis of GNF indicates relatively high graphiticity as illustrated
by Figure 17, but peaks are broader than it would be expected for a highly ordered graphitic
carbon which points towards lattice distortions. The most important signal is the intense peak
originating from the (002) atomic plane at 26.4 °. This peak is relatively broad for a graphitic
carbon; it corresponds to apparent lattice spacings of 0.36 to 0.32 nm, with the maximum of
the peak corresponding to an interatomic spacing of 0.34 nm.

There are some differences between the reference and the measured XRD pattern, which
can be explained by considering the potential distortion factors that differentiate GNF from an
ideal graphite sample. According to Li et al. the most important distortion factors in graphitic
nanofibres are rotation, translation, and the curvature of the graphitic layers in the
material.[98] All three of these are inherently present in GNF due to the geometry of the
graphitic layers that make up a fibre.

The diffractogram shows two broad peaks, designated with one and two asterisks that
are difficult to assign due to their low intensity. These could either be minor populations of
graphitic layers with excessive distortions or they could also arise from the large undefined
particles shown by electron micrographs. No further analysis of these secondary peaks was

done, as these are unlikely to originate from the fibres that make up the bulk of the material.

——GNF
Graphite (CID:1200018)

Offset normalised intensities

(100)
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Figure 17 — XRD pattern of GNF along with a graphite reference pattern (CID:1200018).
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In order to study the morphology and porosity of the fibres N, sorption was used, the
results of which are illustrated by Figure 18. The surface area of GNF is 10.3 + 0.1 m?/g, and the
isotherm is consistent with a non-porous material. This is in good agreement with the structure
of these fibres as shown by electron microscopy. The BET surface area is lower than the
20-30 m?/g range the producer claims, and is quite low in general for a carbon material.[99]
Other researchers using the same material have reported surface areas in the 15-25 m?/g
range.[55-57]

GNF samples were also characterised by TGA (see Figure 18b). The onset temperature is

in line with highly graphitic carbon materials, but otherwise the graph shows no features.[103]

3.4.3 MnO:-GNF Composites
3.4.3.1 Bulk Characterisation

The above synthetic method was planned to be used to produce both neat MnO; and
MnO;,-GNF composites. In order to facilitate comparability between these two types of

syntheses, identical parameters were planned to be used in both.
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Figure 18 — a: Results of N2 sorption experiments for GNF fitted with a curve via the BET model; b: TGA curve
for GNF

The synthetic mixture was initially planned to include a small amount of ethanol in the
reaction mixture in order to better disperse the otherwise very hydrophobic GNF, but the use
of organic solvents proved problematic, since organic solvents react with KMnQa4 under these

circumstances.
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4 KMnO, + 5 CH;CH,O0H + 6 H,S0, (30)
= 2 K,S0, + 4 MnSO, + 5 CH;COOH + 11 H,0

2 KMnO,, + 3 MnSO, + 2 H,0 = 5 MnO, + K,S0, + 2 H,S0, (31)

MnO, + 2 H,S0, = 0, + 2 MnSO, + 2 H,0 (32)

Bojler eladd!

Figure 19 — SEM images of ex situ MnO2-GNF composites; a: Overview of ex situ composite of 34.9% loading;
b: Close-up of ex situ composite of 34.9% loading.

When ethanol was used, the reaction mixture came out completely clear after the
hydrothermal step. Equations (30) - (32) describe what likely happened. Since the reaction
mixture included a large excess of both sulphuric acid and ethanol, presumably all of the Mn
has been transformed into MnSOa. Due to this problem no organic solvent was used to disperse
the GNF, and 5 min of sonication was used for the same purpose, instead. These synthetic
approaches were chosen in order to isolate any potential emergent synergistic effects.

Composite samples were imaged using electron microscopy which reveals a large
difference in the degree of dispersion between the two composite types. In the case of the ex
situ composites, the support merely physically disperses the already formed, large catalyst
particles (see Figure 19). In the case of the in situ composite, large aspect ratio nanoneedles
are dispersed along the fibres. Figure 20c shows a representative in situ composite particle,
which describes all other recorded images well. No catalyst particles were found that were
definitely positioned on the inside of the fibre. The main indication of this would be catalyst
particles perfectly lining up with the internal sawtooth-like surface of the fibre.

XRD analysis shows that the characteristic peaks of MnO; and GNF are visible in
accordance with their ratio in the case of both in situ and ex situ composites (see Figure 21).
Results of secondary analysis for the XRD data of both composite types can be seen on
Supplementary figure 3. Results of both the Scherrer and Williamson-Hall analysis show large

variations, which is due to the interference of X-ray fluorescence. Nonetheless these results
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show no difference in terms of either crystallite size or microstrain between the unsupported
catalyst and the composites.

The makeup of in situ composites was further analysed via TGA, which showed a good
agreement between the expected and real composition, as illustrated by Figure 22a-b. In the
case of 34.9, 64.2, and 83.7% loadings, where the average difference was 0.1%. In the case of
11.8 and 5.2% loadings the difference was 7.2 and 3.0% respectively. This is most likely due to
how these were made. The synthetic mixtures of these included 5 and 2 g of GNF, which is a
very large amount in terms of volume; 5 g of GNF filled up the entire reactor and soaked up all

of the reaction mixture.

Figure 20 — Electron micrographs of in situ MnO2-GNF composite of 34.9% MnO: loading; a,b,c: SEM images
of large numbers of fibres showing high degree of dispersion of MnO3; d: TEM image of an individual fibre
with catalyst particles highlighted in a small section of the image.

Accordingly, this relatively large discrepancy between the expected and real composition
is most likely due to inhomogeneous precipitation of MnO; particles. Normally this wouldn’t
be a problem as product batches are homogenised after synthesis but in this case due to the

fibrous nature of GNF homogenisation was evidently not as successful.



- B8 -

a) b)

a MnO, . Mn02
R | o [[CID1514118) (CID:1514116)
MnO,
MnO,

7 n
83.7%
:-g \_/M h g 5575
@ @
3 _//—J\u“h—/_’g‘————m 2% | _ 5 64.2%
2 = 2
£ g = E
P o | & s &
1) 349% | 8 © §
£ ¢ £ 5
o = @] o49% £
11.8%
5.18% 11.8%
5.18%
GNF
GNF
T T T T T T T T T T T T T T
10 20 30 40 50 60 70 10 20 30 40 50 60 70
26() 28(°)

Figure 21 — XRD patterns of MnO2 composites; a: ex situ composites; b: in situ composites.

Finally, the composites were characterised by N; sorption experiments. The measured
surface areas are between that of pure MnO; and pure GNF. The trend is roughly linear,

although some composites deviate from a purely linear trend.
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Figure 22 —Results of bulk characterisation for in situ MnO2-GNF composites; a: Real loadings versus expected
loadings for in situ MnO2-GNF composites, calculated from TGA data; b: Surface areas measured via N2
sorption.

3.4.3.2 XPS Analysis

Similarly to neat MnQ3, an in situ composite has also been analysed using XPS in order to
study its chemical state (see Figure 23). The survey spectrum shows no unexpected peaks, only
those associated with the components of the catalyst. As Figure 23b shows, there are some

noteworthy differences between this spectrum and that of the MnO; sample. The Mn ions



- 59 -

seems to be in a generally higher oxidation state. There is a negligible amount of Mn(ll), ions,
slightly less Mn(lll) ions and significantly more Mn(IV) ion in this case than what was seen for
the unsupported MnO,. The O 1s spectrum also shows more lattice oxygen and less hydroxyl
oxygen in the case of the composite versus the unsupported catalyst. All of the above points

towards the catalyst being in a more crystalline state, and of a higher overall oxidation state.
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Figure 23 — XPS spectra of an in situ 34.9% MnO2-GNF composite. a: Survey spectrum; b: High resolution
spectrum of Mn2p region; c: High resolution spectrum of the O 1s region.

3.4.4 Dye Degradation Experiments

The catalytic activities of the above described composites were tested in a model organics
removal reaction, where acid orange 7 (AO7) acted as a model pollutant, and H,0, was used as
the oxidant. The reactions were conducted in a round bottom flask, with a large cold water
heat sink surrounding the reaction vessel. This was done to suppress the auto-accelerating
effect of the highly exothermic catalytic decomposition of H,0;. A kinetic curve of a reaction

without a heat sink can be seen on Supplementary figure 4.



-60 -

The concentration of H,0; was 1.8 M in these reaction mixtures. This is a large excess
which was used in order to make sure the generation of ROS is not limited by the concentration
of the oxidant throughout the reaction. Strictly speaking UV-Vis monitoring only shows the
disappearance of the dye, or in other words the reaction between ROS and dye molecules.
Since the oxidant is in such a large excess the discolouration of the dye can be approximated
as a pseudo-first order process. A starting AO7 concentration of 0.068 mM was used to make
sure the absorbance of samples were always in the dynamic range of the spectrometer used
without any dilution. The amount of catalyst used was such that the reaction mixture always
contained 1.0 mg/mL MnO; in each experiment. Prior to the dye degradation experiments it
was found that when no catalyst is present, the same concentration of H,0, degrades about
1.5% of the usual dye amount in 60 min, at a rate constant of about 5:10° 1/min (See

Supplementary figure 4c).

3.4.4.1 Comparison between Composite Types

The first parameter studied was the type of composite. For these experiments in situ and
an ex situ composites of the same loading were used, along with GNF, and MnO; alone as
controls. For the comparison of different composite types 34.9% loadings were chosen as this
is a large enough ratio where bulk analysis is feasible, but not large enough for unsupported
catalyst particles to be the dominant determinant of catalytic activity. Figure 24 compiles the
kinetic data recorded with these materials. Relative dye concentrations were plotted against
time, and a plot of In(c) vs time was used to calculate k values.

All curves show a significant drop in the first few minutes, which is assumed to be caused
by an initial imbalance between the heat generated by the reaction and the heat dissipated by
the support as illustrated by Supplementary figure 5. Once these two processes reach
equilibrium, the reactions follow a steady exponential curve. The results show that GNF
possesses no catalytic activity, the dye removal seen here is assumed to be purely due to
adsorption; MnO; on its own also shows low activity. The two composites on the other hand
show markedly different behaviour. The ex situ composite roughly behaves as if its activity was
a sum of that of MnO; and GNF, meaning that the rate of degradation is roughly the same but
there is also a significant amount of adsorption happening. On the other hand, the in situ
composite facilitates a much quicker dye removal, which corresponds to a roughly 10 times
larger k value, as illustrated by Figure 24b. It is difficult to find comparable research output in

order to contextualise this catalytic performance due to the number and wide range of reaction



-61 -

parameters usually involved in such research but in general reported k values are in the range
of 5:102 min"t and 200*103 min'1.[59—-61] This observed rate constant is in the middle range of
reported values, but it has to be said that this k value was achieved with no external activation

or pH adjustment both of which are common in this field.

a) 2.7 50 b
1.2 4 TR0 T —— )
Fas| . T ——
o 36 I
- 40
c . -3.
5 1.0 3.9
= 4.2
g 0
] T
O 0.8 lIE 30
& £
o [32]
o : o
> []
T 0.6 - X
2 220
® <}
& 0.4
* GNF
+ MnO, 104
0.2 4 34.9% loading, in situ
’ *  34.9% loading, ex situ _+_ I
T T T T T T T -
0 15 30 45 60 0 + T T T
Time (min) GNF MnO, In situ Ex situ

Figure 24 — a: Kinetic curves for GNF, MnOz, an in situ and an ex situ composite; b: k values derived from the
kinetic curves.
Reaction parameters: 1.0 mg/mL MnO: (or equivalent in the case of composites), 0.068 mM AO7, 1.8 M H,0..

3.4.4.2 Comparison between Catalyst Loadings for In Situ Composites

After studying how the type of composite affects catalytic performance, similar
experiments were done with in situ composites of different MnO; loadings on GNF where
additional reaction parameters have been monitored in order to gain a deeper understanding
of catalytic performance. The amount of catalyst used was reduced from 1.0 mg/mL to
0.6 mg/mL MnO,. This was done in order to make sure all composites produce kinetic curves
that provide useful information (i.e. dye removal is not too rapid). Figure 25 summarises the
kinetic curves for these composites, showing that the composite of 64.2% loading facilitates a
significantly higher dye removal compared to all the other loadings. The rate constant
associated with this composite places it among the best catalysts studied by other researchers
as noted above.

To delve deeper into the exceptional catalytic activity of 64.2% MnO,-GNF additional
reaction parameters were considered to probe the efficiency of the reaction. The additional
parameters are temperature and H,0; concentration versus time, both of which were studied
in control experiments prior to dye degradations (see Supplementary figure 4). These control

experiments led to two important findings. First, adsorption on GNF happens very quickly
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under the studied conditions, which means that the initial drop in dye concentration in the
kinetic curve of in situ composites is at least partly explained by adsorption. Second, roughly
10% of the H,0, decomposes in the first few minutes of a reaction, even if there is no catalyst

or GNF present, leading to a temperature increase of 3 °C.
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Figure 25 — Kinetic curves for in situ MnO2-GNF composites; a: Graph showing relative dye concentration
versus time for in situ composites; b: Graph showing In c(dye) versus time for in situ composites; c: Summary
of observed rate constants for in situ composites.

Reaction parameters: 0.6 mg/mL MnO: (or equivalent in the case of composites), 0.068 mM AQO7, 1.8 M H20..

To explain why these composites are more active than the unsupported catalyst is it
worth comparing the most active composite to pure MnO; (see Figure 26). In the case of
unsupported MnO; a large temperature peak can be seen in the first 10 min, but after this the
reaction slows down. This is associated with an initial accelerated decomposition of H,0;

without a corresponding rapid degradation of the dye. While in the case of the composite a
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smaller peak and a more gradual increase is seen in temperature. Additionally, in the case of
the composite, the dye and H,0; concentrations decrease almost in tandem, which signifies a

lesser degree of unproductive decomposition.
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Figure 26 — Kinetic curves showing dye concentration, H202 concentration and the temperature of the
reaction mixture versus time; a: 0.6 mg/mL MnOz ; b: 0.93 mg/mL 64.2% MnO2-GNF (equivalent to 0.6 mg/mL
MnQz). Reaction parameters: 0.068 mM AQ7, 1.8 M H;0..

3.4.4.3 Truly Catalytic Degradation and Catalytic Efficiency

Finally, to quantify the dye removal activity of these materials truly catalytic dye removal
and catalytic efficiency are used. In order to do the former, adsorption properties also have to
be considered. Adsorption capacities have been identified for all in situ composites by
measuring how much dye is adsorbed from a large excess over 3 days.

In all of the above experiments the overall decrease in dye concentration has been used
to quantify degradation, but this is only an approximation of organics removal. In reality overall
dye removal is made up of adsorption on the catalyst and truly catalytic degradation facilitated
by the catalyst. Additionally, dye degradation experiments contained different amounts of
composites in order to make sure the amount of MnO; present is always the same. These
factors make direct comparison difficult based solely on the kinetic curves.

The calculated values of truly catalytic dye degradation for each composite are shown on
Figure 27. These graphs confirm that the composite of 64.2% loading is the most active,
facilitating roughly twice as much truly catalytic dye degradation than the two next best
composites. Unfortunately, it is not feasible to provide comparison with results published by

other researcher due to the novel nature of this metric.
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Figure 27 — a: Quantified dye removal contributions for all in situ MnO2-GNF composites; b: Truly catalytic
degradation contribution for all in situ MnO2-GNF composites.

Catalytic efficiency describes another aspect of the performance of these materials,
namely what percentage of H,O, decompositions lead to the decomposition of a dye molecule,
as well. This metric is calculated by dividing truly catalytic dye degradation values by H;0;
consumption. It should be noted that this number is expected to be relatively low for two
reasons. The first being that the decrease in absorbance at 485 nm only describes the cleavage
of the azo-bond in AO7, which is only the first step in a complex network of parallel and
sequential reactions. For reference a theoretical full mineralisation by hydroxyl radicals alone
would require 40 equivalents of these radicals for each equivalent of AO7. The second reason
is that the hydroxyl radicals generated from the catalytic decomposition of H;0, also
participate in unproductive reactions, meaning reactions that don’t lead to the degradation of
agqueous organics.

This metric practically describes the economy of the reaction, which is generally
overlooked in this field. It allows for an easy comparison between different catalysts regardless
of the concentration of model pollutant and oxidant. This metric also confirms the composite
of 64.2% loading as the most active (see Figure 28).

On afinal note, truly catalytic degradation an catalytic efficiency have been defined based
on UV-Vis spectrometry, as this preserves the straightforward nature of monitoring dye
degradation with this method. As such these metrics can be used without the need for

additional instrumentation.
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Figure 28 — Graph showing the catalytic efficiencies of all in situ MnO2-GNF composites.

3.5 Conclusions and Future Prospects

Studies into the catalytic activity of macroscale carbon supported catalysts are relatively
underexplored in the field of Fenton-like chemistry. This work contributes to filling this gap, by
reporting on the performance of a novel MnO;-GNF composite catalysts in Fenton-like dye
degradation experiments. By extensively characterising the catalysts the relationship between
structure and performance has been studied, especially the synergism that emerges in
composite catalysts versus simple physical mixtures of the same components. The increased
catalytic activity of these composite catalysts can be mainly attributed to a significantly higher
dispersion of the catalyst, and the ability to dissipate heat generated during these experiments
and by extension the avoidance of heat spikes. It was found that the most active MnO2-GNF
composite facilitated more than ten times the rate of degradation and three times as much
truly catalytic degradation when compared to the unsupported catalyst. Additionally, the usage
of two novel metrics are presented here, that can be used to compare different catalysts of dye
degradation experiments in a more comprehensive way.

There are some studies that would improve the work presented in this chapter. XRD
analysis with an instrument equipped with a Co X-ray anode would allow for the generation of
higher quality X-ray diffractograms, and as such unlock the possibility of more precise
secondary analysis of XRD data. Identifying the relationship between UV-Vis absorbance and
TOC removal could be used to expand the scope of the above presented metrics. Further, dye
degradations with selective radical quenchers could be used to elucidate the mechanism of

ROS generation, since it would allow for the identification of the dominant radical. Finally, the
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effect of supporting the catalyst on GNF could be further explored by measuring the amount

of Mn that leaches into the reaction mixture during consecutive dye degradation experiments.
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Chapter 4 - Chemical modification of macroscale carbon
materials via acid oxidation and its effects on sorption

characteristics

4.1 Introduction

Carbon materials are increasingly being researched to be used as catalyst supports due
to the wide range of customisability in morphology and surface chemistry these materials offer,
but the use of macroscale carbons in this area is still relatively underexplored. There are some
unique features of macroscale carbon materials that both make them attractive as catalyst
supports, but can also severely affect catalytic performance. The most important one of these
is that carbon materials generally have very high surface areas of up to 3000 m?/g, often due
to extensive internal pore structures and a wide range of surface chemistries. This can lead to
high dispersion, and sound anchoring of catalyst particles, but also to unwanted, irreversible
adsorption of reactants. In the case of macroscale supports, this adsorption can lead to
reactants occupying surfaces deep within the internal pore structure which would separate
them from the catalysts and thus severely affect catalytic performance. This chapter aims to
use acid oxidation of two macroscale supports in order to showcase that this treatment can
suppress unwanted adsorption.

There are many molecular scale carbon materials being extensively researched like
graphene and its derivatives, but for this work macroscale carbon materials were chosen. The
main reason for this is that the scale-up of materials like graphene is very challenging, whereas
macroscale materials can be used in packed bed reactors without further processing like
pelletisation. Specifically spherical and fibrous supports have been chosen, as these are very
common geometries of carbon materials, and they were expected to behave very differently
in these experiments. Graphitic carbon materials are very inert, and as such require powerful
oxidation methods in order to significantly change the surface morphology and chemistry.
Acidic Piranha solution was chosen as the acid oxidation medium in this work, as the effects of
this on macroscale carbon materials is underexplored compared to other strong oxidants. An
important, but often overlooked aspect of adsorption is also reported here, which is the

reversibility of the process.
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Overall, this chapter aims to contribute to the field of chemical modification of
macroscale carbon materials. The effects of acid oxidation were thoroughly characterised both

in terms of surface morphology and chemistry, and its effects on adsorption characteristics.

4.2 Adsorbents

Industrial adsorbents are an extremely diverse group of materials, so first an outline of
the literature will be provided. Only a fraction of the whole field will be further discussed, for
a full review see Adsorption Processes for Water Treatment and Purification by
Bonilla-Petriciolet et al..[107]

When it comes to organics removal from aqueous sources, there are eight general
technology groups: adsorption, AOPs, biodegradation, coagulation/flocculation,
electrochemical processes, ion exchange, membrane separation, and photochemical
processes. For this chapter, only adsorption is relevant, so only this will be discussed. The main
advantages of adsorptive organics removal are high efficiency, simple operation, low cost, and
no possibility of secondary pollution.[108] The main disadvantages on the other hand are costly
regeneration, the loss of adsorbent during intended operation in some cases, problematic
disposal of adsorbent residues, and that adsorption is ineffective for some organics.[108] There
are many different types of adsorbent materials, but since this work used synthetic materials,
only these will be discussed. The most important classes of synthetic adsorbent materials are
graphene and its derivatives, metal organic frameworks (MOFs), activated carbons (ACs), clays,
and zeolites.

Out of all the graphene-based materials the most relevant group for this work is carbon
nanofibres (CNFs), often also called graphitic nanofibres (GNFs); this work will use the latter
name. An emerging category of synthetic ACs called polymer based spherical activated carbons
(PBSAC) should also be mentioned, since these are the most relevant type of ACs for this

chapter. In the below subchapters PBSAC and GNFs are going to be described in more detail.
4.2.1 PBSACs

PBSACs are generally produced by generating microdroplets of a polymer, which are then
cured and carbonised at high temperatures. This can be followed by two further steps of
activation with either steam or carbon dioxide; these steps can be used to alter the surface
chemistry of the resulting materials. The most common application of these materials is to be

used as adsorbents in either air or water purification. As such the spherical shape and relatively
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large diameter of these materials serves to reduce the backpressure caused in packed bed
columns and other similar arrangements, compared to powders or fibres.

Most highly cited articles use materials produced by Bliicher GmbH, and some of the
most influential articles are also published with researchers associated with the company. The
first article of the field was published in 2010 by Bohringer et al. where the authors discussed
the production of PBSAC materials, their physico-chemical properties, like surface area, and
porosity, and a few examples of these materials being used in the adsorption of aqueous
organics.[109] Other important articles have been published by Tagliavini et al., and Boussouga
et al..[4-5] The PBSACs produced by Bliicher were found to be quite monodisperse with smooth
surfaces, their diameters are between 200 and 500 um. These researchers reported surface
area values in the range of 1400-2200 m?/g, with this surface area being mostly due to the
presence of extensive internal pore structures in the micro- and mesopore regimes; overall
pore volume was reportedly in the 0.6-1.8 cm3/g range. Typical pore structures are illustrated
by Figure 29. Macropores have been reported to be a negligible contribution to overall surface
area. When studying the surface chemistry of these materials researchers found that the only
heteroatom being present in any substantial amounts was oxygen, most samples having an

oxygen content of 3-5% when measured with XPS.

100 pum
L

Figure 29 — Schematic illustration of internal pore structure of a PBSAC type material. The zoomed in section
shows the cross section of a small surface area with mostly small, shallow pores (a), and deeper, more extensive
pore structures (b).Scale bars are based on typical literature dimensions of similar materials, but are only
illustrative.
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This was made up of 0.5-1.5% C=0 bonds and 2.5-3.5% C-O bonds. Boussouga et al. have
proposed adsorption and transport mechanisms through which an adsorbate can occupy the
surface of these materials. According to their publication adsorption mechanisms are defined
by both longer range, non-specific electrostatic interactions, meaning Coulombic interactions,
and shorter range, specific interactions like hydrogen bonding, van der Waals forces and
interactions with a t system. They also propose that once the relatively slow surface adsorption
has happened, the surface bound species can go through intraparticle diffusion, which can
move molecules to more thermodynamically favourable surface sites, like micropores or

capillaries.

4.2.2 GNFs

GNFs are macroscale, tubular carbon materials that are made up by the stacking of
graphitic carbon layers in different configurations, ultimately leading to a large aspect ratio
particle. The beginning of the graphitic nanotube and nanofibre field is difficult to pin down, as
different sources claim it to be at different times.[112] The first publications on the formation
of graphitic fibres from the thermal decomposition of hydrocarbon gases dates back to the late
1800s, early 1900s, but at this time the microstructure was not known at all.[7-9] After the
invention of the electron microscope, significant progress was made in the 1950s in elucidating
the microstructure of these nanofibres.[10-12] The exact formation mechanism of GNFs was
first published by R.T.L. Baker in 1989.[119] Finally, a seminal article was published in Nature
by lijima in 1991, which most researchers regard as the foundational publication of the field of
graphitic nanotubes and nanofibres.[120]

There are three general types of cylindrical GNFs, namely helical, tubular and ‘stacked
cup’, based on how the graphene layers stack onto each other.[121] Out of these only stacked
cup type GNFs are relevant for this work, so only these will be discussed. The first articles about
stacked cup type GNFs were published in 2002 by the highly influential Marinobu Endo
Research Group at Shinshu University and researchers associated with the GSI Creos

Corporation.[16—-18]
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Figure 30 — TEM images showing the stacked cup structure and sawtooth external surface of GNFs.[123]

They describe fibres of 50-200 nm diameter, exhibiting a stacked cup structure, which
can be understood as a series of truncated cones that form a hollow tube with sawtooth
external and internal surfaces (see Figure 30). The graphitic layers making up these truncated
cones are distorted, and the extent to which individual layers interact electronically depends
on the cone angle, all of which leads to unique crystallographic properties. In these early
publications stacked cup GNFs are made up of only these truncated cone layers, but these
fibres can also have an outer sheath that is made up of cylindrical layers that are coaxial to the
fibre, as illustrated by Figure 31.

Stacked cup

Slheathl region . Hollow core

Figure 31 — lllustration of a theoretical GNF cut in half longitudinally. Image made by the author using Blender
4.1.
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Kim et al. reported that heat treatment can form bonds between neighbouring graphitic
layer ends which leads to the internal and external sawtooth-like structure transforming into a

series of hairpin-like loops.

4.2.3 Factors Affecting Sorption Performance

Adsorption processes are generally studied by assuming either a pseudo-first order (PFO)
or pseudo-second order (PSO) kinetic profile.[125] According to Vareda, these are empirical
models that contain assumptions, hence the word pseudo in their name. The two main
assumptions all adsorption models make are that the concentration of the adsorbate is
constant in solution, and that adsorption process is controlled by the adsorption capacity of
the adsorbent, and not the concentration of the adsorbate in solution. The physical meaning
of these approaches is still a matter of debate in this field, but in terms of kinetic analysis these
approaches mean that the kinetics of the adsorption is dependent on the concentration of
surface sites raised to either the first or second power. These models are used to calculate the
equilibrium adsorbate concentration on a material at any time during the adsorption process,
which can then be compared to experimental data to probe adsorption kinetics. The most
commonly used PFO model is Lagergren kinetics, while the most common PSO model is Ho and
McKay’s kinetics.[20-21]

Another approach to kinetically study adsorption is to create models based on the
physical processes shaping the adsorption process based on empirical observations. The two
most commonly used isotherms describing adsorption processes are the Langmuir and
Freundlich isotherms. Any process that follow the former is said to follow Langmuir kinetics,
while processes that follow the latter are said to follow Freundlich kinetics. The main difference
between the Langmuir and Freundlich models is that the former assumes that surface
adsorption sites are energetically homogeneous, while the latter assumes these are
heterogeneous. As such, whether an adsorption process can be described well by either
Langmuir, Freundlich or other kinetic model will inform researchers of the physical processes
driving adsorption.[125] Ideally adsorption processes should be followed to equilibrium, or
even saturation for the above models to have maximum explanatory power. The most
important implication of choosing either PFO or PSO in kinetic analysis is that the linearization
step will be different, which is used to derive rates of adsorption. In the case of PFO the rate of
adsorption is proportional to the natural logarithm of adsorbate concentration, while in the

case of PSO the rate of adsorption is proportional to reciprocal adsorbate concentration.[127]
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The most important factor affecting sorption performance is the shape, surface
morphology and surface chemistry of the adsorbent itself, but additional factors worth
mentioning are the pH of the sorption medium, temperature and the molecular structure of
the adsorbate.

Due to the way ACs are made, i.e. by using an activation step, all ACs will be made up of
graphitic carbon domains, and surface functional groups. The most common method of
modifying carbon materials is through the manipulation of surface chemistry by removing or
introducing specific surface functional groups. The most important heteroatoms in ACs are
oxygen, sulphur, and nitrogen. According to an extensive review article by Bhatnagar et al.
there are three general approaches to modifying ACs: chemical, physical and biological.[128]
For this work only chemical modifications are relevant, so the others will not be discussed. The
most common liquid phase chemical modifications include acidic treatment, alkaline
treatment, and impregnation. Acidic and alkaline treatment both oxidise the surface of
materials, and improve hydrophilicity. Impregnation is generally used to enhance adsorption
of a specific target ion or molecule, which is not relevant for this work.

Acidic treatment is generally used to introduce acidic functional groups, remove
inorganic deposits and traces of metals.[129] The introduced functional groups are most
commonly oxygen or sulphur groups. Similarly, alkaline treatment is used to introduce basic
functional groups to the surface of materials, most commonly containing oxygen and nitrogen.
For this work acidic treatments are the most relevant so only these will be further discussed.

The most common oxidants used for the introduction of acidic surface groups are H;SOs4,
HNO3s, (NH4)2S20s8, and H20;. These have different acid strengths and oxidation potentials so
their effect on the surface chemistry and the introduced functional groups will be different.
Moreno-Castilla et al. have reported the effects of treating ACs with HNOs;, H,0; or
(NH4)2S2058.[130] They have found that treatment with HNO3 lead to the highest increase in
total oxygen content, a roughly 16-fold increase from 0.9 to 15.6%, while H,0; and (NH4)2S20s
lead to increases of 8-, and 7-fold increase, from 0.9 to 7.5 and 6.5%, respectively. An
interesting observation these researchers made is that the choice of oxidant changed the ratio
between new surface and internal functional groups. Acid oxidation with HNO3 lead to a slightly
larger increase in internal functional groups, while the other two oxidants introduced
significantly more functional groups onto the external surface. Lopez-Ramon et al. have done

similar research in which they acid oxidised carbon materials with H,0; and (NHa4)»S.0s, and
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reported the results.[131] Their research showed that acid oxidation lead to a 2-5-fold increase
in acidic oxygen functional group content measured via Boehm-titration from 0.24 to
0.57 mmol/g, and 0.22 to 1.10 mmol/g in two different samples. They also reported that the
pH of net zero charge seems to be inversely proportional to the amount of oxygen functional
groups introduced, which means that the fewer oxygen functional groups were introduced, the
stronger they were in acidity.

The most relevant aspect of the modification of surface chemistry in adsorption
experiments for this work is how it affects the adsorption of large organic molecules, like dyes.
This is quite a complex question, as it depends on both the graphiticity and number of
functional groups of the adsorbent, but also on the molecular structure of the adsorbate. The
most common pollutants of surface waters are pharmaceuticals, steroid hormones,
surfactants, industrial chemicals and pesticides, which are generally all large molecules with
unsaturated bonds, even rings, and polar or even ionic functional groups. This means that
maximal adsorptive removal from aqueous sources would require tailoring the adsorbent to
the specific application. Nonetheless, there are some general trends that should be recognised.
According to the above, acidic and alkaline treatment can introduce functional groups that are
either negatively or positively charged, according to their pK, values, and the pH of the reaction
medium. This can lead to electrostatic attraction or repulsion between the adsorbent and the
adsorbate. On the other hand AC materials will always contain graphitic layers, which can
participate in m stacking with aromatic ring containing aqueous organics. Pereira et al. have
published an extensive article that illustrates this well.[132] They studied how acidic and
alkaline treatment of ACs affect their adsorption properties towards both anionic and cationic
dyes. They observed that treatment with HNOj3 leads to the introduction of the highest amount
of oxygen functional groups, mainly carboxylic groups, but also carboxylic anhydride, lactone,
phenol, and carbonyl groups. According to their research H,0; treatment did not change the
surface chemistry of the samples, while NH3 treatment led to the removal of some oxygen
functional groups and the introduction of some amine groups. In other words HNO3 treatment
made the surface of the ACs more charged at neutral pH, NH3 treatment made the surface less
charged at neutral pH, while H,0, treatment did not change the surface charge. They then
studied the adsorption of several dyes on these treated AC samples in neutral media, including
dyes that are negatively and positively charged at the pH of the reaction mixture. They found

that the adsorption of cationic dyes was enhanced by acidic oxygen functional groups, mainly
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carboxylic groups, since these circumstances led to electrostatic attraction between the
adsorbent and the adsorbate. The adsorption of anionic dyes was found to be hindered by the
presence of acidic oxygen functional groups due to the emerging electrostatic repulsion. As
such, enhancements in the adsorption of anionic dyes can be made by removing the
electrostatic barrier that these functional groups would otherwise create. Lastly, it should be
mentioned that temperature, dye concentration and adsorbent dose are all important factors
that can affect adsorption performance, but these were not studied in this work, so these will
not be discussed.

Finally, it should be noted that reusability and the ability to be regenerated are very
important considerations for any AC materials intended for industrial usage. Regeneration of
adsorbent ACs is quite challenging, as the aims of producing a highly efficient adsorbent and a
highly regenerable adsorbent are diametrically opposed. It is common practice, that once an
adsorbent is saturated, it is incinerated or put into landfill, which is not sustainable, and poses
significant risks of pollution.[133] The chemical or physical regeneration of adsorbents also
pose challenges, as it is difficult to strike a good balance between high removal efficiency, and
the preservation of the morphology and surface chemistry of the adsorbent. The most
straightforward method of regeneration is solvent extraction, which can be done with organic
solvents or water. Since saturated adsorbents will contain large quantities of organics deep
within their pore structures, the best solvents are those that can effectively reach these and
dissolve the deposited organics. Salvador et al. have reported that boiling water can recover
100% of Sirius Red dye, 100% of o-chlorophenol, up to 90% of phenol and up to 30% of aniline
to name only a few adsorbates.[134] The removal efficiency of hot water can be further
enhanced using low concentrations of acids, bases or surfactants. While water tends not to be
the best solvent of the organics that usually saturate industrial adsorbents, it is a much more
environmentally friendly choice than organic solvents, and in many cases it can provide similar
desorption capabilities.

In summary it can be said that there is a large overlap between industrial adsorbents and
catalyst supports, even though adsorption itself can be viewed as both desirable and
undesirable depending on the application and the extent of reversibility. When it comes to
carbon materials being used as catalyst supports, irreversible adsorption is not desirable, but
it is still worth approaching this through the widely researched field of industrial adsorbents,

since the main factors controlling adsorption are the same. PBSAC type carbon materials have
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high surface areas, which is largely due to their extensive internal pore structures, while GNF
type carbon materials have lower surface areas, but their surface chemistry is much more
narrowly defined. The adsorption properties of chemically modified PBSAC and GNF type
materials is a relatively underexplored area, especially when it is done in order to enhance the
catalytic activity of composites made with these. There is a wide range of reagents used in the
modification of these materials, but in any case the reagent has to be a sufficiently powerful
oxidiser to affect these otherwise inert materials. While Piranha solution is a staple in wet
chemistry laboratories, its use in the chemical modification of macroscale carbon supports
have scarcely been reported. The work presented in this chapter aims to address these gaps in
the literature, with the additional aim of creating the foundation for the next chapter, in which

these materials will be used as catalyst supports.

4.3 Experimental Details

4.3.1 Chemicals

Concentrated H,S04 (295%; analytical grade) and H20; solution (30% w/v) was purchased
from Fischer Scientific; the latter was stored in a refrigerator.

The carbon beads were purchased from IBU-Tec, batch number 2018.30.7037. These
beads have since been discontinued, which is why there is only limited information presented
here. The carbon nanofibres used in these experiments were purchased from Applied Sciences
Inc. (Cedarville, OH, United States). This line of products are collectively called Pyrograf Ill;
there are multiple grades but the present work used PR-19-XT-HHT type.

Na,COs (99.5%, analytical grade), NaHCO3 (99.7%) and potassium hydrogen phthalate
(0.2 M, analytical grade) were purchased from Fisher Scientific. Acid orange 7 (>85%) was
purchased from Aldrich, sulfanilic acid (99% purity) and 2-naphthol (99% purity) were both
purchased from Sigma-Aldrich. The HCI (37% solution) and NaOH (analytical grade pellets) were
both purchased from Fisher Scientific. DMF (299.5% purity) was purchased from Fisher

Scientific.

4.3.2 Methods
4.3.2.1 Acid Oxidation

The carbon supports were oxidised using a 1:3 mixture of 30% w/v H202 and 98% H,S0a,

commonly referred to as Piranha solution. Acid oxidation was done by first preparing the
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solution by the slow addition of cold H,0; to the acid, then 1 g of carbon material was added.
The solution was stirred at 1000 rpm and left to react overnight. The acid oxidised carbon
materials were filtered out, washed with ultrapure water (5x250mL) and acetone

(3 x250 mL).

4.3.2.2 Size Analysis via Light Microscopy

The light microscopy images were produced using a Zeiss Axioimager Z1 microscope. The
diameter distribution data of untreated carbon beads (CB) and acid oxidised carbon beads
(oCB) was produced by using Fiji (also known as ImagelJ 2). A Circle Hough Transform plugin was
used to automate the generation of digital diameters, which were then converted into real

diameters using the scale bars.

4.3.2.3 Zeta Potential

Zeta potentials were recorded using a Malvern Zetasizer Nano instrument. CB and oCB
were crushed into a fine dust using a mortar and pestle. A suspension was prepared by adding
0.5 mg crushed up sample to 1.5 mL water, which was further diluted by taking 100 uL of it and
adding it to 500 uL of water.

4.3.2.4 Boehm-Titration

Before the Boehm-titration itself, the exact concentrations of all solutions used were
determined using acid-base titrations. First, a NaOH solution, a HCl solution, a NaHCOs solution,
and a Na;COs solution were made up, each of of 0.05 M concentration. The exact concentration
of the NaOH solution was measured via titration with a 0.2 M potassium hydrogen phthalate
solution. Once the exact concentration of the NaOH solution was known, it was used to
determine the exact concentration of the HCl solution, which in turn was used to determine
the exact concentrations of the NaHCOs and the Na,COs solutions via titrations. All of these
solutions were stored in plastic bottles.

The Boehm-titration itself is a double back titration, where 200 mg of the carbon material
is added to 15 mL of one of the bases along with 500 uL isopropanol. The solution is left to
equilibrate overnight, then 15 mL of HCl is added. The excess HCl is then titrated with NaHCOs.
Before the carbon materials, blank titrations were also done, which is the same procedure as
above, but with no carbon materials present. Whenever NaOH was used, it was purged with N»
before and during any usage in order to minimise the false consumption of NaOH arising from

its reaction with atmospheric CO..
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4.3.2.5 Adsorption Studies with Carbon Materials

Adsorption capacity studies were done by adding carbon materials (100 mg) to an AO7
solution (1.5 mM, 1.59 mL) for 3 days. The resulting solution was then diluted back into the
dynamic range of the spectrometer and analysed.

Adsorption kinetics studies were done by preparing a solution of AO7 (1.5 mM, 1.59 mL),
H,0; solution (30%, 7.5 mL) and ultrapure water (32.5 mL) and adding a carbon material
(50 mg). Samples of 0.8 mL were taken just before the carbon material was added and then
7.5, 15, 30, and 60 min after the carbon material was added. The first sample, i.e. the one that
was taken before the carbon material was added, was put back into the reaction mixture after
the analysis to reduce the skewing effect a reduction in volume would have had. The UV-Vis
samples were passed through a 0.2 um pore size hydrophilic PTFE syringe filter, and then
analysed in a Thermo Fisher Nanodrop UV-Vis spectrometer. The pH was adjusted by either
substituting 1 mL of the ultrapure water in the reaction mixture for 37% HCI solution, or by
simply adding 0.2 g NaOH to the solution before the carbon materials. In either case the

solution was stirred at 800 rpm until the solution became homogeneous.

4.3.2.6 Desorption Studies

To study the reversibility of adsorption on the beads, first 10 mg of either CB or oCB was
saturated with an AO7 solution (1.5 mM, 8 mL). The beads were left in the solution for 3 days,
and were then filtered out without subsequent washing with water or acetone. The beads were
then put into a vial, and 2 mL of 85 °C water was added. The vial was then closed and put into
an 85 °C water bath for 2 h. After this time a sample of 300 pL was taken, it was diluted with
1.2 mL water, and the resulting solution was analysed via UV-Vis. This hot water wash was done
three consecutive times for three CB and and oCB batches, after which the beads were putinto
in 2 mL DMF at room temperature overnight, and the amount of desorption was similarly

guantified.

4.4 Discussion of Results

4.4.1 Acid Oxidation

Acid oxidation of carbon materials is generally done using a strong, oxidiser like HNOs3,
H,SOs4, etc, where concentrations, contact time, temperature and other experimental

parameters can be used to customise the oxidation process. In this work Piranha solution was
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chosen as the oxidiser to circumvent the need for having to optimise experimental parameters.
Piranha solution is an extremely strong oxidant and with the 10 hour contact time, it was
expected to introduce significant changes to the otherwise very inert and stable graphitic
carbon materials. Additionally, acid oxidation of carbon materials with Piranha solution is a
relatively unexplored area of this field.

It should be mentioned that there are very important safety precautions that need to be
taken into consideration when using Piranha solution. Preparing this solution is highly
exothermic, mainly due to the heat of dissolution of H;SO4, but also because of the
decomposition of H,0,. The temperature of the reaction mixture can reach temperatures of up
to 175 °C during normal usage, so it is very important to prepare and use this mixture under a
fume hood, and that the H,0; is added slowly to the acid while the mixture is being strongly
stirred. This ensures that no pockets of high H,0; concentration can occur that could lead to
runaway reactions.

Any traces of this mixture could significantly affect any reactions the acid oxidised
materials are used in, so it is crucial to remove all traces of it. To achieve this, plenty of ultrapure
water, and then acetone was used in the washing steps, both of which are miscible with
H2S04.[135] The use of acetone raises the possibility of the formation of explosive triacetone
triperoxide (TATP) and diacetone triperoxide (DATP). To eliminate the possibility of TATP and
DATP formation the acid mixture was left to react with carbon materials overnight, which was
expected to lead to a near complete depletion of H,0,. The subsequent washing with water
ensured that even if there was any H;0; left in solution, it was washed away before the use of
acetone. Finally Oxley et al. found that TATP and DATP are unlikely to form in dilute solutions
of less than 3% H,0,. By the time acetone is used, the amount of H.0; present should be well
below this concentration, if at all present.[136]

The mechanism by which Piranha solution oxidises substrates is well known, as it is
commonly used for cleaning laboratory glassware, silicone chips, etc. The most important

reactions relating to the generation of oxidising species are shown by equations (33) to (35).

H,S0, + H,0, = H,S0s + H,0 (33)
H,S0s — HS0,0" + OH' (34)

As the above reactions illustrate the most important oxidising species are HSO30', OH’

and O radicals. Accordingly, the main newly introduced functional groups in the acid oxidised
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carbon materials are expected to be oxide and hydroxide groups, and to a lesser extent sulfate
groups.

To understand the effects of acid oxidation, the carbon materials were characterised by
various microscopy methods, and bulk and molecular level characterisation methods, as well.

The results of these will be discussed in the following subsection.

4.5 Graphitic Nanofibers (GNFs)
4.5.1 Electron Microscopy

Some results of electron microscopy analysis of these fibres have been presented in the
previous chapter, but additional images are presented here that are relevant to the acid
oxidation (see Figure 32). Due to the nature of TEM imaging only a small number of fibres have
been analysed. The diameter of GNF and oGNF are 111 £ 30 nm and 122 + 35 nm respectively,
so acid oxidation did not change the diameter. There are very few articles that can serve as
good comparisons, but this finding is in accord with observations in those.[31-32] Each fibre is
made up of a stacked cup internal structure and a cylindrical outer sheath with a smooth
external surface. The graphitic layers in the stacked cup region are positioned at an angle of
29+3° to the outer sheath. The internal surface of the fibres’ channel contains two
configurations of the innermost graphitic layers: hairpin-like structures forming step-edges and
simple overlays as illustrated by Figure 32.

oGNF samples were also analysed using TEM. The only difference between the normal
and acid oxidised fibres is that in the case of the latter, the hairpin-like structures of the internal
step edges opened up, forming dangling graphitic layers (see Figure 33).

This is likely because these bent graphitic layers are significantly strained and so are the
most reactive part of the fibre. By comparison the external surface of the fibres looks
unchanged. This is due to the significantly higher stability of these stacked graphitic layers. The
internal step-edges of such materials have been identified before but their cleavage as a result

of acid oxidation is a novel finding.[33-34]
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Figure 32 — TEM images showing distinctive features of a GNF fibre; a: Overlaying and hairpin-like internal
terminal layers; b: Representative example of the angle between the stacked cup layers and the outer sheath
layers. c: Overview TEM image of multiple fibres; arrows indicate the lacy carbon substrate of the sample
holder chip; d: TEM close-up image of a single fibre showing stacked cup structure.
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Figure 33 —TEM images of oGNF samples; a: Overview of a single fibre; b: Close-up image showing the internal
step edges.

4.5.2 Bulk Characterisation

The X-ray diffractograms of GNF has been briefly described in Chapter 1, so in this chapter
only its contrast with oGNF will be discussed. Both diffractograms correspond to highly
graphitic carbon materials, as shown by Figure 34a. The previously unidentified broad, low
intensity peaks designated with one and two asterisks in Chapter 1 have disappeared as a result
of the acid oxidation, which supports the previous hypothesis that these signals originate from
the undefined particulate matter seen on SEM images. These particles were likely dissolved by
acid oxidation. The most important difference between the diffractograms of GNF and oGNF is
that in the case of GNF the (002) peak is a single moderately sharp peak at 26.4 °, while in the
case of oGNF there is also a sharp second peak at 27.1 °. This is most likely explained by the
emergence of a second population of graphitic layers that have a slightly lower interlayer
spacing. The likely explanation for this is the opening of the hairpin-like step-edges inside the
fibres. Li et al. have reported that the increased curvature of graphitic layers can shift the (002)
XRD peak to slightly lower 2 8 values.[98] It follows then, that the removal of distortion
stemming from curvature would lead to the (002) peak shifting to slightly higher 2 8 values.

Raman analysis of GNF and oGNF shows results consistent with highly graphitic materials,
containing several graphitic layers and some defects, as illustrated by Figure 34b. The most
important pieces of information gained from Raman experiments are the positions, peak

shapes, intensities and ratios between the areas of the G and D bands.



-83 -

a) Graphite (CID:1200018) —GNF G band b)
—— GNF —— oGNF (1569 cm™)
oGNF |
I 1.00- '
0 f cd =
@ ‘ d,=0.34nm; d,=0.33nm p
= f -
0 | S
ac) '1 & AgfAg=0.27
E % 0.75 4 AylAg=0.42
o 5 D band
g = (1343 cm™)
(_U Eel
£ 8 050+
c 2
(1]
2 E
— o
Q =4
= 0.25 - |
@]
0.00 -
T i T i T T T T T T T T T T T T T T T
10 20 30 40 50 60 1200 1300 1400 1500 1600 1700 1800 1900 2000
26 (°) Raman shift (cm™)

Figure 34 — a: X-ray diffractograms of GNF and oGNF along with a graphite reference pattern (CID:1200018);
b: Raman spectra of GNF and oGNF.

The G band corresponds to the in-plane stretching vibration of sp? carbon pairs both in
rings and in chains. The shape and intensity of this band is dependent on the number and lateral
extent of graphene sheets, and any strain that might distort the graphitic layers.[141] The
position of the G band in single layer graphene is 1585 cm™, while in single-walled carbon
nanotubes it is 1584 cm™.[27-28] In both cases the increasing number of graphitic layers leads
to the G band shifting to lower frequencies.[144] In the case of GNF and oGNF the G band is
sharp and high intensity with no obvious shoulder and it is more intense than the D band, which
means the samples are highly graphitic. The D band corresponds to the breathing vibration
modes of aromatic rings adjacent to defects in the graphitic layer. The intensity of this band is
generally proportional to the concentration of defects, like edges, holes, sp® carbon atoms,
heteroatoms or grain boundaries.[145] The presence of the D band shows that there are
defects present in the graphitic layers for both GNF and oGNF. The ratio between the areas of
the D and G bands increased from 0.27 for GNF to 0.42 for oGNF8. This indicates a moderate
concentration of defects in both cases, but also a small, definite increase in defect
concentration as a result of the acid oxidation. There are no publications indexed by Scopus
that could serve as a good comparison, meaning Raman analysis of carbon nanofibers made up

of a stacked cup internal structure and a cylindrical outer sheath. The specific distortions

8 In order to compare the defect densities of GNF and oGNF areas were used instead of peak heights as Cancado
et al. found that for materials of low defect density, area ratio is a better descriptor.[243] The Ap:Ac ratios of GNF
and oGNF correspond to Ip:lg ratios of 0.14 and 0.22, respectively.
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affecting the graphitic layers of GNF stem from its geometry, which in turn defines its Raman
spectrum. The closest comparison the author found is the chemical modification of MWCNT,
for which other researchers reported Ip:lg ratios of 0.5-1.0.[41-42]

Lastly, GNF and oGNF were characterised using N2 sorption and TGA in order to gain more
information about their bulk structure, the results of which are shown on Figure 18. The N;
sorption isotherms show that surface area is very low, practically no porosity is seen, which is
in line with the structure of these materials seen in electron microscopy analysis. The BET
surface areas of GNF and oGNF are 10.3 + 0.1 m?/g and 13.4 + 0.1 m?/g, respectively, which is
significantly lower than the values published by the producer of GNF or other researchers using

the same material.[43-46]
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Figure 35 — a: Results of N2 sorption experiments for GNF fitted with a curve via the BET model; b: TGA curve
for GNF

Thermogravimetric analysis shows no significant difference between GNF and oGNF
other than a 20 °C increase in decomposition temperature from 800°C in the case of GNF to
820°C for oGNF. In the case of carbon materials higher decomposition temperatures are usually
associated with more graphitic carbons, so in this case the slight shift means that oGNF is
slightly more graphitic in nature.[103] This is unlikely to originate from the fibres themselves
becoming more graphitic, as the heat generated during the acid oxidation is not enough to
cause this.[141] Instead it is likely to stem from the removal of the particles identified in GNF

batches in Chapter 1.
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Figure 36 — Quantification of heteroatom functionalities in GNF and oGNF via XPS analysis; a,b: Survey
spectra; c,d: High resolution C 1s spectra; e,f: High resolution O 1s spectra.

4.5.3 XPS Analysis

For the latter parts of this thesis it is crucial to have a good understanding of the surface
chemistry of GNF and oGNF and so XPS and Boehm-titration were used to quantify the amount
of heteroatoms in the fibres. The XPS analysis shows a very low amount of functional groups
on the surface of GNF, and it seems to be almost exclusively oxygen as illustrated by Figure 36.
The ratio between the O 1s and C 1s peak areas translate to a 1.11% n/n concentration of
oxygen functional groups. In the case of oGNF this ratio is 1.12%, which means the acid
oxidation did not introduce any detectable increase in surface oxygen functional group
concentration. There was a marginal increase in oxidised sulphur species on the surface of

oGNF compared to GNF, as illustrated by Supplementary figure 6. This is due to either residues
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from the acid oxidation or the addition of new functional groups. The O 1s:C 1s ratios are in
line with previously published oxygen contents of up to 3% for similar materials.[36—38] XPS
analysis returned an O 1s signal that is too low in intensity for confident deconvolution, and as
such a different method was used to differentiate the oxygen functional groups on the surface

of the fibres: Boehm titration.
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Figure 37 — Graph showing the different oxygen functional groups on GNF and oGNF as determined by Boehm
titration.

4.5.4 Boehm Titration

The results of Boehm titrations are shown by Figure 37. The main difference between the
different surface chemistry analysis methods used is that the X-ray of XPS interacts with only
the external 5-10 nm layer of the sample, while in the case of Boehm titration the titrant
interacts with all surface functional groups not just ones on the external surface. Results show
very low oxygen content for both GNF and oGNF, and their values are not different. Literature
survey of relevant publications show that the amount of surface oxygen functional groups
identified in carbon materials via Boehm-titration is generally between 0.5 and 2.0 mmol/g
[50-52]. The distribution of oxygen functional group types did change, the amount of lactonic
groups increased slightly while the amount of carboxylic groups decreased slightly. The former
could be explained by the removal of the particles identified in Chapter 1, while the latter is
likely due to the introduction of new functional groups to the fibres. Overall. The low

concentration of oxygen functional groups is in line with the results of XPS analysis.
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Figure 38 — Size and surface morphology analysis of CB; a: SEM image of a whole bead; b: close-up of the
surface of a bead; c: diameter distribution of CB generated from light microscope images.

4.6 Carbon Beads (CB)
4.6.1 Light and Electron Microscopy

The carbon beads are macroscale supports and as such the distribution of their diameter
was first analysed with light microscopy, while their surface morphology was analysed using
SEM. The untreated beads have a mean diameter of 500 + 80 um based on 1070 beads. The
beads are quite smooth, the main surface feature is the presence of 0.5-1.5 um wide cracks.
Some beads were cracked in half which showed that the internal structure is homogeneous as
illustrated by Supplementary figure 7. EDX mapping of the cracked surface was also attempted

but the surface proved to be too uneven to be properly aligned with the detector, and as such

results were not reliable.
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The acid oxidised beads on the other hand look significantly different. The mean diameter
in this case is 380 + 60 um based on 1275 beads. The range of diameters decreased, especially
towards the higher end which points towards the larger beads being more affected by the acid
oxidation than the smaller ones. The size distribution of oCB also show significantly more

particles of less than 200 um diameter (see Supplementary figure 10).
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Figure 39 - Size and surface morphology analysis of oCB; a: SEM image of a whole bead; b: close-up of a bead’s
surface; c: diameter distribution of oCB generated from light microscope images.

Analysis via microscopy did not show intact beads below 300 um, which means these are
fragments that were removed as a result of the acid oxidation. Some acid oxidised beads were
cracked in half and imaged using SEM which shows that the surface cracks go 20-30 um into
the body of the bead. The histogram also shows obvious asymmetry, and accordingly was fitted
with a log-normal distribution function, which is often used to describe the size distribution of

particles that are a product of some type of fragmentation. All of these point towards the main
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mechanism of reduction in diameter being the removal of platelets delineated by the newly
created cracks.

4.6.2 Bulk Characterisation

The untreated beads (CB) were then analysed via XRD, which shows that this material is
made up of carbon of low graphiticity, as illustrated by Figure 40a. The diffractograms show no
sharp peaks, which points towards low graphiticity and crystallinity. This is generally in line with
results published for ACs, which tend to be of lower graphiticity.[42—-44] The two low intensity,
broad peaks at 20 and 28 ° likely correspond to two separate populations of stacked graphitic
layers of different spacings. The main difference between the XRD patterns of CB and oCB is
that there seems to be only one (002) peak in the diffractogram of oCB, but it is still very broad
and low intensity. This points towards there having happened some form of rearrangement
that brought about a single population of stacked graphitic layers. Since the untreated beads
were of low graphiticity it is possible that the heat generated during the acid oxidation led to

this rearrangement, but it is not possible to definitively say.
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Figure 40 — a: X-ray diffractograms of untreated (CB) and acid oxidised carbon beads (oCB); b: Raman
spectra of untreated (CB) and acid oxidised carbon beads (oCB).

Raman analysis of the untreated beads confirm the findings of XRD analysis, in that these
beads are poorly graphitic, and acid oxidation did not change this (see Figure 40b). Signal
intensity in the D band is higher than in the G band in the case of both CB and oCB, which is
consistent with a carbon material of low graphiticity and very high defect density.

The surface morphology of CB and oCB were characterised using Nz sorption experiments

(see Figure 41a). The initial rise in adsorbed N; at low pressures describes the filling of
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micropores, and the large amplitude of this step shows significant microporosity. The
hysteresis signifies further porosity, in the mesopore range, which is supported by the pore
area distribution data, plotted in the inset of Figure 41a. These results show that both the
untreated beads and the acid oxidised ones have a very high surface area, with extensive meso-
, and micropore systems. The surface areas of 1530 and 1260 m?/g for CB and oCB, respectively,
are quite high even among similar carbon materials. It is worth noting that acid oxidation
reduced the surface area of the beads by 18%, but at the same time the micropore area
increased by 23%, and surface area stemming from mesopores was only moderately affected.

This means that the reduction in surface area is mainly the result of a reduction in macropore

area.
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Figure 41 — a: Results of N2 sorption experiments for CB and oCB, analysed via the BET method; b: TGA curves
recorded in air, for CB and oCB

Thermogravimetric analysis of CB and oCB shows that both materials are completely
combustible. The largest difference is that oCB contained much more water, due to its
increased hydrophilicity. The main weight change step was recorded as 655 and 670 °C for CB
and oCB, respectively, which places this material between graphene nanoplatelets and graphite

in terms of thermal stability.[156]
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Figure 42 — XPS spectra of CB and oCB; a,b: Survey spectra of CB, and oCB; c,d: High resolution C 1s spectra
of of CB and oCB; e,f: High resolution O 1s spectra of CB and oCB.

4.6.3 XPS Analysis

Finally XPS and Boehm titration were used to characterise CB and oCB on an atomic level. The
aim of this was to quantify what changes the acid oxidation introduced to the surface chemistry
(see Figure 42 and Supplementary figure 11). In the case of the untreated beads there was
some oxygen content and traces of sulphur functional groups, but these signals were too low
intensity to allow quantification. According to the producer, these beads are made by
generating droplets of a resin that contains an organosulphur stabiliser, which explains the
presence of the S 2p signal. The O 1s signal increased 5.3-fold and the S 2p signal increased
marginally, although in the case of the latter the main difference is just a change in oxidation

states. XPS analysis suggests that the untreated beads contain oxygen mostly in the form of



-92 -

carbonyl groups. The acid oxidation increased the ratio of hydroxyl, ether and carboxyl
functional groups, which clearly shows the introduction of new functional groups. This is also
corroborated by the C 1s spectra, which overall shows a slight decrease in C(sp?)-C(sp?) bonds,
and a large increase in bonds containing C(sp3), like alkyl chains, hydroxyl groups, ethers, and
notably the emergence of carboxylic acids, anhydrides and lactones. The emergence of this last
class of functional groups is the most important conclusion of XPS analysis. Unfortunately, the
individual quantification of these functional groups is not possible using XPS data due to
overlapping binding energies.[157] To solve this problem Boehm titration was used to quantify

the newly introduced functional groups.

4.6.4 Boehm Titration

To gain a more complete understanding of how acid oxidation affected the surface
chemistry of the beads Boehm titration was also used. The untreated beads show a relatively
high number of oxygen functional groups already, although most of these are lactonic groups,
which have less of an effect on surface chemistry than carboxylic or phenolic groups due to
being uncharged. As a result of the acid oxidation the overall number of oxygen functional
groups grew from 1.10 to 1.96 mmol/g, mainly by the introduction of carboxylic groups.
Overall, the results of the Boehm-titration support the results of XPS characterisation in that
acid oxidation introduced a large number of new oxygen functional groups to the surface of
the beads.

It should be pointed out, that the increase in oxygen functional groups according to XPS
and Boehm-titration are different. This is due to how these methods work; XPS only analyses a
depth of about 5-10 nm, while in the case of Boehm-titration the bases react with all surface
functional groups throughout the internal and external structures of the beads.

This discrepancy means that acid oxidation affects the external layers of the beads to a
much greater extent than the internal pore structure, likely due to the hydrophobicity of the
beads and gaseous by-products of the acid oxidation blocking off the internal pore structure
from the reaction mixture. Literature values for surface oxygen functional groups identified via
Boehm titration on ACs are in the range of 0.5-2.0 mmol/g. This means that CB shows a
relatively high surface oxygen functional group concentration, while oCB contains an extremely

high number of these functional groups.
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Figure 43 — Results of Boehm-titration for CB and oCB
4.7 Sorption Studies
4.7.1 Adsorption of AO7 on GNF and oGNF

The adsorption of AO7 on GNF and oGNF was studied relatively briefly, as only slight
differences were found between these two types of materials. Adsorption happens very quickly
under the conditions used in these experiments, which were the same as in all of the other dye
degradation experiments in Chapter 1 and Chapter 3. This means that there was a relatively
small amount of dye and a comparatively large amount of GNF/oGNF present (roughly 2.7 umol
and 50 mg respectively). These conditions were chosen to make these findings fully
comparable to the later dye degradation experiments.

GNF seems to facilitate near instantaneous adsorption, while on oGNF adsorption is
slightly less rapid. The rate of adsorption is described by k values generated from the kinetic
curves (see Supplementary figure 13); kinitial refers to the slope between the first and second
point, while Ksubsequent to the rest of the graph. For reference, 50 mg GNF or oGNF would have
a total adsorption capacity of 8.2 umol, which partly explains the quick, total adsorption of
2.7 umol of dye. Furthermore, both types of fibres have diameters of 90-150 nm which is two
orders of magnitude larger than the size of an AO7 molecule, which means that while the
internal tunnel is accessible, it does not get filled up during adsorption. Overall this means that

both the external and internal surfaces are quickly being covered by the adsorbate.
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Figure 44 — Graphs showing the adsorption kinetics and capacity for the adsorption of AO7 on GNF and oGNF
at neutral pH; a: Adsorption kinetics; b: Adsorption capacity after 3 days.

Further, the total adsorption capacity was measured to be roughly 163 nmol/mg for both
GNF and oGNF. When comparing experimentally measured values against appropriate
literature values, it is important to take into consideration that in the case of highly specific
materials, like carbon nanofibers, the exact production method will define the surface
morphology and chemistry, and by extension the adsorption properties. Additionally, for
published values to be relevant, experimental conditions and the adsorbate have to be similar
to the results presented in this work. There are no publications that could serve as exact
comparisons, but there are works that can still provide a frame of reference. Soberman et al.
reported that multiwall carbon nanotubes have adsorption capacities of 300-600 nmol/mg
against pharmaceuticals, while Yar et al. have found that carbon nanotube - polyacrylonitrile
composite nanofibres have adsorption capacities of 250-650 nmol/mg against methylene
blue.[46-47] Neither of these research groups published surface areas for their materials, but
it can be said that compared to these GNF and oGNF are poor adsorbents. As another way of
comparison, the work of Santoso et al. should be considered, who found that in the case of ACs
there is an average ratio of 4.11 between the BET surface area of a material in m?2/g and the
adsorption capacity of the material against methylene blue in mg/g.[160] This ratio for GNF
and oGNF is 5.6 and 6.8, respectively, which shows that these materials are poor adsorbents
compared to the ACs compiled by Santoso et al.. The results of adsorption studies with GNF
and oGNF underline the findings of characterisations, which is to say that acid oxidation did not

change the fibres in any significant way.
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4.7.2 Adsorption of AO7 on CB and oCB

The first experiments probing the sorption characteristics of these materials were looking
at the adsorption kinetics and capacity of CB and oCB against AO7 at three different pH values:
0.75, 7.0 and 14. The pH of 7.0 is the most relevant for any potential real world application and
also for later experiments of this project, but this is also the most complicated in terms of
adsorption mechanisms. ACs usually have a wide range of surface functional groups, with pKa
values between 3 and 11, which means that at pH=7 some will be protonated, some will be
deprotonated, which leads to both repulsive and attractive interactions with adsorbates.[61-
62] Thus pH values of 0.75 and 14 were also investigated to probe whether electrostatic
interactions play any significant role in adsorption, and to further study how acid oxidation
affected adsorption properties.

It is important to note that experiments at pH=7.0 were done at practically zero ionic
strength, while the large amount of acid or base present at pH=0.75 and pH=14 respectively,
necessarily leads to higher ionic strengths, and so these experiments are not strictly
comparable to pH=7.0 experiments.

In adsorption kinetics experiments the starting concentration of the dye is relatively low,
which means these experiments are more characteristic of the build-up of the most
thermodynamically favourable first adsorption layer or layers. Thus adsorption rates observed
in such experiments are mostly defined by the interactions between the surface of the carbon
materials and the dye molecules. The main drivers of this are likely electrostatic interactions,
mainly ionic interactions between polar functional groups and m-stacking of aromatic rings. An
important question of adsorption studies is whether adsorption follows a first or second order
kinetic profile. Ho and McKay, in their very influential 1999 article stated that pseudo-first order
kinetics only apply to the initial stages of adsorption, whereas the later stages are better
described by pseudo-second order kinetics.[127] The adsorption experiments conducted in this
work were all done using dilute dye solutions of 0.07 mM in order to make any results directly
comparable to dye degradations using the same dye concentration. Accordingly, an assumption
was made that pseudo-first order kinetics will describe these experiments the best, and so rates
of adsorption were calculated as the slope of In c(dye) vs time.

As shown by previous characterisation results, the internal pore structure of untreated
and acid oxidised beads is not fundamentally different, and so it is assumed that any difference

in adsorption mechanism or kinetics is mainly due to a difference in surface chemistry.
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At neutral pH and near zero ionic strength there is a significant difference in both
adsorption kinetics and capacity between CB and oCB, which means that adsorption is
significantly hindered in the case of the latter. It is worth noting that the reduction in total
adsorption capacity is roughly twice as large as the reduction in surface area between CB and
oCB, which means that surface chemistry must also play a role here. AO7 has two pKj, values of
8.26, and 11.4, and so it is roughly 95% protonated at pH=7.0 as shown on Supplementary
figure 16, and although the exact pK, values of the functional groups on CB and oCB are not
known, it is safe to say that at pH=7.0 only some of them are going to be deprotonated. This
means that if there is electrostatic repulsion between the dye and the beads it is going to be

moderate.
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Figure 45 — Kinetic curves for adsorption with AO7 on CB and oCB at neutral pH; a: Adsorption kinetics; b:
Adsorption capacity after 3 days.

The zeta potentials of the beads were measured at neutral pH in order to gain more
insight into the electrostatic charge of the surface of these beads. The recorded values were -
17.4£3.9 mV and -16.6 = 3.6 mV for CB and oCB, respectively, which signal a slight negative
charge in both cases, but no significant difference between the two materials. It should be
noted that the beads had to be ground into a fine dust in order to make the measurements
possible. This means that the whole bead has been analysed, not just the areas where the acid

oxidation had its effect, which could explain why no difference was detected?.

9 For reference, electron microscopy showed that acid oxidation caused roughly 25 pm deep ridges on the surface
of oCB. If we assume this is the maximum depth at which acid oxidation had an effects, that corresponds to 14.3%
of the total volume of a bead of 500 um diameter.
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Figure 46 — Results of adsorption studies; a: Kinetic curves for the adsorption of AO7 on CB and oCB at
pH=0.75; b: Kinetic curves for the adsorption of AO7 on CB and oCB at pH=14; c: Graph summarising the
observed rates of adsorption for CB and oCB at pH values of 0.75 and 14; d: Graph summarising the adsorption
capacities of CB and oCB at pH values of 0.75 and 14.

Experiments at pH values of 0.75 and 14 also show that adsorption is significantly
hindered on oCB, both in terms of adsorptive capacity and adsorption rate (see Figure 46). The
adsorption rate of AO7 on CB is only slightly dependent on pH, while in the case of 0CB kags is
significantly lower at both pH values, especially at pH=14, than that of CB. This means that in
the case of CB the relatively low surface concentration of oxygen functional groups don’t create
enough electrostatic repulsion, even at pH=14, to hinder adsorption. On the other hand, in the
case of oCB the large surface concentration of functional groups on the external surface clearly

suppresses adsorption through electrostatic repulsion, since kags is lower at pH=14 than at
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pH=0.75. This suppression is also apparent in the adsorption capacities which are significantly

lower at pH=14 in both the case of CB and oCB.
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Figure 47 — Graph showing adsorption capacities of ACs against methylene blue along with this work’s results.
AC datapoints are from [160]

Before continuing the discussion of this chapter it’s important to compare the above
results against already published adsorption capacities. Santoso et al. have compiled a large
number of adsorption capacities of methylene blue with different ACs as adsorbents, which
serve as good comparisons.[160] These adsorption capacities have been plotted against the
surface areas of the material that the numbers belong to, as illustrated by Figure 47, along with
the values recorded in this work. This analysis shows that both CB and oCB fit well into the
general trend seen with these materials. Furthermore, the average AC material according to
Santoso et al. have a ratio of BET surface area in m?/g to adsorption capacity against methylene
blue in mg/g of 4.11. Both CB and oCB are below this average which means these materials are
better adsorbents than the average of these. This graph also underlines the previous conclusion
that the acid oxidation led to both morphological and surface chemistry changes that led to the
large decrease in adsorption capacity for oCB compared to CB; the decrease in adsorption

capacity is relatively larger than the change in surface area.

4.7.3 Adsorption of Sulfanilic Acid and 2-Naphthol on CB and oCB

To further probe the adsorption mechanisms facilitated by CB and oCB two additional
adsorbates were studied. These were initially intended to be sulfanilic acid (SA) and

1-amino-2-naphthol (1-A-2-N) as these are the products of the azo-bond cleavage of AO7.[83]
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Additionally, SA contains two polar functional groups on a six membered aromatic ring, so ionic
interactions are expected to play a more significant role in the adsorption of it, while 1-A-2-N
is a relatively large aromatic molecule where 1t stacking is expected to play the dominant role
in adsorption. Unfortunately, the purchased 1-A-2-N was not suitable for this experiment. A
1.5 mM stock solution was attempted to be made but it did not dissolve in water sufficiently,
there was undissolved matter in the flask even after sonication and weeks of storage (see
Supplementary figure 14). Because of this 2-naphthol (2-N) was used instead. Both SA and 2-N
contain only one functional group that can be deprotonated, as illustrated by Supplementary
figure 17 and Supplementary figure 18.

The adsorption of both SA and 2-N were significantly hindered in the case of oCB
compared to CB. First, adsorption in neutral media was studied, the results of which can be
seen on Figure 48. These results show a similar trend to the adsorption of AO7 on CB and oCB
at pH=7, meaning that adsorption is hindered on oCB, although the extent of hindrance is very
different in the two cases. Notably, the adsorption of SA on oCB significantly slows down after
about 15 minutes, while the adsorption of 1-N is very similar in the case of CB and oCB. This
further supports the explanation that Coulombic interactions play a very significant role in the

adsorption of organics on CB and oCB, since SA is a much more polar molecule than 2-N.
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Figure 48 — Kinetics curves for the adsorption of SA (a) and 2-N (b) on CB and oCB at neutral pH.

After this, the adsorption of SA and 2-N were studied at pH=0.75 and pH=14 at both CB
and oCB. In both cases adsorption on CB is independent of pH, which means that ionic
interactions don’t play a significant role in these processes. The adsorption of SA on oCB on the

other hand is strongly affected by pH; the adsorption rate is significantly lower at pH=0.75 when
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compared to CB at the same pH, and at pH=14 the adsorption on oCB actually plateaus after

about 10 minutes, indicating that the beads are saturated. This means that there must be

relatively strong repulsive ionic interactions between the SA molecules and the surface oxygen

functional groups. It should also be noted that the In c(SA) vs time datapoints cannot be fitted

with a single line satisfactorily. This means that adsorption in these cases cannot be treated as

following pseudo-first order kinetics, but rather something more complex is happening.
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Figure 49 — Kinetic curves for the adsorption of sulfanilic acid (SA) on CB and oCB at different pH values;

a: pH=0.75; b: pH=7.0; c: Summary of adsorption rates.

To further probe this both In c(dye) vs time and 1/c(dye) vs time plots were generated

(see Supplementary figure 19). In the case of oCB, adsorption plateaus at about 15 minutes,

regardless of what kinetic model is used to interpret the data. The case of CB is more difficult
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to interpret, but it is likely that adsorption can be best understood as a process made up of two
parts. It is not possible to say whether these are pseudo-first or pseudo-second order
processes. In order to enable comparison with other adsorption experiments, a single line was
fitted onto In c(dye) vs time plots as Figure 49 shows, and the slope of these were taken as the

rate of adsorption.
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Figure 50 — Kinetic curves for the adsorption of 2-naphthol (2-N) on CB and oCB at different pH values;
a: pH=0.75; b: pH=14; c: Summary of adsorption rates;

The kinetic curves for 2-N also show strong hindrance of adsorption on oCB but in this
case the difference between pH=0.75 and 14 is much more striking (See Figure 50). Adsorption

on CB is independent of pH for 2-N, but in the case of oCB adsorption is strongly hindered at
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pH=14. This must be due to the repulsive interaction between the deprotonated surface

functional groups of the beads and the electron rich, deprotonated 2-N molecules.

4.7.4 Desorption

Finally, the desorption of dye molecules from the adsorbents was studied in order to gain
some insight into whether these materials would be regenerable in a real world setting. To do
this a certain amount of untreated and acid oxidised beads were saturated with dye. After this,
consecutive hot water washes were used. This method was chosen as water is a good solvent
of AO7, and as such is expected to be a suitable regeneration medium.

The adsorption of AO7 on both CB and oCB is largely irreversible, as illustrated by Figure
51. In the case of hot water washes, both for CB and oCB the first wash desorbed the largest
amount of dye, but this and by extension the total amount washed off is very small. AO7 is
freely soluble in water; its solubility at room temperature is 116 g/L. This means that solubility
should not be a barrier to desorption, but to specifically probe this question an additional DMF

wash was used.
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Figure 51 — Graphs showing the results of dye desorption experiments; a: Percent of dye having been washed
off from CB and oCB in 3 consecutive hot water washes; b: Percent of dye having washed of in hot water
washed combined, and an additional DMF wash.

According to a literature survey AO7 is most soluble in polar aprotic organic solvents, like
DMF and DMSO0.[163] The solubility of AO7 in DMF was tested prior to this experiment by
adding 5 mg AO7 to 5 mL DMF. AO7 completely dissolved in a matter of seconds, and so its

solubility was deemed high enough to not hinder desorption experiments. This additional DMF
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wash only removed about 10-12% of the remaining dye so it is safe to say that the overall low
desorption is not due to solubility issues. The results of these desorption experiments point to
the adsorption of AO7 being mostly irreversible, most likely due to adsorption in micropores.
This highlights the need to avoid adsorption as much as possible if composite catalysts are to
be made of these beads. The impact of adsorption on catalytic activity will be explored in detail

in the next chapter.

4.8 Conclusions and Future Prospects

The work presented in this chapter studies the usage of Piranha solution in the acid
oxidation of two macroscale supports. Carbon materials are intensely researched as
adsorbents, but their use as catalyst supports is relatively underexplored. Adsorption is not
necessarily a desirable process in catalytic processes, like Fenton chemistry, so if these
materials are used as supports it is crucial to have a deep understanding of the
structure-performance relationships governing sorption characteristics. GNF and CB were
chosen as studied carbon materials, since these are macroscale carbon materials of two very
common geometry and their acid oxidation with Piranha solution is novel experimental work.
GNFs were found to be unchanged by the acid oxidation, while the physico-chemical properties
of CB changed drastically. Acid oxidation led to a reduction in surface area, and a
disproportionate increase in the concentration of surface functional groups. This led to drastic
changes in sorption properties, as well, through the enhancement of repulsive electrostatic
interactions between the adsorbate and surface functional groups.

There are some additional studies that could provide a finer grain understanding of
adsorption processes on CB and oCB. Diffuse reflectance infrared Fourier-transform
spectroscopoy (DRIFTS) could be used to further differentiate the types of functional groups
introduced to the surface of CB as a result of acid oxidation. There is a potentiometric titration
mentioned in this chapter that could be used to measure the pKa values of surface functional
groups, which would help further elucidate how electrostatic interactions affect adsorption
processes. Finally, the measurement of heats of adsorption for AO7, SA and 2-N would help in
understanding to what extent electrostatic interactions and m-interactions govern adsorption

processes.
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Chapter 5- Comparative study into the catalytic activity of
normal versus acid oxidised macroscale carbon supported
mixed metal oxides in Fenton-like organics removal

5.1 Introduction

This project aims to produce a material that has the potential to be exploited industrially,
and as such it was an important aspect of experimental design to keep costs and scalability in
mind. The aim of this and the next chapter is to create a bifunctional catalyst that can facilitate
both the electrocatalytic generation and efficient activation of H,0,. After careful
consideration, oxides of Co and Mn were chosen as these are commonly used catalysts for H,0;
activation and oxygen reduction, respectively. In this chapter the synthesis and usage of neat
Co, Mn spinels and their composites with PBSAC and GNF will be discussed. Both the untreated
and acid oxidised versions of these supports are used as catalyst supports, in order to study
how acid oxidation affects catalytic performance of the resulting composite. Different catalyst
loadings were synthesised and tested to gain a deeper understanding of catalytic performance.
The metric defined in Chapter 2 will be used here to identify to what extent different removal
modes contribute to overall dye removal.

The main aim of this chapter is to describe novel catalyst-support combinations that are
intended to be technologically relevant due to their compatibility with packed bed type
reactors. Co, Mn spinels in AOPs using H20; as the oxidant and the usage of macroscale carbon
materials as catalyst supports in Fenton-like chemistry are both understudied areas according

to a review of the literature; this work aims to contribute to filling this gap.

5.2 Literature Review

5.2.1 Spinels

Spinels are mixed metal oxides that can be generally described as having an AxB3.xOs
structure. For the sake of simplicity, in this work only spinels containing metal ions of similar
sizes will be discussed. All spinels can be categorised as normal or inverse. In normal spinels
metal ion A occupies tetrahedral sites, while metal ion B occupies octahedral sites. In inverse
spinels half of the ions in the octahedral sites are swapped for ions in the tetrahedral sites. The

most common metal centre oxidation states in spinels for sites of A and B are +2, +3, and +4.
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[164] The simplest examples of Co and Mn containing spinels are the binary oxides Co304, and
Mn30a4.

Co304 is a normal spinel with a cubic close-packed lattice where Co(ll) ions occupy the
tetragonal sites, while the Co(lll) ions occupy the octahedral sites. [165] The Co(ll) ions arein a
high spin state, while the Co(lll) ions can be high, intermediate or low spin depending on further
crystallographic factors. For example, Long et al. reported that Co(ll) ions can migrate to the
surface of Coz04 crystals, forming amorphous islands of CoO phases, which reduces the bulk
Co(ll) ratio, and by extension affect the solid state properties of Co(lll) ions. [166] This process
creates crystalline-amorphous interfaces, and an abundance of defects in the crystalline
domains, which leads to markedly different adsorption and catalytic activities, and highlights
that there can be very large differences in catalytic performance between different Co30a4
samples. Co(ll,lll) oxides are commonly used in experimental work in energy applications, such
as Li-ion battery electrode materials. [4-5]

Mns30s is also a normal spinel, where the Mn(ll) ions occupy the tetrahedral sites, while
the Mn(lll) ions occupy the octahedral ones, but unlike Co30s4 it’s phase symmetry is reduced
to tetragonal. This is due to the tetragonal Jahn-Teller distortion of the relatively large amount
of Mn(lll) in the lattice. [169] In the case of Mn(ll,1ll) oxides both metal ions are in a high spin
state. Min(ll,1ll) oxides are extensively used as catalysts of many different processes, including
Fenton-like chemistry and battery electrode applications. [7-9]

Co, Mn spinels are extensively researched for use in energy applications, which allows for
a thorough description of synthetic procedures and the physical properties of resultant
materials. Spinels have traditionally been prepared using solid-state methods, but these often
produce materials of large, irregular particles. [164][172] It is still quite challenging to produce
homogeneous, nanocrystalline spinels under mild conditions, but the most common
approaches include hydrothermal, solvothermal, and sol-gel methods. [11-12] In the
production of CozxMnxQOa4 spinels, one of the most impactful crystallographic issues is that high
Mn content reduces the otherwise cubic symmetry to tetragonal due to the Jahn-Teller
distortion of Mn(lll) ions. Rios et al. have reported that in the case of this class of spinels at
room temperature cubic phase crystals will form if x<1.3, cubic and tetragonal phases coexist
if 1.3<x<1.9, while if 1.9<x<3.0 then only the tetragonal phase will form. [175] While Mn-rich
cubic Coz.xMnxO4 spinels have been observed at higher temperatures, these will spontaneously

transform into tetragonal phase on quenching, so producing cubic Co, Mn spinels on a wide
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composition range is still a challenge. [176] A notable research article that reports the synthesis
of such materials was published by Li et al. where the authors were able to produce cubic and
tetragonal spinels of Co:Mn ratios of 2:1, 1:1, and 1:2. [177] The main way in which Li et al.
identified these materials is through XRD. Co and Mn ions are roughly similar in ionic radii at
the same oxidation states0, which on one hand means that these ions are interchangeable
with minimal crystallographic distortion in the same lattice. On the other hand it means that
Co304 is a good reference for cubic Co, Mn spinels, while Mn304 is a good reference for
tetragonal Co, Mn spinels. Accordingly Li et al. have used the binary oxides as their references.
The simulated X-ray diffractograms of these materials are shown by Figure 52, along with X-ray

diffractograms of Li et al. of Co, Mn spinels.
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Figure 52 — X-ray diffractograms of Co, Mn spinels; a: reference diffractograms generated from published
CIFs; b: Diffractograms of cubic and tetragonal CoMn204 spinels [177]

5.2.2 Co, Mn Spinels in AOPs

There are very few literature articles about Co, Mn spinels in AOPs using H,0; as the
oxidant, so other tangentially relevant publications will also be used to showcase the
applications of these materials. When Co, Mn spinels are produced without a template or
support, these materials tend to form large aggregates of various morphologies on the order

of microns. Many researchers use the Scherrer-equation to give a rough estimate of crystallite

10 The ionic radius of Co(ll) ions in a high spin state and octahedral geometry is 75 pm, while Mn(ll) ions in the
same state and geometry are 83 pm. Co(lll) ions in high spin states and octahedral geometries have ionic radii of
61 pm, while Mn(lll) ions in the same state and geometry have ionic radii of 65 pm. Co(lll) ion in low spin states
and octahedral geometries have ionic radii of 55 pm. [244]
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sizes, which are generally in the 5-90 nm range. [16—18] This wide range highlights that one of
the main physical properties that researchers target in tailoring materials to an application is
crystallinity; Co, Mn spinels can be synthesised from amorphous and nanocrystalline materials
to several micron large single crystals. [19-20] This large range in crystallinity also translates to
a wide scale of surface areas reported in the literature, with most materials having surface
areas of 3-180 m?/g. [16-17][21-26] The main reason for such a wide range in the crystallinity
of a sample is that certain synthetic procedures introduce defects into the lattice, which affects
physical and catalytic properties. Yang et al. have reported that the ratio of Co to Mn salts used
in the synthetic mixture and the calcination temperature of the intermediate product can be
used to control the amount of oxygen vacancies in the resulting material. [179] According to
these authors calcination temperature is inversely proportional to the amount of oxygen
vacancies detected in the sample via XPS; the overall oxygen signal did not change as
calcination temperature increased but the ratio of oxygen vacancy to lattice oxygen increased.
They also reported that the ratio of Co:Mn defined the local chemical environment of the
resulting vacancies, which played a significant role in how active the resulting catalyst is. They
found that maximum catalytic activity in AOP experiments using peroxymonosulfate (PMS) as
the oxidant was exhibited by the catalyst that had a Co:Mn ratio of 2:1, and contained a good
balance of lattice and defective oxygen sites, which in their case meant about 40% oxygen
vacancies. The authors claim that this balance of oxygen species allows high catalytic activity
through the favourable sorption mechanics of the oxidant, but is also stable enough that the
highly oxidising reaction conditions do not change the interface of the catalyst over the course
of the reaction. Additionally CooMnQs contains three redox couples, which can also react
internally. This means that catalytically active metal centres can rapidly cycle between
oxidation states, explaining the high catalytic activity. Similarly Wang et al. have reported in
2016 that the most active catalyst of PMS activation in toluene degradation was one that
contained Co and Mn at a ratio of 2:1, with oxygen vacancies of about 32% according to XPS
measurements. [180] They claim that these factors allowed the catalyst to rapidly cycle
between different oxidation states of both Co and Mn, and by extension generate ROS at a very
high rate. It is also worth considering the work of Zhang et al., who studied the catalytic activity
of Co, Mn spinels in the activation of peracetic acid for the degradation of antibiotics. [189] In
addition findings similar to the aforementioned articles, they have reported that there is a

synergistic electronic interaction between Co and Mn ions, which to a large part explains the
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high catalytic activity of these mixed metal oxides. They found that the presence of both Co
and Mn ions in close proximity enhanced electron transfer between the catalyst and the
oxidant, promoting the reduction of Co(lll) to Co(ll) which is a crucial step of the catalytic cycle.
According to their publication the presence of Mn ions close to Co ions also changes the
distribution of bonding and antibonding states on Co 3d orbitals which leads to more
favourable binding of the oxidant. Finally, an article published by Wang et al. in 2022 studied
the catalytic activity of Co, Mn spinels in the activation of H,0, for the degradation of
ciproflaxin. [190] They found that the generation of OH' radical proceeded through the
adsorption of H;0; on the surface of the catalyst, and the subsequent cleavage of the O-O
bond. According to this article the high catalytic activity of Co,MnQO4 when compared to Mn;03
and Co30s4 is due to the larger amount of Lewis-acid sites, which in this case means oxygen
vacancies, which leads to more energetically favourable adsorption of H,0, and desorption of

OH-.
5.2.3 Supported Co, Mn Spinel Catalysts

There are very few articles published about supported Co, Mn spinels being used in AOPs,
and they are all from the last 5 years. There are some publications about such catalysts where
the support is another inorganic material but this is not relevant for this thesis, so these will
not be discussed. There is only one article indexed by Scopus at the time of writing that can be
used as a good example of carbon supported Co, Mn spinels in AOPs. Researchers Kang and
Hwang embedded Co2MnO; into hollow carbon nanofibers, and this composites catalyst was
then used in the activation of PMS for the degradation of Rhodamine B. [191] This article is the
most relevant for this work, although in the case of Kang and Hwang, the catalyst impregnated
carbon nanofibres were made in one step by the researchers instead of decorating
commercially available carbon nanofibres. They prepared composite of Co304, CoMn;04 and
Mn304 and nanofibres, and compared their catalytic activity in dye degradation experiments.
The structure of the catalyst is illustrated by Figure 53. They found that the presence of the
carbonaceous support greatly enhances the catalytic cycling of metal centres by facilitating the
transfer of electrons between metal ions of different oxidation states and even metal ions and
oxidant molecules. They also reported that the combined leaching of Co and Mn was less than
1 ppm in the case of the most active composite after 80 minutes. For comparison in the case
of commercial Co304 and Mn304 in the same reaction they recorded leaching of 5 and 3 ppm,

respectively. They reported rate constants ranging between 0.0871-0.3406 min! as illustrated
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by Figure 53. These kinetic curves also serve as a good example of how widely k values can

range for the same reaction with changing reaction parameters.
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Figure 53 — Results of Kang and Hwang for the study of Co, Mn spinel impregnated carbon fibres in dye
degradation experiments; a-d: Kinetic curves of dye removal experiments with different experimental
conditions using CoMn204-HACNF composite catalyst; e: Schematic representation of Co, Mn spinels
anchored to hollow activated carbon nanotubes; green spheres represent catalyst particles, purple spheres
represent dye molecules, while the red and blue molecules represent the oxidant. [191]

Experimental conditions: 0.02 mg/ml catalyst, c(Rhodamine B)=50 uM, c(PMS)=1 mM, pH=3.28 unless
otherwise noted.

Unfortunately, it is quite difficult to properly compare the catalytic activity of different

materials in the literature, as there is no single metric that is used for this and researchers often
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omit crucial experimental details like pH or catalyst loading. Most researchers simply use the
rate of degradation or percentage dye removal in a certain amount of time to assess the
catalytic activity of their materials. This can be misleading, as most researchers don’t take into
consideration dye removal modes other than degradation, but also because this value is highly
dependent on the reaction parameters used, and as such is not universally comparable.
Traditionally used catalysis metrics like turnover number and frequency are not suitable for this
application, at this time, as it is not possible to quantify the number of active sites in these
catalysts. In any case, to enable comparison between the work of different groups it is crucial
that researchers quantify dye removal by a certain amount of the catalyst instead of simply
relying on k values.

In summary, while the field of Fenton-like chemistry is very active, there are very few
articles published using Co, Mn spinel catalysts, even though the existing publications identified
these materials as highly active in Fenton-like organics removal experiments. The main
challenge of this field is generally the same as what was identified in Chapter 1, which is the
lack of a unified metric that could serve as an easy way of comparing catalysts. Another gap in
published research findings is that despite the diversity of the field there are virtually no
publications discussing the usage of composites made with macroscale carbon supports; most
supported catalysts contain graphene-derivatives, graphitic carbon nitride and other similar
materials which would pose serious challenges in scaling up organics removals towards
industrial scales. The work presented in this chapter reports the synthesis of Co, Mn spinels,
supported on normal and acid oxidised carbon beads and nanofibres, and the usage of these
materials in Fenton-like organics removal experiments. The effect of acid oxidation on catalyst
anchoring and catalytic performance is discussed supported by extensive characterisation of
these materials. Finally the previously defined metrics are used to evaluate the catalytic

performance of the prepared composites catalysts.

5.3 Experimental Details

5.3.1 Chemicals

The H202 (30% w/v) used in these experiments was purchased from Fischer Scientific and
was stored at 5 °C. The Co(ll) nitrate (297% purity) was purchased from Scientific Laboratory
Supplies, while the Mn(ll) sulfate (299% purity) was purchased from Sigma-Aldrich. The NHs

solution (35%) was purchased from Fisher Scientific.



-111 -

5.3.2 Methods
5.3.2.1 Spinel Synthesis

All four spinels were produced using the same method, which is based on the synthesis
published by Chun et al.. [192] The preparation of the slurry was done by slowly adding NH3
solution (4.65 mL; 35%) to a 0.2 M Co(ll) solution made with ultrapure water while stirring at
600 rpm. After this a 0.2 M Mn(ll) solution was added, and the mixture was then kept at 30 °C
for 2 h with the same stirring as above. The exact amounts are summarised in Table 4; the
overall volume of the reaction mixture was always 24.5 mL. Finally, the reaction mixture was
put into a hydrothermal reactor, and was heated to 180 °C for 4 h. The reactor was put into the
room temperature furnace, and the specified time was measured from the point of reaching
180 °C. The resulting solids were separated via vacuum filtration, the materials were washed
with ultrapure water (3 x 50 mL) and acetone (3 x 50 mL), and were then dried in a vacuum
oven overnight at 70 °C, 0.1 bar. This leads to the formation of cubic spinels in the case of the
Co, Mn spinels. The spinels that contained Co were collected as a fine black powder, while

Mn304 was a flaky, brown solid. Yields are presented in the Discussion of results subchapter.

Table 4 — Exact make-up of metal salt solutions used in the hydrothermal syntheses

Spinel to be produced
Co304 Co2MnO0Oy4 CoMn;04 Mn304
Co(ll) 3.26 mmol + 3.26 mmol + 1.63 mmol + 0 mmol + 0 mL
solution 24.5 mL water 15.3 mL water 8.15 mL water water
Mn(ll) 0 mmol + 0 mL 1.63 mmol + 3.26 mmol + 0.33 mmol +
solution water 8.15 mL water 15.3 mL water 24.5 mL water

5.3.2.2 Composite Synthesis

Each composite was produced through a synthetic method adapted from the production
of neat CooMnOQa. First, a certain amount of the carbon support (see Table 5) was dispersed in
NH3 solution (4.65 mL, 35%), to which then a Co(ll) solution (0.2 M, 15.3 mL) made with
ultrapure water was added while stirring at 600 rpm. After this a Mn(ll) solution (0.2 M,
8.15 mL) was added, and the mixture was then kept at 30 °C for 2 h with the same stirring as
above. Finally, the reaction mixture was put into a hydrothermal reactor, and was heated to
180 °C for 4 h. The reactor was put into the room temperature furnace, and the specified time

was measured from the point of reaching 180 °C. The resulting solids were separated via
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vacuum filtration; the materials were washed with ultrapure water (3 x 150 mL) and acetone
(3 x 150 mL), and were then dried in a vacuum oven overnight at 70 °C, 0.1 bar.

The CB and oCB composites were collected as a mixture of matte black beads (as opposed
to the shiny undecorated CB and oCB beads) and unsupported catalyst aggregates, while the
GNF and oGNF composites were a mixture of unsupported catalyst particles and fibres that

were visually identical to undecorated GNF and oGNF. Yields of these syntheses are compiled

in Table 6.
Table 5 — Exact amounts of carbon supports used in the production of each composite
Catalyst loading to Catalyst loading to
m (GNF or oGNF) m (CB or oCB)
be produced be produced
(mg) (mg)
(%) (%)

23.8 1250 16.7 1950

31.3 856 28.6 975

38.3 628 37.6 650

55.5 313 42.9 520

71.3 156 47.4 433

5.3.2.3 Estimation of unsupported catalyst percentage

100 mg of CB and oCB supported catalyst was added to 5 mL water, the mixture was then
sonicated for 1 min, and all of the liquid decanted. This was repeated three times. Then 5 mL
of acetone was added, the vial was closed, shaken for 30 s, and the liquid decanted. The solids

were then vacuum dried and the mass loss was measured.

5.3.2.4 Dye Removal Experiments

Dye degradation experiments were done using 1.59 mM AQ7 solution, 7.5 mL 30% m/V
H,0,, and 32.5 mL ultrapure water in a 100 mL roundbottom flask. The reaction vessel was
submerged up to its neck in 500 mL 18 °C tap water, held by a 600 mL beaker. Both of these
liquids were stirred at 600 rpm in each experiment. The amount of GNF and oGNF composites
was such that it always contained the same mass of CooMnQ4 (25 mg), as set out by Table 7.

This corresponds to 0.6 mg/mL catalyst concentration.
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Catalyst Co2MnO0Og4- Co2MnOg- Catalyst Co2Mn04-CB | Co2MnOg4-
loading GNF GNF loading oCB

(%) (%)

23.8 90.8 90.9 16.7 99.2 100.1

31.3 97.6 97.9 28.6 102.4 64.1

38.3 99.5 100.2 37.6 100.5 39.8

55,5 101.3 101.8 42.9 101.1 96

71.3 104.9 104.8 47.5 77.9 99.5

Samples of 800 pL were taken before the catalyst was added and at 7.5, 15, 30 and 60 min
after the catalyst was added. The sample was passed through a 0.2 um pore size hydrophilic
PTFE syringe filter and its absorbance was measured immediately after the sample was taken.

Similarly, the CB and oCB composites were also used in a way that ensured that there
was always the same amount of catalyst present, which in these cases was 12.5 mg Co;MnOQa.

(See Table 8). This corresponds to 0.3 mg/mL catalyst concentration.

5.3.2.5 Saturation of CB, oCB Composites

A batch of 62.5 mg of 16.7% Co,Mn0O4-CB and 16.7% Co2Mn04-0CB each were put into
15 mL 1.5mM AQ?7 solution for 3 days. Then the mixture was centrifuged at 10000 rpm for
10 min and the liquid was decanted. The materials were then resuspended in a dye degradation
reaction mixture of the same composition of other such experiments in this chapter. These

catalysts are referred to as presaturated in the discussion of results.

Table 7 — Summary of the amount of catalyst used of each loading in any dye degradation or adsorption
experiment along with the corresponding active phase content for CooMnQ04-GNF and Co2MnQ0s-0GNF composites

Catalyst m(Co2MnO;-
mM(Co2Mn04-GNF) | m(Co2Mn0Oa) m(Co2Mn0Oa)
loading oGNF)
(mg) (mg) (mg)
(%) (mg)
23.8 105.7 25.2 105.7 25.2
31.3 80.2 25.1 80.2 25.1
38.3 66.3 25.4 66.3 25.4
55.5 45.2 25.1 45.2 25.1
71.3 354 25.2 354 25.2
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Table 8 — Summary of the amount of catalyst used of each loading in any dye degradation or adsorption

experiment along with the corresponding active phase content for Co2MnQ4-CB and Co2Mn0Qs-0CB composites
Catalyst
m(Co2Mn04-CB) | m(Co2Mn04) | m(Co2Mn04-0CB) | m(Co2MnO04)
loading
(mg) (mg) (mg) (mg)
(%)
16.7 74.9 12.5 74.9 12.5
28.6 43.7 12.5 43.7 12.5
37.6 33.2 12.5 33.2 12.5
42.9 29.1 12.5 29.1 12.5
47.5 26.3 12.5 26.3 12.5

5.4 Discussion of Results

5.4.1 Characterisation of Co, Mn Spinels

In the first part of this project four different Co, Mn spinels were synthesised through the
same hydrothermal method. This method can be used to produce any Co, Mn mixed spinels of
Co3-xMnxQg4 structure, but in the case of this project materials of x=0, 1, 2, 3 were produced,
which means Co304, Co;Mn04, CoMn204 and Mn30a4. This procedure involves the preparation
of an intermediate slurry and its subsequent hydrothermal treatment. Chun et al., the original
authors of this method, omitted crucial details from their publication, namely how exactly the
heat treatment was done; they only published that this step is done at 180 °C for 40 min. An
assumption was made that this step is a hydrothermal treatment, since these are very common
in the production of Co, Mn spinels. [31-33] This method worked well in the production of
Co304 and Coz2MnO04, but CoMn;04 and Mn304 were still not possible to produce in a phase-
pure way (For a representative diffractogram of early samples see Supplementary figure 20). It
was found that both increasing the hydrothermal temperature or length led to the
disappearance of MnOOH traces, but it was also found that increasing the temperature
significantly affected the estimated crystallite size, so increasing the length of this step to 4 h
was chosen (See Supplementary figure 21, Supplementary figure 22) . The reaction steps are
also illustrated by schematic equations (36) and (37). [192]

The production of Mn304 required significantly more optimisation to reach phase-pure
production than any of the other spinels. When Mn304 was attempted to be produced using

the method that was used for the other Co:Mn ratios the desired product only formed on the
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walls of the PTFE insert of the hydrothermal reactor, with the bulk slurry being mostly
unchanged (see Supplementary figure 22). Several changes to the synthetic method were tried
like excluding oxygen from the reaction space, or increasing the length and temperature of the
hydrothermal treatment but none of these led to the full disappearance of the MnOOH phase.
The final synthetic procedure used a reaction mixture that was 10-times more dilute for the
Mn(Il) salt, but otherwise identical.

Co** + NHz + Mn** + 0, > [Co(NH3)6]** + MnOOH + Mn; 0,3 (36)

Hydrothermal treatment (37)
[Co(NH3)4]?* + MnOOH + Mn, 0,5 Co3_yMn,0,

Due to the nature of these spinels, it is difficult to calculate accurate percentage yields
for all four materials, since the mixed spinels can precipitate as other ratios than 2:1 and 1:2
Co: Mn, and knowing this ratio is crucial for calculating the yield. Not all batches were analysed
with XPS so these ratios are not known for all samples, and the oxygen content can also vary
slightly. Nonetheless, if we assume that the product is exactly Co,MnOs4 or CoMn;04 and
nothing else, then the average yield of their syntheses are 100.943.3 and 100.5+1.6%,
respectively. These values were calculated with sample masses after vacuum drying but it has
to be assumed that there is still some amount of water bound to the crystals. More discussion
of this issue to follow in later subchapters. The yields of Co304 syntheses were calculated to be
96.7+1.2%, while Mn304 was produced with a yield of 96.1+2.8% vyield. All calculations were
based on the products of three identical syntheses.

The general approach producing the materials of this chapter was that the synthetic
process of the neat metal oxide would be optimised, and then this would be used to produce

composites without further optimisation.

Spinel Average production | Standard deviation
(mg)

Co304 252.1 3.1

Co2Mn0Og4 391.2 13.2

CoMn;04 381.5 5.7

Mn304 24.0 0.7

5.4.2 Bulk Characterisation

X-ray diffraction was the main tool used in guiding the optimisation of the synthetic

procedure, so these results are discussed first.
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Figure 54 — a: X-ray diffractograms of the prepared Co, Mn spinels along with a relevant simulated reference
diffractograms; b: Results of Williamson-Hall analysis showing different contributions to XRD peak
broadening; c: Average crystallite sizes estimated using the Scherrer-equation.

The final products of the optimised synthesis produced low intensity XRD peaks, but
otherwise the diffraction pattern allowed good identification as illustrated by Figure 54. All
diffractograms show significant deviation from a flat baseline, which is due to the X-ray
fluorescence of Co and Mn ions when XRD analysis is done with a Cu anode. The two main
factors resulting in low intensity of these peaks are poor crystallinity and small crystallite size;
this issue will be discussed in more detail later on in this subchapter. The X-ray diffractograms
of these Co, Mn spinels were identified using Co304 or Mn304 reference patterns (CID:1526734
and CID:1536781, respectively). These matched the binary oxides quite well. The diffractogram

of CozMnQ4 shows a slight shift towards smaller 26 values when compared to Co30a, while the
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peaks of CoMn;04 are slightly shifted towards larger 20 values compared to Mn304. According
to Bragg’s law smaller diffraction angles are associated with larger interatomic spacings, and
vice versa. A CooMnOjs lattice can be thought of as a Co304 lattice where Co(lll) ions (61 pm)
have been swapped for Mn(lll) ions (65 pm), while CoMn;0a4 can be thought of as a Mn304
lattice where Mn(ll) ions (83 pm) were swapped for Co(ll) ions (75 pm). This explains the shifts
in diffraction patterns. The diffractograms were exaggerated to 3-times the recorded
intensities to better show the otherwise low intensity, broad peaks.

Secondary analysis of this data was used to try to uncover the source of peak broadening.
Two methods were used, the Scherrer-method and the Williamson-Hall method, but due to the
limitations of these methods and the X-ray fluorescence of the samples, only tentative
conclusions can be drawn. The Scherrer-method is often used to estimate the size of coherently
diffracting crystalline domains, which is a lower limit for particle size. This method is considered
rudimentary at best, as it makes a number of assumptions, the two main ones being that
particles are spherical and that peak broadening is entirely due to size effects. Nonetheless, it
can be used to draw the conclusion that the two Co-containing spinels are significantly different
from the Mn-containing spinels, due to some mixture of size and strain effects (see Figure 54b).
The Williamson-Hall method is more appropriate for differentiating between size and strain
effects, but it works best with diffraction patterns free of distortions like X-ray fluorescence. It
is important to note that the Williamson-Hall plot shows the components of line broadening
and their extent, but these are often inversely proportional to the physical property that causes
the line broadening. For example, a small size component means that the peak broadening is
due to size effects only to a small extent, which would mean that the coherently diffracting
domains are large. [196] The trend in size components mirrors the trend in crystallite sizes
estimated with the Scherrer method. The strain component of these spinels shows a trend
where the less Mn is in a sample, the more microstrain it is showing. This trend will be further
discussed in the XPS Analysis subchapter. Overall Co;MnOQ4 exhibits the largest size and strain
component. This means that this material contains the smallest crystallites, and also has the
largest amount of microstrain.

After X-ray diffraction analysis, an attempt was made to image these materials using SEM,
but this was relatively uninformative, as all four materials formed large, poorly defined

aggregates (see Supplementary figure 24 - Supplementary figure 27). It can be said however
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that the more Mn there is in a sample, the more likely it is to show clear particle boundaries

and to be heterogeneous in terms of particle size and shape.

Particle size (nm)

Figure 55— Bright field STEM images of CooMnQa4 samples; a: Image at lower magnification, showing the metal
oxide particles scattered across the surface of the lacy carbon support film on the sample holder; b: Higher
magnification image of individual particles.

TEM was also considered in the analysis of these materials, but only in the case of
Co2Mn0O4 was it actually used, because as later results show, this spinel showed the highest
catalytic activity. The mean particle size was found to be 6.6 £ 3.1 nm. The particles are very
small, which partly explains the low intensity, broad XRD peaks. As part of the TEM analysis XRF
was used to measure the elemental composition of the sample, which showed a Co:Mn ratio
of 1.6:1.0.All four of these Co, Mn spinels were also analysed via N sorption, in order to study
how constitution affects surface area. As illustrated by Figure 56, an opposite trend is seen in
the measured surface area when compared to estimated crystallite size. This makes sense,
since smaller crystallites allow for a more granular surface which in turn leads to a higher
surface area. Published surface area values for similar Co304 materials are in the 20-125 m?/g
range [21-22], while published values for Mn304 are in the range of 10-180 m?/g. [23-24]
Surface areas for similar Co, Mn spinels are in the range of 30-100 m?/g, with higher Co content
generally leading to higher surface areas. [25-35] The above means that the surface areas of
Co304, CoMn;04 and Mn304 fall within the range of published values, but CooMnO4 exhibits a
very high surface area that is among the highest values published for non-templated and non-

supported Co,MnO4 materials.
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Figure 56 — Surface areas calculated from N2 sorption experiments via BET theory for all four Co, Mn spinels.

Finally, these four Co, Mn spinels have been studied with thermogravimetric analysis. The
heating profile in all cases was such that the sample was first brought to 120 °C, where it was
kept for 20 minutes in order to remove all adsorbed water. This explains why some of the
graphs below start at values less than 100%. Then the samples were heated to 900 °C at a
heating rate of 5 °C/min.

In all four cases only a relatively small weight loss was recorded (note the vertical axis
limits). In the case of Co304 a large drop was seen around 900 °C, which is in good agreement
with published values of the thermal reduction of Co(ll,lll) oxide to Co(ll) oxide. [198] On the
other hand, the trace of Mn304 shows a small weight loss step at about 550 °C, marked with an
asterisk on Figure 56b. This is most likely due to a trace amount of MnO; being present in the
sample, which is thermally reducing to Mn304 at this temperature. [199] In the case of the
other spinels one sharper weight loss step can be seen, and then a gradual decline until a
plateau between 700 and 900 °C. This is due to the gradual release of oxygen atoms and
subsequent reoxidation at high temperature. Wang et al. have found that the final weight loss
after such a gradual decrease is indicative of oxygen vacancies or defective oxygen sites, with
the final weight loss and the amount of oxygen vacancies in the sample being inversely
proportional. [200] This would mean that Mn304 has the largest number of oxygen vacancies,
followed by Co304, with the mixed spinels having the least, but roughly equal amount of oxygen

vacancies. This question will be revisited in the next subchapter.
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Finally, these Co, Mn spinels were assessed on the atomic level using XPS. The main aim

of this analysis was to gain further understanding of the constitution of the samples both in

terms of elemental make-up and the oxidation states of the present metals.
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Figure 57 — XPS spectra of a Co304 sample; a: Survey spectrum; b: High resolution spectrum of the Co 2p
region; c: High resolution spectrum of the O 1s region for a Co304 sample.

The results of XPS analysis for Cosz0; is illustrated by Figure 57.The survey spectrum for

Co304 shows no sign of any element other than Co, O and adventitious C. The Co(ll) oxides and

hydroxides produce strong satellites between the Co 2ps;2 and Co 2p1/2 peaks which are not

present here. The peak shape of the Co 2p signal is broadly consistent with published results

for Co304 although there is less asymmetry than expected which can be symptomatic of a minor

secondary chemical environment, such as terminal metal ions being bound to hydroxide groups

or containing oxygen vacancies instead of oxides. Nonetheless this peak was deconvoluted into
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Co(ll) and Co(lll) signals according to Biesinger et al.11, and the ratio was found to be 43% Co(ll)
to 57% Co(lll). [46] This is slightly different than expected for a Co304 sample, which would
normally be 33% Co(ll) and 67% Co(lll). Notably, it is in line with the findings of Long et al. who
reported that Co(ll) can migrate to the surface of Cos04 crystals. [166] The positions of the
Co 2p peaks and the extent of the splitting between them is also consistent with published
results for Co304. [201] The relatively low spin-orbit coupling value of 15.1 eV also points

towards low-spin Co(lll) being the dominant ion. [41-42]
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Figure 58 — XPS spectra of a Mn304 sample; a: Survey spectrum; b: High resolution spectrum of the Mn 2p
region; c: High resolution spectrum of the O 1s region of a Mn304 sample.

The high resolution O 1s signal can be deconvoluted into three separate peaks, which

have been identified as the signal of the lattice oxide ions, chemisorbed oxygen ions and

11 Co0 and CoOOH were used as proxies for Co(ll) and Co(lll) simply because this is what was published by
Biesinger et al., and there are no other high quality publications with CoO and C020s.
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hydroxides, where the first two are dominant with roughly equal areas. The deconvolutions of
O 1s spectra will be discussed collectively for the four spinels in order to identify any trends.

The results of XPS analysis of a Mn304 sample is shown by Figure 58. The survey spectrum
for Mn304 shows only Mn, O and adventitious carbon signals. The spin-orbit coupling in the
Mn 2p signal is similar to values published by other researchers but this is considered only weak
evidence of oxidation state distribution. [43-44] Mn(ll) and Mn(IV) oxide phases produce
characteristic peak shapes, the former usually has a pronounced satellite peak between
Mn 2p1/2 and Mn 2ps/2, while the latter shows significant asymmetry in the Mn 2ps/2 peak, and
none of this is visible on the spectrum, which supports the identification of Mn30a4. The
Mn 2ps/2 peak has been deconvoluted into Mn(Il) and Mn(lll) oxide peaks according to Barreto
et al.. [206] This allows the estimation of the average ratio of Mn(ll) and Mn(lll) in the analysed
depth, which shows 45% Mn(ll) and 55% Mn(lll). This means there is a slight excess of Mn(ll)
ions on the surface of the sample, compared to the 33% Mn(ll) that would correspond to the
constitutional formula Mn30a4. It is also worth mentioning that the O 1s spectrum shows
substantial hydroxide concentration in the sample, which along with the excess Mn(lll) in the
sample could indicate small surface deposits of MnOOH.

The survey spectra of Co,MnOQs is shown on Figure 59a; it only shows signals of Co, Mn,
O and adventitious C. The high resolution spectra of CooMnQOa4 are shown on Figure 59b-d.
When relative sensitivity factors are taken into consideration, the ratio of Co:Mn is 1.76:1.00
for Co2MnQa. This is very similar to the 1.6:1.0 ratio measured with XRF, which means the bulk
of the catalyst particles are not significantly different from the surface. The high resolution
Co 2p spectrum of this sample shows an even amount of Co(ll) and Co(lll), which is a higher
Co(ll) concentration than what was seen in Co304, while the high resolution Mn 2p region
shows that the large majority of Mnions are in a +3 oxidation state. This is significantly different
from the ratios seen in the Mn304 sample. This means that the co-presence of Co and Mn in
the synthetic mixture leads to redox processes between the metal ions, which leads to a
different ratio of oxidation states when compared to Co304 and Mn3Qg, or potentially minor
MnOOH deposits on the surface of catalyst particles. The spin-orbit couplings in the Co 2p and
Mn 2p spectra are not significantly different from Co304 and Mn304, respectively. This means
that even though the distribution of oxidation states are different, the mixed spinels have
similar overall electronic structures as the binary spinels. Finally the high resolution O 1s

spectrum shows a much higher concentration of lattice oxygen when compared to either Co304
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or Mn30a, which means that the presence of both Co and Mn leads to a more ordered material

with less defective crystals.
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Figure 59 — XPS spectra of a Co2MnO4 sample; a: Survey spectrum; b: High resolution spectrum of the Co 2p
region; c: High resolution spectrum of the Mn 2p region; d: High resolution spectrum of the O 1s region.
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The survey and high resolution spectra of CoMn,04 are shows on Figure 60. Considering
the relative sensitivity factors, the survey spectrum shows a Co:Mn ratio of 0.95:2.00. This is
slightly lower than the expected 1:2 ratio, which means that there is an excess of Mn ions in
the external layer of the sample. Both the Co 2p and the Mn 2p spectra show a different ratio
of oxidation states than what was seen for CooMnOQs, likely due to the same redox processes
that occur in the synthetic mixture prior to the hydrothermal treatment. This sample shows a
large majority of Co(ll) and Mn(lll) ions in the lattice. Furthermore, the O 1s spectrum shows a
similar profile to Co,MnQO4, namely that there is much more lattice oxygen in the sample, and
conversely much less hydroxide/defective oxygen site present compared to the binary oxides.

It is worth finally summarising the findings of XPS analysis for all four Co, Mn spinels.
Binary oxides have been identified by both XRD and XPS as M30a4, with the corresponding
roughly 1:2 M(11):M(lIl) ratio (M:Co or Mn). The two mixed spinels show a very different spread
of oxidation states, likely influenced by the redox processes between the metal ions in the
synthetic mixture prior to the hydrothermal treatment. A larger Co concentration correlates
with a higher Mn(lll) and lower Co(lll) content in the mixed spinel, while a larger Mn
concentration is correlated with a larger Co(ll) content. From this it can be inferred that the
main redox processes are excess Co ions oxidising Mn ions, and excess Mn ions reducing Co
ions. Figure 61 shows the distribution of oxygen bond types in all four samples. The high
resolution O 1s spectra of the binary oxides show the presence of hydroxides in addition to
considerable chemisorbed oxygen ions in the case of the binary oxides. The mixed Co, Mn
spinels show no signs of hydroxides, and a smaller ratio of chemisorbed oxygen ions. This
means these materials are made up of more highly ordered crystals. The trend in these values
is in line with the observations of thermogravimetric analysis in the previous subchapter.
Additionally when both XPS, TEM and XRD analysis results are taken into consideration it can
be said that CooMnOs is a nanocrystalline material, meaning that it is made up of very small,
but crystalline domains, and not a mixture of crystalline and amorphous domains. It is worth
comparing the results of Williamson-Hall analysis to the XPS results. The amount of Mn(lll) in
these spinels mirrors the trend in the strain component that was identified in these materials,

which is explained by the strong Jahn-Teller distortion Mn(lll) ions are associated with.
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Figure 60 — XPS spectra of a CoMn204 sample; a: Survey spectra; b: High resolution spectrum of the Co 2p
region; c: High resolution spectrum of the Mn 2p region; d: High resolution spectrum of the O 1s region.
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Figure 61 — Summary of XPS analysis for all four Co, Mn spinels; a: Ratios of metal ion oxidation states in each
sample; b: Ratios of different O 1s peak contributions.

5.5 Catalytic Activity of Spinels

The catalytic activity of Co304, Co,Mn04, CoMn204 and Mn30s were tested in model
organics removal experiments where AO7 served as the model pollutant, and H;0; as the
precursor to reactive oxygen species which degraded the dye molecules. All four Co, Mn spinels
were tested along with a blank, which did not contain any catalyst, only the dye and H;0,. To
gain a full understand of the catalytic activity of these materials both adsorptive and catalytic

properties were tested.

5.5.1 Adsorption Properties

Adsorption capacities were measured in experiments where certain masses of the spinels
were added to a dye solution, and the reduction in the amount of dye in solution was then
measured after 60 minutes, which is the timeframe of dye degradation experiments, as well.
These adsorption capacity experiments used a starting dye concentration of 0.068 mM and a
catalyst concentration of 0.6 mg/mL, and the results are illustrated by Figure 62. A decreasing
trend between adsorption capacity and Co content can clearly be seen, but overall, Co3z04
exhibits a moderate adsorption capacity, while the other three are quite low. Comparison
between present experimental results and literature values is difficult, as adsorption capacity
strongly depends on particle morphology, adsorbate, and other experimental conditions.
Nonetheless it can be said that the adsorption capacity measured here is in line with published

results for all four spinels, but all Mn containing spinels exhibit adsorption capacity on the lower
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end of published values [46—-52] This trend in adsorption is likely explained by a combination of
surface area, and surface oxygen vacancy and hydroxide group concentration. To fully

understand the driving force in adsorption some additional, targeted research is necessary.
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Figure 62 — Results of adsorption studies of AO7 on the neat Co, Mn spinels; a: Kinetic curve for the adsorption
experiment with Co2MnOQa; b: Summarised adsorption capacities after 60 minutes for all Co, Mn spinels.
Experimental conditions: 0.6 mg/mL catalyst, 0.068 mM AO7.

Finally it is worth mentioning that the kinetics of adsorption was also tested in the case
of Co2MnO4, and a kinetic curve of this experiment can be seen on Figure 62a. The catalyst goes
through a rapid initial adsorption which then gives way for a slower, more stable adsorption. A

time frame of 60 minutes has been chosen as this fits later dye degradation experiments.
5.5.2 Catalytic Activity in Organics Removal

Next the spinels were tested in dye degradation experiments, the results of which are
summarised by Figure 63. All kinetic curves for overall dye removal show a drop in the first
minutes, which is likely explained by rapid initial adsorption. Co304 and Mn30s seem to
facilitate mainly adsorption, and very little additional catalytic activity, and in line with previous
observations, the extent of the initial drop matches measured adsorption capacities. Only the
two mixed spinels show a long-term gradual degradation. Additionally, if one considers the
different contributions to overall dye removal as shown by Figure 63c, it becomes clear that

Co2Mn0O4 and CoMn, 04 facilitate high dye removal with very little adsorption.



- 128 -

1.84a) 3] # — b)
50 A
«  Blank T s
1.6~ Co0, T
c MnO, 2 {
8144 + CoMnO, ~ 5 40
i + CoMn,0, . {
c 1.2+ -6 T . : A 1
8 0 20 40 6 E
S 1.0 - Time (minutes) o 30
o o
o 3
© 0.8 - ~_;
2 520+
wm 0.6
©
= 0.4
o 10
0.2 )
00 T T T T T T O T

o
i
o
N
(=]
W
o
1N
o
(o))
o
[=2]
o

1 T T T 1
Blank Co,0, Co,MnO, CoMn,O, Mn,0,
Time (minutes)

120 4 * Adsorption C)
= Overall dye removal

110 A /7] Truly catalytic dye degradation

-
N W bk U N 0 © O
o ©O O O O o o o o
[ PR NP U R R S SR S
L]

]
7 /I

T T T
Co,0, Co,MnO, CoMn,0, Mn;O,

Dye removal after 60 minutes (nmol/mg)

-
o o
P

Figure 63 — Graphs showing the catalytic activity of all four Co, Mn spinels in dye degradation experiments;
a: Kinetic curves of overall dye removal; b: Observed rates of reactions, assuming that reactions follow
pseudo-first order kinetics; c: Comparison of different dye removal contributions.

Experimental conditions: 0.6 mg/mL catalyst, 0.068 mM AO7, 1.8 M H,0..

To further differentiate the two mixed spinels in terms of activity it is worth considering
how the whole UV-Vis spectra change versus time. The characteristic absorption peak of the
dye (485 nm) only describes the cleavage of the azo-bond in AO7, but that is only the first step
of a complex network of parallel and sequential reactions. [83] A more complete picture can
be given if one considers the UV-portion of the spectra gathered throughout the dye
degradation experiments as illustrated by Figure 64. If a sufficiently low wavelength is chosen
where the detector of the spectrometer is not saturated, the change in absorbance can be used

as a proxy for the further removal of degradation products.
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Figure 64 — UV-Vis spectra of dye degradation experiments with Co2MnQOs and CoMn204 at times of 0, 7.5, 15,
30 and 60 min; a: Co2MnO4; b: CoMn20a.

Experimental conditions: 0.6 mg/mL catalyst, 0.068 mM AO7, 1.8 M H20..

Zheng et al. have reported that after the cleavage of the azo bond, most intermediate
degradation products are substituted benzene and naphthalene compounds, indoles and other
aromatic molecules, which have strong absorption in the UV region. [83] For reference see
Figure 65, which shows the UV-Vis spectrum of AO7 solution without and with H,O, added,
with no catalyst present in both cases. It shows that 310 nm is the lowest suitable wavelength
to be used as a proxy for the removal of degradation products.

According to the above, Figure 64 shows that over a wider range Co2MnOs facilitates a
much greater degree of degradation, since absorbance is strongly declining not only at the
characteristic absorption peak of the dye molecule but also at lower wavelength. This, of
course, cannot be quantified, since the molar absorptivities of the degradation products, and
their ratio in the mixture are unknown, but overall this approach still shows a more complete
picture of the catalytic activity of the two mixed spinels. The method described above have
been used in the case of all spinels, and the results of this are shown on Figure 66.

These results confirm the findings of the previous catalytic activity experiments and also
shows that CooMnOs is actually much more active than CoMn,04. Because of all of the above
Co2MnO04 has been chosen as the most active catalyst out of these four, and all subsequent

experiments will only be using Co;MnOQa.
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Figure 66 — Summary of further organics degradation facilitated by all four Co, Mn spinels using absorption at
310 nm.
Experimental conditions: 0.6 mg/mL catalyst, 0.068 mM AO7, 1.8 M H20..

5.6 Co2Mn0O; Composites

Four types of composites were made altogether, each at five different catalyst loadings.
Two carbon supports (GNF and CB) and their acid oxidised versions (0GNF and oCB) were used.
GNF and CB were chosen as these are examples of two very common macroscale carbon
support types, namely fibrous and spherical. Chapter 2 showed than GNF and CB were affected

by acid oxidation differently, and behave differently in adsorption experiments. One of the aims
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of this chapter is to probe whether these materials and their acid oxidised versions show

fundamental differences when being used as catalyst supports.

5.6.1 Bulk Characterisation

100 nm
]

Figure 67 — Electron microscope images of typical Co2MnO4-GNF particles of 38.3% catalyst loading showing
the distribution of catalyst particles in the composite; a: Overview of composite particles imaged using SEM;

b: TEM image of an individual composite particle;
The yellow arrow highlight the carbon film of the TEM sample holder chip.

Just like the neat spinels, these composites were also analysed with electron microscopy.
Only one composite of each type will be discussed in order to highlight the main characteristics

of these, with the types being Co,MnO4-GNF, CooMn0O4-0GNF, CooMn04-CB and Co2Mn0O4-0CB.
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The GNF and oGNF supported catalysts were analysed with both SEM and TEM, but in the case

of CB and oCB supported catalysts TEM analysis was not possible due to the size of the beads.

Figure 68 — Electron microscope images of typical CooMnOs-0GNF particles of 38.3% catalyst loading showing
the distribution of catalyst particles in the composite; a: Overview of composite particles imaged using SEM;
b: TEM image of an individual composite particle;

The yellow arrows highlight the carbon film of the TEM sample holder chip.

Electron microscopy analysis shows no fundamental difference visible between the GNF
and oGNF supported catalysts; in both cases there are masses of unsupported catalyst, and
also very small particles dispersed along the length of the fibres, both on the internal and
external surfaces of the support. TEM images were also used to generate size distributions of
the catalyst particles. In the case of CooMnO4-GNF the particles are 9.2 + 2.6 nm large, while in
the case of CooMnO4-0GNF they are 8.5 + 2.4 nm. These values are both slightly larger than the

6.6 £ 3.1 nm that was measured for the unsupported catalyst, but the ranges of uncertainty
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largely overlap. If there is indeed a difference between particle sizes, it is likely due to the GNF
and oGNF providing a slightly better surface for crystal nucleation and growth than the internal
wall of the hydrothermal reactor, which could lead to slightly larger particle sizes, but it is not

possible to say solely based on these size distributions.

Figure 69 — SEM images of Co2Mn04-CB composite (50% catalyst loading) showing poor catalyst anchoring; a:
Image of a whole bead and unsupported catalyst; b: Close-up of a bead; c: Close-up of a crack on the surface
of a bead; The colour overlays identify different parts of the sample: Blue: unsupported catalyst, Green:
Composite catalyst particle. Yellow: Undecorated carbon surface.

The electron microscopy analysis of the CB and oCB supported catalyst shows a markedly
different picture. The untreated carbon beads show a poor anchoring of catalyst particles, as
shown on Figure 69. The catalyst particles seem to mostly be localised to the cracks in the
surface of the beads which leads to a low overall coverage. On the other hand, the oCB
supported composite shows a much more even catalyst coverage both on the external surface

and in the surface cracks.



- 134 -

Figure 70 — SEM images of Co2Mn04-0CB composite (50% catalyst loading) showing good catalyst anchoring;
a: Image of multiple beads and unsupported catalyst; b: Close-up of one bead; c: Close-up of a crack on the
surface of a bead; The colour overlays identify different parts of the sample: Blue: unsupported catalyst,
Green: Composite catalyst particle. Yellow: Undecorated carbon surface.

Additionally, it is worth mentioning that there is some unsupported catalyst present on
electron micrographs of all composite types. In the case of the CB and oCB based composites,
these particles were likely never soundly attached, since their sizes are comparable to the
beads, and the catalyst particles also seem to have the negative imprint of the beads on their
surface. These unsupported catalyst particles likely gain no benefit from the beads in terms of
catalytic activity. The studied GNF and oGNF composites also show aggregates of the catalyst
close to a fibre, but these are much smaller. Similarly to ex situ MnO;-GNF composites in
Chapter 1, the unsupported aggregates of Co.MnOs in GNF and oGNF based composites are

expected to still have some additional catalytic activity compared to neat CooMnOa.
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Figure 71 — XRD patterns for all Co2MnO4-GNF (a) and Co2Mn04-0GNF (b) composites and estimated crystallite
sizes for all GNF and oGNF composites (c).

The amount of unsupported catalyst was found to be 22 + 5% for the lowest loadings,
and 38 + 7% for the highest, with no difference having been detected for CB composites versus
oCB composites. The method used to arrive at these values likely overestimated the ratio of
unsupported catalyst, since even undecorated oCB lost about 5% of its mass during the same
procedure. Still, these values signal that a large ratio of the catalyst in not anchored soundly to
the beads, and it also explains the large aggregates of catalyst on the electron micrographs.

The composites were then characterised using bulk analytical methods, of which first XRD
is discussed. In both the GNF and oGNF composites’ case a gradual transition is seen between

the signals of the pure metal oxide and the pure support (see Figure 71). It is worth noting that
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the peaks originating from the catalyst are somewhat stronger in the case of the composites
when compared to the pure metal oxide’s diffractograms. This can be explained by one of two
things: the presence of the support in the hydrothermal synthesis facilitates the precipitation
of either more crystalline or larger particles. This is in line with the observation made via TEM
analysis. The Scherrer-equation was used to estimate crystallite sizes for both GNF and oGNF
composites. The exact values are not taken into consideration, only the trend. In the case of
both carbon supports no difference is seen in terms of crystallite size between the unsupported
catalyst and the composites. Finally, it should be noted that there were not enough high
intensity peaks in the diffraction pattern of either the GNF, oGNF, or CB, oCB composites for
Williamson-Hall analysis.

In the case of CB and oCB composites, the diffraction peaks originating from the catalyst
are similar to the peaks of the unsupported catalyst (See Figure 72). The 16.7% Co,Mn0O4-0CB
is a notable exception, where additional peaks are visible. These are peaks originating from a
Mn, Co mixed carbonate phase, and a Co.MnQ4 phase. [214] The explanation for their presence
is likely that the synthetic mixture of this composite included a large amount of oCB. This likely
led to the neutralisation of a large portion of the NHs in solution and by extension the metal
ions binding to surface carboxylate groups instead, and the subsequent formation of some
amount of Co and Mn carbonates. Lastly, similar to the GNF and oGNF composites the
estimated crystallite size of CB and oCB composites show no difference to the same value for
the neat catalyst.

All 20 composites were analysed using nitrogen sorption in order to measure their
surface areas, as shown by Figure 73. In the case of all composites, there is a broadly linear
trend between the surface area values of the pure support and the pure catalyst. This means
that the catalyst is simply being dispersed on the surface of the support in the case of GNF and
oGNF. In the case of CB and oCB composites, the broadly linear trend likely means that the
catalyst is not just being dispersed on the external surface of the beads but also fills up some

the internal pore structure, since a large portion of overall surface area is due to micropores.
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Figure 72 — Results of X-ray diffraction analysis for CB and oCB composites; a: Diffraction patterns of
C02Mn04-CB composites; b: Diffraction patterns of CooMn0Os-0CB composites; c: Diffraction pattern of 16.7%
Co02Mn02-0CB; d: Estimated crystallite sizes for CB and oCB composites.

Finally, the composites were studied using a thermogravimetric analyser to probe

whether the nominal loading is in agreement with the real loading (see Figure 74).

The GNF and oGNF composites show very good agreement between the expected and

real loading, with the largest deviation being less than 1.5%. The CB and oCB composites

showed a larger variance, in these cases the largest difference between the nominal and real

loading was 4%.
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Figure 73 — BET surface areas for all composites measured via N2 sorption experiments; a: GNF and oGNF
composites, b: CB and oCB composites.
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Figure 74 — Graphs showing the nominal vs real loading of composites; a: GNF and oGNF composites, b: CB
and oCB composites.

5.6.2 XPS Analysis

Finally, the prepared composites were characterised on the atomic level using XPS. The
survey spectra of the GNF and oGNF composites both show the expected peaks associated with
Co, Mn, O and C (see Supplementary figure 28). The high resolution Co and Mn spectra show
no significant difference between the GNF and oGNF composite (see Figure 75). There is no

significant difference between the Co(ll):Co(lll) ratio of the neat catalyst and these composites.



- 139 -

The high resolution Mn 2p spectra on the other hand shows a higher ratio of Mn(ll) than what

was seen for neat CooMnOas.
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Figure 75 - XPS spectra of 31.3% Co2MnO4-GNF and 31.3% Co2Mn04-0GNF composites; a,b: High resolution
Co 2p spectra; ¢,d: High resolution Mn 2p spectra.

This means that if the neat Co,MnQO4 contained minor surface deposits of MnOOH, these
are not present in the case of the GNF and oGNF composites. Overall there are minor
differences between the GNF and oGNF composites and neat Co;MnQ4, and virtually no
difference between CooMnO4-GNF and Co2Mn0O4-0oGNF. As TEM analysis showed the catalyst
particles on GNF and oGNF are in the 5-10 nm range and as such it was not possible to
satisfactorily deconvolute the O 1s signal of these composites due to overlapping binding

energies.
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The XPS analysis of CB and oCB composites proved much more challenging than the GNF
and oGNF composites. When UHV XPS was attempted to be used, very little signal was
detected, so a near atmospheric pressure instrument was used instead (see Supplementary
figure 29). This generally leads to lower signal intensities due to the large amount of N; gas
particles in the analysis chamber (see Supplementary figure 30). Despite these efforts no XPS
spectra was obtainable that would afford the author further analysis of the CB and oCB

composites.

5.7 Catalytic Activity
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Figure 76 — Kinetic curves of adsorption and degradation of Acid Orange 7 facilitated by Co2MnOs-GNF
composites; a: Kinetic curves for adsorption (without H202); b: Rates of adsorption; c: Kinetic curves for dye
degradation (with H202; monitored at 485 nm); d: Reaction rates for dye degradation (monitored at 485 nm).
Experimental conditions: 0.6 mg/mL equivalent catalyst, 0.068 mM AQO7, 1.8 M H»0..
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Finally, the catalytic activity of the prepared composites was tested in dye removal
experiments. Two types of experiments were conducted, one aimed at testing adsorption
capacity and one aimed at testing catalytic activity, both on a 60 min timescale. In dye
degradations, the amount of composite catalyst used was such that it always contained the
same amount of the catalytically active component. These were then used to generate rates of
adsorption and rates of dye degradation. This was done by assuming that all reactions follow a
pseudo-first order kinetic profile, and so the slope of In c(dye) vs time curves were taken to be
-k. Different dye removal contributions were also taken into consideration in evaluating the
catalytic performance of each composite. The aim of this part of the project was to compare
and contrast composites made with normal and acid oxidised supports, while also identifying
the composites with the highest truly catalytic degradation. All individual kinetic curves can be
seen in the Supplementary information section (Supplementary figure 31 to Supplementary
figure 40).

The kinetic curves of CooMnO4-GNF composites are shown on Figure 76, along with rates
of adsorption and degradation. The kinetic curves show a similar line shape as adsorption on
GNF in Chapter 2. Based on these results there is a short initial phase of rapid decrease in dye
concentration, and then a much slower gradual decrease. Overall, these rates of adsorption
and degradation are quite low (consider that MnO2-GNF composites exhibited degradation
rates of (40-100)-103 mint), and in almost all cases lower than the neat catalyst. The catalyst
facilitating the highest rates of adsorption and degradation is 23.8% Co2MnQO4-GNF, likely due
to the lowest loading being correlated to the highest dispersion of catalyst particles.

After assessing the kinetic aspect of catalytic performance, the dye removal facilitated by
each composite was quantified in terms of truly catalytic degradation. In addition to the
amount of truly catalytic degradation after 60 minutes, this metric plotted against time is also
considered in evaluating catalytic performance.

Figure 77 illustrates that all GNF composites facilitate less overall removal and truly
catalytic degradation than the pure catalyst. This is most likely due to the fact that catalyst
particles on the internal walls of fibres become less accessible during the reaction due to a
combination of the hydrophobicity of the fibres and O, gas being produced as a side product
of Fenton chemistry. These factors can lead to the internal channel of the fibres being blocked

off from the reaction mixture by O, gas. It is also apparent, that the truly catalytic degradation
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is increasing with time in the case of the pure catalyst and the composite of 71.3% loading,

while in the other cases it levels out very quickly.
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Figure 77 — a: Graph showing truly catalytic dye removal versus time for CooMn0O4-GNF composites and
Co2Mn0g; b: Graph summarising different dye removal contributions at the end of each experiment for
C02Mn04-GNF composites and Co2MnOa.

Experimental conditions: 0.6 mg/mL equivalent catalyst, 0.068 mM AQO7, 1.8 M H.0..

In terms of catalytic activity, the higher the better, of course, but since the activation of
H,0; is highly exothermic, heat dissipation would also have to be taken into consideration in
any real life application, which would most likely be aided by the presence of a highly thermally
conductive support, as it was seen in Chapter 1. Overall, the best performing catalyst is the one
of 71.3% loading at roughly 41 nmol/mg over 60 minutes, but these findings also signal that
GNF is not a suitable support for this catalyst in this application.

Next, the Co,MnQO4-0GNF composites are discussed along the same lines of argument as
the GNF composites (see Figure 78 and Figure 79). Adsorption on the oGNF composites follow
a similar kinetic curve as undecorated oGNF. Similar to oGNF the process reaches a plateau
after 15 min, after which there seems to be negligible adsorption happening. This shows that
even though Chapter 2 showed that acid oxidation did not significantly change GNF when it
comes to surface morphology or chemistry, adsorption on oGNF composites seems to be
suppressed compared to GNF composites. The rates of dye degradation signal very low catalytic
activity in the case of oGNF composites of up to 55.5% loading, but the 71.3% Co2MnO4-0GNF
composites facilitates a slightly higher rate of degradation than the neat catalyst. This is

surprising, since this composite did not show outstanding physical properties in previous
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characterisation; to uncover the source of this observation more characterisation, like electron

microscopy analysis, would be necessary.
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Figure 78 — Kinetic curves of adsorption and degradation of Acid Orange 7 facilitated by Co2MnOQOs-0GNF
composites; a: Kinetic curves for adsorption (without H202); b: Rates of adsorption; c: Kinetic curves for dye
degradation (with H202; monitored at 485 nm); d: Reaction rates for dye degradation (monitored at 485 nm).
Experimental conditions: 0.6 mg/mL equivalent catalyst, 0.068 mM AO7, 1.8 M H20..

It should be noted that both the GNF and oGNF composites facilitate a higher rate of
reduction in absorbance at 310 nm, and by extension more rapid removal of degradation
products than neat Co;MnOQOs (see Supplementary figure 32). This is a good sign of overall
catalytic performance but this removal should be quantified in order to draw any concrete

conclusions.
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Figure 79 — a: Graph showing truly catalytic dye removal versus time for CooMnQs-0GNF composites and
Co02MnO0g; b: Graph summarising different dye removal contributions at the end of each experiment for
C02Mn04-0GNF composites and Co2MnOas.

When considering the different dye removal contributions a similar trend can be seen as
with the GNF composites, in that all oGNF composites perform worse than the pure catalyst.
The curve shapes on Figure 79a are similar to the GNF composites, but in this case all
composites’ activity plateaued in the studied timeframe at a much lower value that the pure
catalyst. The most active catalyst out of these five materials is the composite of 55.5% loading
with a truly catalytic degradation of 38 nmol dye degraded per mg catalyst. All of the above
confirms that neither GNF nor oGNF are suitable catalyst supports for this catalyst, in this
application. All of the studied indicators of catalytic performance are lower when oGNF
composites are compared to GNF composites.

Next the performance of the CB and oCB supported catalysts are evaluated in the same
manner as above. The results for the CB composites are shown by Figure 80 and Figure 81. One
thing that is immediately apparent when looking at Figure 80a, is that adsorption on the CB
composites is more gradual and no step change is visible. The rates of adsorption and catalyst
loadings are inversely proportional. The two composites of lowest loadings facilitate higher
rates of both adsorption and degradation when compared to the pure catalyst. It has to be
noted that rates of degradation describe overall dye removal, which includes adsorption, so it

makes sense that the rates of adsorption and rates of degradation follow a similar trend.
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Figure 80 — Kinetic curves of adsorption and degradation of Acid Orange 7 facilitated by Co2MnQ04-CB
composites; a: Kinetic curves for adsorption (without H202); b: Rates of adsorption; c: Kinetic curves for dye
degradation (with H202; monitored at 485 nm); d: Reaction rates for dye degradation (monitored at 485 nm).
Experimental conditions: 0.3 mg/mL equivalent catalyst, 0.068 mM AQO7, 1.8 M H»0,.

By extension it is likely that the composites of 16.7 and 28.6% loadings exhibit these high rates
of adsorption and degradation because these contain the highest ratio of undecorated
graphitic surfaces.

When considering the amount of dye removed truly catalytically by these composites, it
can be seen that the composite of 42.9% loading and the pure catalyst remove 77 and
76 nmol/mg respectively, so based on this metric the most active catalyst is the one of 42.9%

loading (see Figure 81).



- 146 -

220 220 -
|l *» 16.7% a) | ¢ Adsorption b)
e 286% —_ = Overall dye removal
2009 , 3769 o 200 1 [ZZZZ] Truly catalytic dye degradation
— 1 e 429% £ 1
CE’”BO- . 475% S 180+
= 1 ¢ Co,MnO, e
g £ 160 .
< i)
= 2 1401
g =
g £ 120 . .
o
(1]
= © 100 . .
£ e il
> -
_'_g c_‘z 80
©
(&] 8 80 .
= £
E g 40 4 .
=
o 204 2
é 4
D T T T T T
0 20 60 80 100
Time (minutes) Catalyst loading (%)

Figure 81 — a: Graph showing truly catalytic dye removal versus time for CooMnQ4-CB composites, CB and
Co2Mn0g; b: Graph summarising different dye removal contributions at the end of each experiment for
C02Mn0s-CB composites and Co2MnOa.

Finally, the oCB supported catalysts are discussed in the same way as above (see Figure
82 and Figure 83). The rates of adsorption show a similar trend as the composites of CB did,
meaning that catalyst loading is inversely proportional to rates of adsorption, the highest
values belonging to the composite of 16.7% loading. This is likely explained by surface coverage
by catalyst particles being directly proportional to catalyst loading, and that the catalyst
particles are significantly less adsorptive. These rates are generally lower than those of the CB
composites which signals a hindrance to adsorption. The rates of degradation are generally
much lower than those of the CB composites, as well, but follow a similar trend as CB
composites. The highest values are exhibited by the composites of 16.7, 28.6 and 47.5%
loading.

Similarly to GNF and oGNF composites, both the CB and oCB composites exhibit a similar
rate of reduction in absorbance at 310 nm as neat Co2MnOQg, regardless of catalyst loading. This
can be a good sign of overall catalytic activity, but further work would be necessary to draw

any concrete conclusions.
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Figure 82 — Kinetic curves of adsorption and degradation of Acid Orange 7 facilitated by Co2MnQs-0CB
composites; a: Kinetic curves for adsorption (without H202); b: Rates of adsorption; c: Kinetic curves for dye
degradation (with H202;monitored at 485 nm); d: Reaction rates for dye degradation (monitored at 485 nm).
Experimental conditions: 0.3 mg/mL equivalent catalyst, 0.068 mM AQO7, 1.8 M H»0,.

When looking at truly catalytic degradation in the case of oCB supported catalysts there
is a catalyst that exhibits a significantly better performance than the pure catalyst, at roughly
twice the amount of dye removed by each mg catalyst (76 vs 156 nmol/mg). This fits the trend
of the CB supported catalyst in that the higher loadings tend to have higher activity. It also
becomes apparent that adsorption is significantly suppressed in the case of all oCB composites

when compared to CB composites.
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Figure 83 — a: Graph showing truly catalytic dye removal versus time for Co2MnQ4-0CB composites and
Co02Mn0s; b: Graph summarising different dye removal contributions at the end of each experiment for
Co02Mn04-0CB composites and Co2MnOa.

In summary, it can be concluded that GNF and oGNF seem to be unsuitable to be used as
catalyst supports in this specific application, while CB and especially oCB have good metrics of
catalytic performance. Rates of adsorption and degradation follow the same general trend,
which is due to the co-occurrence of adsorption and degradation in any dye removal
experiment. Truly catalytic dye removal seems to be inversely proportional to the rates
facilitated by any catalyst. This makes the development of these catalysts challenging, as the
ideal trade-off between rapid degradation and high overall removal will depend on the exact
application and its operational parameters. It might be surprising that the best catalyst has
such a high loading, as industrial composite catalysts usually have 5-10% catalytically active
components at most. One reason why high loadings show such good activity here is that there
is a very large discrepancy between the catalytic activity of the pure catalyst and the adsorptive
activity of the undecorated carbon beads. Higher loadings will inevitably cover more of the
surface of the beads and thus hinder adsorption. Another reason could be that the beads have
very large surface areas, most of which stems from the internal pore structures. The catalyst
will inevitably occupy both the external surface and the internal pore system. Catalyst particles
inside the pore structures are likely less accessible to reactants, especially since one of the side
products of H,0, decomposition is Oz gas, which can block pores. That being said 47.5%

Co2MnO04-0CB has been identified as the best catalyst in this group of 20 composites.
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5.8 Reusability

Finally, as part of this chapter’s investigation into the catalytic performance of these
composites, specific experiments were conducted to probe the reusability of a CB and an oCB
supported catalyst. Based on observation made so far, it is fair to say that in each reaction a
batch of catalyst is used, it will irreversibly adsorb some amount of organics. This process
eventually leads to the adsorptive saturation of a batch of catalyst over a number of
consecutive usages. Considering that a typical experimental mixture contains 2.5 umol of dye,
and that CB and oCB have adsorption capacities of 1500 and 950 nmol/mg, respectively, the
saturation of any CB or oCB composite would take dozens of reactions. In order to study the
endpoint of this saturation process a 16.7% Co2Mn04-CB and a 16.7% Co2Mn0Os-0CB was
saturated with AO7. These composites were chosen for two reasons: relatively low saturation
times and lower amounts of unsupported catalyst. It was found that saturating these beads
with the dye can be quite difficult at higher loadings as the rate of adsorption can be very low,
and to overcome this problem composites of 16.7% loading were used.

To prove that the catalysts are saturated, an experiment was done, where a batch of each
composite was placed into the same dye solution that was used in other adsorption
experiments and the dye concentration was monitored over 60 min. Also, to account for the
small reversibility in adsorption, an experiment was done to see how much dye desorbs from
both batches of catalyst in ultrapure water of the same volume as typical reaction mixtures.
The difference between desorption and adsorption has been named net sorption. As Figure 84
shows net sorption is generally unchanged over the studied timeframe, which means that
adsorption and desorption can be assumed to be negligible. These experiments confirm that
as the composites get saturated their overall activity decreases, and the truly catalytic activity
also decreases somewhat (see Figure 85).

In the case of the CB composite, an unused batch facilitated 1.1 + 0.5 nmol/mg truly
catalytic degradation, while the same metric for the presaturated batch is 0.83 * 0.5 nmol/mg.
This proves that once this CB supported catalyst is adsorptively saturated its truly catalytic
activity reaches zero. On the other hand, in the case of the oCB composite, truly catalytic
degradation changed from 16.2 + 0.4 nmol/mg to 14.0 * 0.4 nmol/mg which signals that even
after saturation, roughly the same catalytic activity is still present. These results also highlight

the importance of avoiding the adsorption of organics on the catalyst in this application in order
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to maintain high truly catalytic activity in the long term. As previous results show, the

adsorption of the reactant on the composite catalyst is mostly irreversible.
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Figure 84 — Kinetic curves for presaturated catalysts in dye degradation experiments; a: CB composite; b: oCB
composite.

Finally, the catalytic efficiency of a new and a presaturated batch of 16.7% Co.MnQO4-CB
and 16.7% Co,Mn04-0CB catalysts were quantified. In line with previous experiments, the
unused CB composite has negligible catalytic efficiency, which only slightly improves with
saturation (from 0.051 + 0.025 to 0.33 + 0.053%). On the other hand the catalytic efficiency of
the oCB composite changes from 0.78 + 0.07% for the new batch, to 8.8 £0.4% for the
presaturated one, which is a roughly tenfold increase and is significantly more than any other
value recorded in this work. This practically means that in the case of presaturated composites,
the amount of H,0; consumption needed to achieve a certain level of truly catalytic
degradation improved significantly.

In the case of 62.5 mg fresh CB composite 1.07 umol dye was degraded with 2080 pmol
H202 consumed, and this changed to 1.70 umol dye being degraded with 519 umol H;0;
consumed for the presaturated CB composite. In the case of 62.5 mg oCB composite these
values were 16.3 umol truly catalytically degraded dye with the consumption of 2090 umol
H,0; in the case of the fresh composite, and 14.0 umol truly catalytic dye degradation with

160 umol H,0; consumed for the presaturated compositel2. Since the H,0; consumption

12 The ratio of dye degraded to H20> consumed might seem very low, but keep in mind that AO7 is a large
molecule, and not a 100% of H202 decomposition reactions produce ROS. The full mineralisation of AO7 would
take dozens of equivalents of ROS, which explains why so much H0: is needed in these degradation reactions.
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decreased in both cases between the fresh and presaturated composites, it is likely that the
adsorbing organics cover some catalyst particles, for example in the pore structures, but the
full elucidation of this deactivation mechanism would require further, targeted

experimentation.
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Figure 85 — Graphs describing different contributions to dye removal for a selected CB and oCB composite
catalyst using a new and a presaturated batch; a: Comparison between net catalyst batches; b: Comparison
between presaturated catalyst batches; c: Comparison between catalytic efficiencies.

The findings of this subchapter underline the importance of having a more detailed
understanding of catalytic activity in this field, while also highlighting the significance of

suppressing unwanted adsorption in order to maximise catalytic activity.
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5.9 Conclusions and Future Prospects

The main question this chapter investigates is how the acid oxidation of GNF and CB
change these materials’ properties as catalyst supports in Fenton-like organics removal
experiments. The chapter starts out by presenting the results of an optimised synthesis for Co,
Mn spinels, which have been chosen as the catalyst of interest, since previous literature survey
has indicated these materials are suitable catalysts of both the electrochemical generation and
activation of H,0,. The presented results confirm that the prepared spinels are highly active in
Fenton-like organics removal experiments, the most active catalyst having a higher truly
catalytic dye removal than the most active MnO,-GNF composite of the first chapter along with
excellent physical properties, like extremely small particle size and a surface area that is among
the highest ever published values for Co,MnQO4 samples.

This metal oxide was then used to produce composite catalysts with GNF, oGNF, CB and
oCB which were assessed in similar organics removal experiments. In the case of GNF, oGNF
and CB composites the resulting composites showed a catalytic activity that was below that of
the neat Co;MnO4 both in terms of kinetics and quantified dye removal. The Co,Mn04-0CB
composites showed a comparable or higher catalytic activity than the unsupported catalyst,
while also showing suppression of unwanted adsorption when compared to CooMnQO4-CB
composites. Finally, the reusability of CB and oCB composites were probed in a proof of concept
experiment compared the first use of a catalyst to its adsorptively saturated end state. This
experiment showed that the high apparent overall dye removal of a CB composite is mostly
due to adsorption at both the unused and saturated stage, while the studied oCB composites
showed a sustained activity and even a significant increase in catalytic efficiency.

The work presented in this chapter would benefit from a few, small studied that could
lead to a deeper understanding of the studied processes. XRD analysis with an instrument
equipped with a Co X-ray anode would allow for the generation of higher quality X-ray
diffractograms, and as such unlock the possibility of more precise secondary analysis of XRD
data. The ICP-MS analysis of samples taken during organics removal experiments could help
guantify the amount of Co and Mn leaching, which would then help identify what extent of
catalytic activity is due to a heterogeneous mechanism induced homogeneous mechanism. FIB-
SEM analysis could help identify the exact position of catalyst particles in CB and oCB samples,
mainly identifying to what extent does the catalyst occupy the internal pore structures vs the

external surface. Finally, studying how the pH of the synthetic mixture changes in the
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production of oCB composites with the amount of oCB used could help identify any mechanism
that led to the emergence of a minor Co, Mn carbonate phase in the case of 16.7% Co;MnQg-

oCB.
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Chapter 6 - Assessment of Electrocatalytic Activity of
Carbon Supported Co, Mn Spinels in Oxygen Reduction

6.1 Introduction and Literature Review

This chapter discusses the evaluation of catalytic activity in O, reduction of materials
previously studied in Chapter 3. The aim is to evaluate what electrochemical processes are
being facilitated by these materials and to identify the most catalytically active one. The final
aim of this project is to create a bifunctional catalyst that is capable of both efficiently
generating and activating H.O; in order to generate ROS for the degradation of aqueous
organics.

The research of oxygen reduction reaction (ORR) is a very active field, with over 2500
articles being published in each of the last five years, as indexed by Scopus. According to Yang
et al. the main motivation for this is that the most commonly used industrial production
method of H,0,, the Anthraquinone process, has significant drawbacks.[215] High
concentration solution have to be produced in order to maximise the economy of the process
but this necessitates energy intensive distillation processes, and increases transportation and
storage costs further down the value chain, since high concentration H,0, is extremely
flammable. H,0; is widely used in paper production, synthetic chemistry, water treatment, etc,
so it would be highly desirable if the production of it shifted to a localised, on-demand method,

Yang et al. argue.

30000

* Total
= New

22500
w
c
i=}
m
L
s}
3
© 15000
Y
o
—
[
e}
S
=}
Z

7500

l.. »
0 U T T I-“..;-...:.. T
1960 1970 1980 1990 2000 2010 2020 2030

Year

Figure 86 — Graph showing the number of publications with the keywords ‘oxygen reduction reaction’.
(Scopus accessed on 2025.03.25.



- 155 -

As discussed in the introduction chapter, the ORR can most commonly follow two
reaction pathways: 2 e” reduction leading to H,02 and 4 e reduction leading to H,0.[216] The
most common application of the ORR has been energy storage via the 4 e pathway for decades,
but in recent years an increasing number of articles are published studying the electrochemical
production of H,0; via the 2 e pathway.[2-5] Only the latter is relevant for this thesis, so only
this will be further discussed.

The 2 e ORR can be described with the overall reaction shown by (38). The main steps of
this reaction pathway are the diffusion of dissolved O3 to the vicinity of the catalyst, adsorption
onto the surface, electron transfer, desorption of the product, and diffusion into the bulk
solution phase.[216] These main steps also identify the parameters governing O, reduction on
any catalyst: diffusion of O; in the electrolyte, mechanism of adsorption, and kinetics of
electrode reaction.

0,+2H"+2e > Hy0,E° =067V (38)

A defining step of the ORR mechanism is the manner in which O, binds to the surface of
the catalyst. Yeager has identified three main modes of this: Griffiths, Pauling and bridge mode,
which was later named after Yeager, as illustrated by Figure 87.[218] Adsorption according to
the Griffiths and Yeager modes leads to the weakening of the O-O bond due to the interaction
between the molecular orbitals of the metal ion centre and the O, molecule, which is conducive
to direct 4 e reduction in a dissociative pathway. In Pauling mode adsorption, only one oxygen
atom of the molecule is interacting with the metal ion centre, which is not conducive to the
cleavage of the O-O bond, so this adsorption model leads to an associative 2 e reduction
pathway. Another crucial step that defines the mechanism of ORR on any given material is how
strongly the relevant reactants and products of the electron transfers are bound to the surface
of the catalyst.[219]

Electrochemical reactions rarely happen at the thermodynamic equilibrium potential of
a process. Any difference to this is called an overpotential, and its presence signals that the
studied reaction requires more energy to proceed then what the standard redox potentials
would suggest. N@rskov et al. have studied 4 e ORR on a Pt catalyst, where the standard redox
potential of this process is 1.23 V.[220] They have found that in this reaction, the origin of the
overpotential is that at potentials close to 1.23 V vs RHE the adsorbed O; is too stable for any
electron or proton transfer between it and the catalyst. Peng et al. have found that in Li-O;

secondary batteries the main processes defining the overpotential of O, reduction and
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evolution are adsorption-desorption processes and chemical changes to the catalyst species.
They reported that an initial ORR can lead to the deposition of Li;O; on the graphene electrode,
which then changes sorption characteristics and conductivity, contributing to an increase in
overpotential. These findings highlight that the potential at which an electrochemical reaction
proceeds is dependent of properties inherent to the catalyst and reactants but also on

emergent properties of the studied cell.
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according to Byeon et al.[221]

The most commonly studied catalysts of ORR include noble metals, mainly Pt, and Pd,
transition metal oxides, like ZrO, and Co304, carbon materials and more recently single atom
catalysts.[7-8] While Pt catalysts show the highest activity in ORR, Pt is a very expensive
material, and it is prone to deactivation in ORR.[167] For this reason, noble metal-free and even
metal-free catalysts are actively pursued, where the former category most commonly refers to
first row transition metal spinels, while the latter to carbon materials.[40], [224], [225]

The state of the art for the research of ORR on metal oxides, carbon materials and their
composites can be understood by considering the work of Hongjie Dai, one of the leading
researchers of this field.[173] The Dai Research group has used Co304, MnC0,04, N-doped
reduced graphene oxide, and the composites of these, along with a commercial Pt/C catalysts.
They use cyclic voltammetry (CV) and rotating ring disk electrode (RRDE) voltammetry to

qguantify the electrocatalytic activity of their materials in ORR. To do, this they fabricate an
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electrode that contains the studied material at a defined surface coverage, and submerge it in

an electrolyte.
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Figure 88 — Results of electrochemical investigations for first row spinel composites commonly used in ORR
research; a: Cyclic voltammograms; b: Rotating disk electrode voltammograms; c: Rotating ring disk electrode
voltammograms; d: Average number of electrons transferred per reaction and the corresponding H20: yield;
e: Cyclic voltammogram of Pt/C control; f: Additional cyclic voltammograms.[173]

The current response at any given potential applied to this electrode is then studied in
electrolytes either purged with N3, or saturated with O,. CV can then be used to identify the
potential at which ORR occurs under the used experimental parameters, and RRDE can then be
used to study the mechanism of ORR, including the number of transferred electrons per

reaction, and by extension the H,0; yield of ORR. Liang et al. were studying these materials to
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be used in energy applications, and as such the target potential was the 1.23 V vs RHE of 4 e
ORR. Figure 88a and f show that the overpotential on the studied materials were between 0.3
and 0.6 V.

Liang et al. identified the MnCo0204/N-rmGO hybrid as the most active noble metal free
catalyst with an onset potential of 0.9V vs RHE and an anodic current density of
3.5-4.0 mA/cm?. The average number of electrons transferred in reactions was between 3.8
and 4.0, corresponding to the 4 e reduction being dominant, which is associated with minimal
peroxide yields. These results show the most common way of studying ORR catalysts and the
magnitude of measured values that can be expected.

The selective production of H,0; via the promotion of 2 e ORR is an area that is receiving
more and more research interest in recent years.[15—-17] The most commonly used materials
in this area are graphene-based carbon materials and single atom catalysts, both of which have
been reported to facilitate 2 e ORR at 0.7 V vs RHE, at selectivities of up to 95% in alkaline
media.[18-19] Rarely, oxidised macroscale carbon materials are also used as catalysts, but this
is quite recent and so not many publications are available, yet.[16—18] These researchers
generally found that oxygen content, especially the concentration of surface carboxylic
functional groups, is correlated with electrocatalytic activity.

It is worth briefly summarising the theoretical basis of RRDE voltammetry. The
fundamental relationships affecting the measured current in RRDE described by the Levich and
Koutecky—Levich equations ((39) and (40) respectively), both of which are described in a form
most suitable for O; reduction, i.e. an electrochemical process at large negative overpotential
with an analyte of low diffusivity. The Levich equation describes the relationship between the
limiting current and the square root of the rotation rate, and accordingly, the constant terms
of the equation are often condensed into the Levich constant (BL). In ideal cases the number of
electrons transferred can be thought of as a constant, but this is not always the case.
Additionally, in a simple half reaction the current measured at different potentials is linearly
dependent on the rotation rate, but the equation itself is only valid for the limiting current. The
line fitted onto the limiting currents plotted against the square root of the rotation rate should
have a y intercept of zero in ideal cases. Finally, it is worth noting that the term 0.620 is a
constant stemming from the geometry of the electrodes used for such investigations.

The Koutecky—Levich equation can be used to gain more insight about the

electrochemical process of interest, including kinetic and mechanistic details. The use of this
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approach if limited to reactions where the rate of electron transfer and mass transport are
comparable. In the case of this work, the most important aspect of Koutecky—Levich analysis is
that plots at different potentials should all be linear and these lines should be parallel. The
slope of these lines are mainly defined by the number of transferred electrons, while the
intercept is defined by both the number of transferred electrons and the rate of electron
transfer.

These equations are only valid for limiting currents, or in other words currents measured
at the plateaus of the sigmoid curves on linear sweep voltammograms. In this work, limiting
currents were not easily measurable so instead these were gained by extrapolating the
recorded voltammograms until a plateau. As a matter of convention, cathodic currents will be

treated as negative numbers and anodic currents as positives.

1 1

iL=0.620'D'F'A'D§'w%'V_E'C=BL'(1)5
ir,: limiting current (A), n: number of electrons transferred,
F: Faraday constant (C/mol), A: electrode area (cm?), (39)
D: diffusion coefficient (cm?/s), w: angular rotation rate (rad/s),
v: kinematic viscosity (cm?/s), c: analyte concentration (mol/cm?)

B,.: Levich constant

1 1 1 1 1 (40)

n PN 1

im Ik im n-F-A-k-c B, - w2

i,: measured current (A), iy: kinetic current (A), i, mass transport current (A)

k: rate of electron transfer, By : Levich constant, w: angular rotation rate (rad/s)

Finally, it is important to mention that the field of H,0, sensing, while only tangentially
relevant, can serve with important information about the reduction potential of H,0; in neutral
media. The most commonly used materials are noble metal nanoparticles like Ag, Au, and Pt,
and metal oxides, like MnO3, Co304, and ZnO and their composites with graphene-based carbon
materials.[20-22] These reseachers generally report a limit of detection of 0.01-1 uM, at
potentials of -0.5 to 0.5V vs RHE, with metal chalcogenides exhibiting H,0, reduction
potentials of -0.5 to -0.3 V vs RHE.

In summary, the research of noble-metal free catalysts for 2 and 4 e ORR is a very active
field. The main tools used in identifying high catalytic activities are RRDE and CV. The most
common noble metal free catalysts are first row transition metal oxides, including spinels
where possible, graphitic carbon materials, and their composites. Most researchers use

strongly alkaline or acidic media in their ORR experiments, which means there is a relative lack
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of research in ORR at neutral pH values, especially when the generation of H,0; is coupled to
its activation for water treatment purposes. Composites of graphitic carbon materials are a
popular choice for multicomponent ORR catalysts, but there is a lack of research into
macroscale carbon materials being used as the sole catalyst of ORR or as a component of a

composite catalyst.

6.2 Experimental Details

6.2.1 Chemicals

The KCI (299.5% purity) used in these experiments was purchased from VWR. The Co(ll)
nitrate (297% purity) used in the catalyst synthesis was purchased from Scientific Laboratory
Supplies, while the Mn(Il) sulfate (299% purity) used in the same was purchased from Sigma-
Aldrich. The H202 (30% w/v) used in these experiments was produced by Fischer Scientific, and
it was stored at 5 °C. The FeCl3 (299% purity) used in the generation of O, was purchased from
Merck. The K3[Fe(CNs)] (298.5% purity) used in CV measurements was purchased from Sigma-

Aldrich.

6.2.2 Methods

6.2.2.1 Composite synthesis

First a certain amount of GNF or oGNF was dispersed in an aqueous NHj solution
(4.65 mL, 35%). Then a Co(ll) solution (0.2 M) made with ultrapure water was added while the
mixture was stirred at 600 rpm. After this, a Mn(ll) solution (0.2 M) was added, and the mixture
was then kept at 30 °C for 2 h with the same stirring as above. The overall volume of the
reaction mixture was always 24.5 mL, and in the case of mixed spinels this was split between
the Co(ll) and Mn(ll) solutions 2:1 for Co;MnQO4 and 1:2 for CoMn,0a4. Finally, the reaction
mixture was hydrothermally treated (180 °C, 4 h). The time of the hydrothermal treatment was
measured from the point of reaching the set temperature. The resulting solids were separated
via vacuum filtration, the materials were washed with ultrapure water (3 x 150 mL) and
acetone (3 x 150 mL), and then was dried in a vacuum oven overnight (70 °C, 0.1 bar). The exact

amounts of reactants used are set out in Table 9.
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Table 9 — Exact amounts of reactants used in the synthesis of composites

m (Co(ll) salt) m (Mn(ll) salt) m(GNF/oGNF) Nominal loading
(mg) (mg) (mg) (%)
Co304 949 0 650 28.7
Co2MnOq4 949 409 856 31.3
CoMnz04 475 818 969 28.2
Mn30q4 0 81.8 65 27.0

The yields of syntheses are illustrated by Table 10. Only one batch of each composite type
was made, so the variance in yields cannot be calculated. CooMnO4-GNF and CooMnQOs-0GNF

were not made separately for this chapter, the yield of its synthesis can be found in Chapter 3.

Table 10 — Yields of composite syntheses

Composite type Yield (%) Composite type Yield (%)
Co304-GNF 94.6 Co304-0GNF 92.6
CoMn;04-GNF 87.1 CoMn;04-0GNF 92.7
Mn304-GNF 93.4 Mn304-0GNF 97.1

6.2.2.2 Cyclic Voltammetry

CV experiments were done in a three electrode cell connected to a Princeton Applied
Research 273a potentiostat. The reference electrode was a Ag/AgCl/3.5 M KCl electrode from
Metrohm (Product number: 6.0724.140), while a glassy carbon disk tipped electrode was used
as the working electrode, also from Metrohm (Product code: 6.1204.300). For counter
electrode a graphite rod was used with a diameter of 6.3 mm, ordered from Alfa Aesar. A
conical glass vessel was used to hold 20 mL of the electrolyte, and a specially designed lid kept
the electrodes in place and submerged to the same extent. The potentiostat was controlled

using a laptop running the proprietary software of Princeton Applied Research called PowerCV.

6.2.2.3 Electrode Fabrication

Before fabricating an electrode the glassy carbon disk tipped electrode was polished in
all cases. An alumina powder and a polishing cloth was used; first a slurry was formed with
water (5 mL) and the alumina (25 mg) which was pipetted onto the polishing cloth. The
electrode tip was then lightly pressed against the polishing cloth and moved in figures of eight

for 15 s. The electrode was then washed with water, and acetone, and dried in an oven at 80 °C.
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Electrodes were fabricated for CV measurements by making a slurry of the material to be
studied, and dropcasting it onto the glassy carbon disk (3 mm in diameter). The slurry was made
using the catalytically active material (5 mg or 15 mg), a 5% Nafion solution (40 uL), and a 1:3
isopropanol-water mixture (1 mL or 500 pL). These components were made into a
homogeneous slurry using a mortar and pestle. In the case of undecorated carbon materials
the mass of catalytically active material and volume of 5% Nafion solution were different
(10 mg and 20 pL, respectively). Electrodes were prepared by pipetting the above described
mixture (2.5 plL) onto the glassy carbon disk of the working electrode. The electrode was then
dried in an oven (80 °C, 15 min). This method leads to a 0.35 mg/cm? mass loading of the
catalytically active material on electrode in the case of the metal oxides, and 0.70 mg/cm? in

the case of the carbonaceous materials.

6.2.2.4 0O; Saturation of Electrolytes

O3 gas was generated by carefully dosing a H,0; solution (30% m/V, 100 L) via a needle
through a septum into a roundbottom flask containing an FeCls solution (1.5 mM, 1 mL). A tube
(1/16 in, PTFE) was fed from the septum to the CV electrolyte where initially the gas was
bubbled through the electrolyte. After a period of feeding Oz gas in (5 min), the tube was
moved above the liquid level so as to not disturb the measurements or evaporate the
electrolyte. The CV vessel was closed down with a lid containing five ports, three of which were
used for the electrodes, while the other two were closed with septa. One of these septa were
used for dosing the O3 in, while the other had a syringe needle through it to avoid the build-up

of excess pressure inside the vessel.
6.3 Discussion of Results

The materials used in this chapter are using the same synthetic route as Chapters 2 and
3. Acid oxidation, the metal oxide syntheses and composite formation with GNF and oGNF have
been thoroughly characterised before, and as such the synthesis or characterisation of the

composites used here will not be discussed.

6.3.1 Cyclic Voltammetry

CV has been used as the main tool in assessing the electrocatalytic activity of the studied
materials in O, reduction. Scanning started at a small positive potential in all cases, the forward

scan is the oxidation side, while the backward scan is the reduction side.
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For these experiments, first a baseline was recorded in which the working electrode was
left bare. Since the reference electrode was Ag/AgCl/3.5 M KCl a prior experiment was done to
ascertain the validity of potential readings. For this, a few mg of potassium hexacyano
ferrate(lll) was used in 0.1 M KClI (see Figure 89). The recorded reduction potential of 0.371V
vs RHE is in good agreement with the literature value for the reduction of hexacyano ferrate
(1), which means readings are accurate.[233] All subsequent voltammograms will be shown as
current vs potential against the RHE at pH=7, which means potentials are shifted towards more

positive values by 0.205 V.
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Figure 89 — Graph showing the cyclic voltammogram of the hexacyano ferrate(lll)-hexacyano ferrite redox
couple.
Experimental conditions: WE: Glassy carbon, CE: graphite, RE: Ag/AgCl/3.5 M KCl; 0.1 M KCl electrolyte.

Electrolytic processes generally need a supporting electrolyte that electrically connects
the cathode and the anode. The reaction pathway ORR follows is fundamentally defined by pH
through influencing the potential intermediates. In the case of carbon materials and metal
oxides, ORR happens at a potential closer to 0 V vs RHE in alkaline media, which translates into
a lower energy requirement. Thus, in applied research the most common electrolytes are
strong bases (for ex. 0.1-1.0 M KOH).[234] Initial experiments were done using 0.1 M KOH and
0.1 M NaNO:s as electrolytes, but these only served to optimise the experimental conditions, so
these will not be discussed (see Supplementary figure 43 to Supplementary figure 46). The main
takeaway of these initial experiments is that the only reduction peaks were seen between -1.0
and 0.0 V, so only this potential window was studied further.

Electrolytes like KCI, KNOs, etc. are increasingly being researched as ORR

electrolytes.[24-26] Accordingly, all experiments below were done using 0.1 M KCl as the
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electrolyte. This was done in order to make sure that the electrochemical H,0, generation
results and the dye degradation experiments’ results are compatible, as pH plays a
fundamental role in both. The aim of the project is to eventually couple these processes in one

device so it is important that the two processes are studied under similar conditions.
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Figure 90 — Cyclic voltammogram of bare glassy carbon electrode.
Experimental conditions: WE: Glassy carbon, CE: graphite, RE: Ag/AgCl/3.5 M KCI; 0.1 M KCl electrolyte.

The general approach in all CV experiments is that first a baseline current vs potential
plot is recorded with an electrolyte that has been purged with N,. Then the electrolyte is
saturated with O, and so any signal that emerges will necessarily be connected to the
reduction of O,. Figure 90 shows such a measurements with an undecorated glassy carbon
working electrode. The N purged electrolyte’s signal is quite flat with minimal capacitance or
visible redox peaks, while the O; saturated electrolyte’s signal shows an O, reduction peak
at -0.6 V. This is consistent with 2 e ORR on glassy carbon, and as such it is assumed that this
peak is due to O, being reduced on the bare working electrode.[238]

Figure 90b also shows the general method of analysing peaks throughout this chapter. In
order to make the results comparable, a straight baseline is used between the endpoints of
each peak, and then the excess current between the baseline and the maximum extent of the
peak is considered to be the reduction current. Next, this setup is used to study the
electrocatalytic activity of the previously discussed metal oxides, some carbon materials and
their composites. Carbon beads were not used in these experiments since their size did not

make electrode fabrication possible.
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Figure 91 — Cyclic voltammograms for all four spinels in N2 purged and Oz saturated electrolytes; a: Co304, b:
Co2Mn0s, ¢: CoMn204, d: Mn304, e: Commercial Cos0g;

Experimental conditions: WE: Glassy carbon, CE: graphite, RE: Ag/AgCl/3.5 M KCl; 0.1 M KCI electrolyte,
0.35 mg/cm? coverage on WE.

6.3.2 Metal Oxides

To study the electrocatalytic activity of the Co, Mn oxides and their composites the
electrodes were prepared to contain 0.35 mg/cm? electrocatalytically active material in each
case. This value is similar to the 0.1-0.2 mg/cm? coverage researchers usually use in this
field.[28—30] Before any cyclic voltammograms are recorded 10 conditioning cycles are run at
100 mV/s. As Figure 91 shows, all four metal oxides produce a distinct reduction peak
between -0.6 and -0.7 V which is most likely due to ORR happening on exposed sections of the

glassy carbon working electrode. As such, this peak will not be considered to be a sign of
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catalytic activity of any sample. In addition to this, the Mn304 sample consistently shows a
secondary reduction peak at -0.26 V at all scan rates. For comparison a commercial Co304
sample was also analysed under identical conditions, as illustrated by Figure 92. Co304 was
chosen as it is a commonly used catalyst of ORR. This sample shows one strong reduction peak,
which is present at all scan rates. Reduction potentials of -0.2 to -0.6 V are significantly more
negative than the values published for similar materials, which tend to be 0.8 to 1.0 V. This

peak is more in line with potentials of H,0; reduction.[28—-30][20-22]

1500

. —— N, purged
Commercial —— O, saturated, 50 mV/s

00304 —— O, saturated, 75 mV/s

1000 —— O, saturated, 100 mv/s
— O, saturated, 125 mV/s
—— O, saturated, 175 mV/s
500 4 —— O, saturated, 200 mV/s

-500

Current density (uA/cm?)

-1000 -

-1500 +

-2000 T T T T
-0.8 -0.6 -0.4 -0.2 0.0 0.2

Potential vs RHE (V)

Figure 92 — Cyclic voltammograms of commercial Cos04 sample at different scan rates.
Experimental conditions: WE: Glassy carbon, CE: graphite, RE: Ag/AgCl/3.5 M KCl; 0.1 M KCI electrolyte,
0.35 mg/cm? coverage on WE.

The recorded CV data was then further analysed to gain a deeper understanding of the
electrocatalytic activity of the prepared materials (see Figure 93). The aim of this secondary
analysis was to find the material that facilitates the largest reduction current. The samples of
Co304, Co2Mn0O4, and CoMn;04 only have an appreciable reduction peak at -0.25V at the
lowest scan rates. The Mn304 sample on the other hand shows a peak at -0.25 V at all scan
rates. The peak position is mostly independent of the scan rate, which point towards the

reaction being Nernstian, ergo exhibiting signs of rapid electron transfer.
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Figure 93 — Graphs summarising the electrocatalytic activity of the neat spinels and a commercial Co30a4
sample in Oz reduction; a: Reduction peak positions vs scan rates; b: Reduction peak currents versus scan
rates.

For comparison the peak positions recorded with the commercial Co304 sample shows
more dependence on the scan rate as its peak position vs scan rate points do not fall along a
line. This point towards a slower rate of electron transfer in the case of the commercial Co30a.
As Figure 93b illustrates, the highest reduction current was registered in the case of Mn303, but
all four spinels exhibit a significantly lower reduction current than the commercial Co30a.
Although it has to be noted that the rate of electron transfer seems to be outpaced by the
scanning rate above 150 mV/s in the case of the commercial Co304, while in the case of Mn304
no such break can be seen. This means that the rate of electron transfer is likely higher in the
case of Mn304 compared to the commercial Co3z0a4. In summary Mn304 has been identified as
the most active catalyst out of these four, but since the differences between the spinels are
quite small, composites of all four were produced and studied.

In addition to the metal oxides, the previously described carbon materials were also
studied in similar experimental setups as above. Both carbon materials exhibit high amplitude

peaks at -0.6 V, and much smaller peaks at -0.25 V as illustrated by Figure 94.
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Figure 94 — Cyclic voltammograms of GNF and oGNF in N2 purged and O: saturated electrolytes. a: GNF, b:
OGNF.

Experimental conditions: WE: Glassy carbon, CE: graphite, RE: Ag/AgCl/3.5 M KCI; 0.1 M KCI electrolyte,
0.70 mg/cm? coverage on WE.

The peak positions at -0.6 and -0.25 V for GNF and oGNF behave very similarly when
compared to the scan rate (see Figure 95). The datapoints in both cases show a linear
relationship to the scan rate, with some dependence on it, signalling sluggish electron transfer.

On the other hand, there are large differences between the peaks of different potential and

the two carbonaceous materials in terms of reduction current versus scan rate.
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Figure 95 — Graphs summarising the electrocatalytic activity of GNF and oGNF in O oxygen

Graph showing peak positions vs scan rate; b: Reduction peak currents versus scan rates.

reduction; a:
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The peaks at -0.6 V, which are due to ORR, show signal magnitudes directly proportional
to the scan rate, while the peak at -0.25 V shows close to zero currents regardless of scan rate.

This means that GNF, and to a lesser extent oGNF facilitate ORR and another electrochemical

process at -0.25 V.
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Figure 96 — Cyclic voltammograms of GNF composites of 30% catalyst loading in N2 purged and O2 saturated
electrolytes. a: Co304-GNF; b: Co2MnOs-GNF; c: CoMn204-GNF; d: Mn3O4-GNF.

Experimental conditions: WE: Glassy carbon, CE: graphite, RE: Ag/AgCl/3.5 M KCl; 0.1 M KCI electrolyte,
0.35 mg/cm? coverage on WE.

Finally, to conclude this subchapter the GNF and oGNF composites of the above metal
oxides are studied using CV results recorded the same way as above (see Figure 96). A peak
at -0.6 V has been recorded in many cases, which is identified as being associated with the

undecorated graphitic surfaces of the support. An additional, often very low magnitude peak
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has been recorded in the case of Co304-GNF, Co2Mn04-GNF, and CoMn,04-GNF between -0.2
and -0.3 V.

The presence of these two separate peaks signals that two electrochemical processes are
being facilitated on these materials, O, reduction on carbon surfaces at -0.6 V and another
electrochemical process, likely H,O reduction. Interestingly the Mn304-GNF sample shows only
one peak. This can either mean that this material is facilitating H,02 reduction, although this is
unlikely without ORR also happening in the cell, or alternatively that some synergism between
Mn304 and GNF shifted the reduction potential of O, to a slightly more positive value. In the
case of composites with two main peaks, only the one associated with the metal oxide will be

considered for further analysis.
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Figure 97 — Graphs summarising the electrocatalytic activity of GNF composites of 30% catalyst loading in O2
reduction; a: Graph showing peak positions vs scan rate; b: Reduction peak currents versus scan rates.

When considering the peak positions vs scan rates, as illustrated by Figure 97, it becomes
apparent that the Mn304-GNF is qualitatively different from the other composites. In this case
the position of the peak does not change significantly with scan rate. This points towards
Nernstian behaviour, which in this case is associated with rapid electron transfer. In the other
cases non-Nernstian behaviour is seen which in this case points towards sluggish electron
transfers. Additionally, as Figure 97b illustrates, the Mn304-GNF composite shows the highest
peak reduction currents. If this peak was due to H,0; reduction as with the unsupported metal
oxides, there should be an ORR peak which would produce the H;0,. Since this is not the case,
it is not possible to say what exact electrochemical process is associated with this peak based

solely on these experimental results.
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Figure 98 — Cyclic voltammograms of oGNF composites of 30% catalyst loading in N2 purged and Oz saturated
electrolytes. a: Co304-0GNF; b: CooMn04-0GNF; c: CoMn204-0GNF; d: Mn304-0GNF.

Experimental conditions: WE: Glassy carbon, CE: graphite, RE: Ag/AgCl/3.5 M KCl; 0.1 M KCI electrolyte,
0.35 mg/cm? coverage on WE.

Figure 98 shows the cyclic voltammograms recorded with the oGNF composites. These
composites also show two separate reduction peaks in most cases, which points towards no
emergent synergism in any case. The peak associated with oGNF is much larger than the one
associated with the metal oxide in the case of Co304-0GNF, CoMn,04-0GNF while in the case
of CooMn0O4-oGNF the metal oxide’s peak is only larger at lower scan rates. This points towards

low catalytic performance and no emergent synergism between the catalyst and support.



-172 -

The graphs shown on Figure 99 further illustrate the catalytic activity of these
composites. The peak positions recorded via CV are in all cases dependent on the scan rate,
which points towards sluggish electron transfer in all cases. It is also worth mentioning that
only the Co, Mn spinel containing composite catalysts show any appreciable catalytic activity.
When looking at the plots of reduction current density versus scan rate, Mn304-0GNF and
C0304-0GNF show very low values, and while Co,MnO4-0GNF shows current densities of up to
550 pA/cm? the rate of electron transfer is outpaced by the scan rate above 50 mV/s. Based on
these plots, it can be concluded that the oGNF composites show lower catalytic activities that
the GNF composites, further supporting the observations of previous chapters in that acid

oxidation of GNF does not improve its performance as a catalyst support in the studied

applications.
0.0 0
a) 30% Co,0,-0GNF b)
1 30% Co,MnO,-0GNF 1 .
0.1 30% CoMn,0,-0GNF -100 * <
30% Mn,0,-0GNF 1
-200
-300 - . .
S 5~ -400 - )
& -400 4
& € ] .
= 3]
2 - X -500 \
a e |
= .2 -600+
® 05 |
o
-700 A
-0.6 4 |
-800 1 30% Co0,0,-0GNF
) 30% Co,MnO,-0GNF
0.7 9004 . 30% CoMn,0,-0GNF
1 30% Mn,0,-0GNF
-1000 T T T
08 ' ' ' ' 0 5 10 15
0 50 100 150 200
0.5 0.5
v (mVI’S) v (mV/'S)

Figure 99 — Graphs summarising the electrocatalytic activity of oGNF composites of 30% catalyst loading in
02 n reduction; a: Graph showing peak positions vs scan rate; b: Reduction peak currents versus scan rates.

As noted above the carbon materials were studied with a different electrode coverage
than the metal oxides, so to make sure results are completely comparable the three most active
materials were studied again under identical experimental conditions. This time the electrode
was fabricated by creating a slurry of 15 mg of a sample, 40 uL of Nafion, and 500 mL 1:3 IPA-
H,0. After this, the slurry was homogenised using a mortar and pestle, and 1.5 L of it was

pipetted onto the electrode. It was then similarly dried and then used.
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Figure 100 — Cyclic voltammograms of oGNF composites of 30% catalyst loading in N2 purged and Oz saturated
electrolytes. a: Mn30s; b: GNF; c: Mn3Os-GNF.

Experimental conditions: WE: Glassy carbon, CE: graphite, RE: Ag/AgCl/3.5 M KCI; 0.1 M KCI electrolyte,
0.70 mg/cm? coverage on WE.

The recorded cyclic voltammograms generally reinforce the previous observations. The
peak at-0.25 V for Mn304-GNF is much more pronounced in this case which is due to the higher
mass loading on the working electrode. As Figure 101 shows, these experiments similarly
identify Mn304-GNF as the most active electrocatalyst. The peak position plotted against the
scan rate shows good linearity in the case of Mn304 and GNF and for Mn304-GNF this plot only
deviates from linearity at the lowest scan rate. The peak reduction current is mostly

independent of scanning rate, but in general Mn304-GNF shows good reduction currents of
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550-650 pA/cm?. For reference, literature values for similar materials are in the range of 100-
1000 pA/cm?.[173][28-29]

Based on the above observation it can be concluded that the Mn304-GNF composite
shows the best electrocatalytic activity, but based on these results it is not possible to say

whether this is an O; reduction or H,O; reduction. To decide this question RRDE voltammetry

was used.
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Figure 101 — Graphs summarising the electrocatalytic activity of the most active catalysts in Oz reduction; a:
Graph showing peak positions vs scan rate; b: Reduction peak currents versus scan rates

6.3.3 Rotating Ring Disk Electrode Voltammetry (RRDE)

This work was done in collaboration with Caillean Convery, a postgraduate researcher of
the Mamlouk Research Group at Newcastle University. The author of this thesis provided the
materials of interest, was present during initial experiments, and has done all of the data
analysis.

Before the experiments themselves the collection efficiency between the disk and ring
electrodes has been calculated. This was done by collecting voltammograms with undecorated
electrodes and an electrolyte that contains 10 mM Ks[Fe(CN)s]. The ferricyanide-ferrocyanide
is a well characterised 1 e redox couple with a known redox potential which makes it an ideal
analyte in this experiment. The collection efficiency was found to be 26.5+0.19%, which means
that if there is an electrochemical reaction happening on the disk, this fraction of the products

will go on to take part in a potential second reaction at the ring electrode. These results also
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serve as a good example of a simple and electrochemically reversible half reaction that is free

of complications, like coupled reactions, or poor mass transfer.
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Figure 102 — Rotating ring disk electrode voltammetry results for the bare working electrode with electrolyte
containing potassium ferricyanide; a: Linear sweep voltammograms; b: Levich-plot; c: Koutecky-Levich plot.
Electrolyte: 0.1 M KCI, WE: Glassy carbon disk and Pt ring, CE: glassy carbon, RE: RHE.

Figure 102 summarises the results of RRDE voltammetry experiments with the bare
electrodes and an electrolyte with the ferricyanide-ferrocyanide redox couple added. The
curves were extrapolated in order to generate the limiting currents. Figure 102a shows that
strong signals were recorded on both the disk and the ring at all rotation rates, which is

expected in the case of an easily oxidisable and reducible redox couple. The Levich plot shows
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data points falling along a line in the case of all rotation rates, as it would be expected in the
case of a simple, electrochemically reversible process (see Figure 102b).

Similarly the Koutecky-Levich plot also shows data points falling along a straight line in all
cases (see Figure 102c). It has to be noted though that the intercept is non-zero. This could be
due to not having enough datapoints at lower rotation rates, or a genuine kinetic hindrance.
More rotation rates below 800 rpm would have to be studied in order to decide. Nonetheless,

these graphs show what to expect from the secondary analysis of the RRDE data.
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Figure 103 — Rotating ring disk electrode voltammetry results for Mn30as. a: Linear sweep voltammograms; b:
Levich-plot; c: Koutecky-Levich plot.

Electrolyte: 0.1 M KCI, WE: Glassy carbon disk, Pt ring, CE: glassy carbon, RE: RHE. 0.35 mg/cm? coverage on
WE.
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The voltammograms recorded with Mn304 dropcast onto the working electrode, and
submerged in 0.1 M KCIl show a much lower catalytic activity than what was seen in the case of
the bare working electrode; no Ks[Fe(CN)e] was included in the electrolyte for this or any of the
other voltammograms in the remainder of this chapter. The curve of 2000 rpm is significantly
different from the other rotation rates, which is likely due to a measurement artefact.
Nonetheless, the data recorded at other rotation rates is enough for Levich and Koutecky-
Levich analysis. Datapoints on the Levich plot show a linear relationship apart from the
2000 rpm point, which signals that the number of transferred electrons does not change with
rotation rate.

The currents recorded are so low that it is safe to say that catalytic activity is negligible.
The slope of the Levich plot is 1.3+0.2 pA/(rad/s)%>, but since this value is expected to be
negative it is assumed to be zero. The Koutecky-Levich plot shows that lines of different
potentials have significantly different slopes. This means that the number of electrons
transferred is dependent on the potential, which makes this material unsuitable for
Koutecky-Levich analysis. All of these point towards this material showing negligible catalytic
activity in Oz reduction.

Next GNF was studied similar to the above, as illustrated by Figure 104. This and the next
material exhibit a significant problem, which is that in the RRDE voltammograms a second
reduction step can be seen, partly overlapping with O, reduction. This makes finding the
limiting current difficult, but could also mean that two electrochemical processes are
competing at close potentials, which is not ideal. Nonetheless, Levich and Koutecky-Levich
analysis was used to gain a deeper understanding of this data. Similarly to Mn304, datapoints
of the Levich plot fall along a line, which means the number of transferred electrons does not
change with rotation rate, but only negligible catalytic activity is seen. The slope of the Levich
plot is -7.0+0.4 pA/(rad/s)%°, which is near zero. The lines on the Koutecky-Levich plot show
different slopes, which means that the number of electrons transferred per reaction is
dependent on potential, and so this material in this reaction was deemed unsuitable for
Koutecky-Levich analysis. Based on these observations it can be said that GNF also exhibits

signs of negligible electrocatalytic activity.
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Figure 104 — Rotating ring disk electrode voltammetry results for GNF. a: Linear sweep voltammograms; b:
Levich-plot; c: Koutecky-Levich plot.

Electrolyte: 0.1 M KCl, WE: Glassy carbon disk and Pt ring, CE: glassy carbon, RE: RHE. 0.35 mg/cm? coverage
on WE

Finally, the composite Mn304-GNF was also studied like the above (see Figure 105).
Similarly to GNF, this sample also shows signs of a competing second electrochemical process,
which makes data analysis somewhat difficult. Similarly to previous cases, the Levich plot shows
a linear relationship between current and the square root of the rotation rate. The slope of the
Levich plot is 4.4+0.1 pA/(rad/s)%>. The slope of this plot should be negative, so this has to be

assumed to be zero, similar to the results seen with Mn304.



-179 -

0.4 0.0
a) - e D)
o] — .
0.2 1
0.2
I E
E =
- £
= -0.3 4
-0.4 e 010V
020V
e 025V
s 030V
Extrapolated (-0.45 V)
0.4 T T T T T r T T T r -0.5 T T T d T T T T T T T T
0.4 0.2 0.0 0.2 0.4 06 9 10 11 12 13 14 15
Potential vs RHE (V) % (rad/s)®®
0
c)
M e————
,20 -
< 40 .
E
hal
% .
k=l
= -60
-80 1 . 010V
-0.20Vv
« 025V
* 030V
-100 . : . Elxtrapclalec? (-0.45V)
0.06 0.08 0.10 0.12

0% (rad/sy°>

Figure 105 — Rotating ring disk electrode voltammetry results for 30% Mn304-GNF. a: Linear sweep
voltammograms; b: Levich-plot; c: Koutecky-Levich plot.

Electrolyte: 0.1 M KCI, WE: Glassy carbon disk and Pt ring, CE: glassy carbon, RE: RHE. 0.35 mg/cm? coverage
on WE

The lines on the Koutecky-Levich plot exhibit very different slopes at different potentials,
which means there is a strong dependence between the number of electrons transferred and
the potential applied. This makes the material in this reaction unsuitable for Koutecky-Levich
analysis. The above observations show that this composite shows similar complications from a
secondary reaction as GNF, and likely a lower number of transferred electrons per reaction.

It can be concluded based on the above, that these three materials show signs of

negligible catalytic activity in O; reduction in 0.1 M KCl. Some experimental methods have



- 180 -

shown signs of complications that make the electrochemical process happening at the
electrode unsuitable for analysis, like the changing slope in disk current versus the square root
of scan rate plots of RRDE voltammetry data. Overall these observations prove that the studied
materials exhibit signs of negligible ORR activity, and so it has to be concluded that the
reductions seen at -0.25V in initial cyclic voltammograms is due to H;0, reduction. These
findings are also in line with the findings of Chapter 3, where experimental results indicated

that forming composites of GNF and oGNF do not improve catalytic activity.

6.4 Conclusions and Future Prospects

The aim of this chapter was to study the electrocatalytic activity of the materials
synthesised and tested in previous chapters. Neat metal oxides, normal and acid oxidised
fibrous carbon supports and their composites were tested using CV and RRDE voltammetry.
The experimental results of CV studies showed moderate electrocatalytic activities in the case
of Mn304, GNF and 30% Mn304-GNF, and negligible activity in the case of other materials. The
reduction potentials recorded on the cyclic voltammograms could be explained by an ORR of
extreme overpotential or H;0; reduction. To decide this question RRDE voltammetry was used
in a collaboration with Caillean Convery, a PGR of the Mamlouk Group at Newcastle University.
This additional analysis showed negligible ORR activity so it was concluded that the reductions
observed with CV were due to H,0; reduction, and by extension that the studied materials have
negligible catalytic activity in ORR under the studied experimental conditions.

There are some studies that could improve this chapter, keeping in mind that the aim is
to produce a bifunctional catalyst that facilitates the generation and the activation of H,0; in
the same reaction medium. Synthesis of the used materials could be optimised towards
electrocatalytic activity, by incorporating a different surface modification of the carbon
support, or through some additional synthetic step, like annealing the composite sample after
synthesis. If these do not lead to improvement in catalytic activity, a different carbon support
could be used, like graphene, GO, or rGO. Another relatively short study that could improve
this chapter is to use the Randles—Sevéik equation in order to compare recorded graphs of
reduction current vs the square root of the scan rate to theoretical plots of 2 e and 4 e” ORR.
This would require the measurement of dissolved O, concentration via fluorimetry for example,

and its diffusion coefficient using the Randles—Sev¢ik equation.
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Concluding remarks

This thesis explores the development of carbon-supported bifunctional catalysts that are
capable of both generating H,0, and decomposing it into reactive oxygen species, which can
then be used to efficiently degrade aqueous organics. The research presented here identifies
highly active catalyst of Fenton-like chemistry, and probes the structure-performance
relationships that govern their catalytic performance. Previously, this field lacked a unified
metric that would enable wide-scale comparison between different catalysts, and so to address
this, the concept of truly catalytic degradation has been proposed.

Chapter 1 explores the synergism that emerges in composite catalysts by studying a
MnO,-GNF composite in dye removal experiments. Observations show that the most active
MnO,-GNF composite facilitated a twice as high rate of degradation and three times as much
truly catalytic degradation as the unsupported catalyst. The enhanced catalytic activity of these
composite catalysts can be mainly attributed to a significantly higher dispersion of the catalyst,
and the ability to dissipate heat generated during these experiments. The temperature of the
reaction mixture in such contexts is an aspect of catalytic activity that is rarely discussed. The
most active MnO,-GNF catalyst facilitates a rate of degradation of (104:10-3) min, which is in
the midrange of published values (5-:103-200-1073) min™.

Chapter 2 presents the usage of Piranha solution in the acid oxidation of two macroscale
supports, GNF and CB in order to modify sorption characteristics and catalyst anchoring. It was
observed that both the surface morphology and surface chemistry of CB was significantly
altered as a result of this treatment, while GNF was mostly unaffected. The most impactful
change that was seen is that the concentration of acidic surface functional groups doubled in
the case of oCB versus CB. The adsorption of organics on oCB was significantly suppressed, due
to the increased electrostatic interactions, and the disruption of m-mt stacking, that are
associated with the increased concentration of polar functional groups. The 1.96 mmol/g
concentration of acidic surface functional groups in oCB is extremely high compared to
0.5-2.0 mmol/g range found in the literature.

The carbon materials produced above were subsequently used to produce composite
catalysts in Chapter 3. Four different Co, Mn spinels were produced via an optimised synthetic
route, and were then tested in dye removal experiments. The most active of these spinels,
Co2Mn04, was then used to produce composites with GNF, oGNF, CB and oCB. It was concluded

that most GNF, oGNF and CB composites did not surpass the unsupported catalyst in terms of
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rate of degradation, or truly catalytic degradation, but 47.5% Co2MnQ4-0CB did. This composite
facilitated a similar rate of degradation to the unsupported catalyst, but twice the truly catalytic
degradation. These findings highlight why it is important to prevent the mostly irreversible
adsorption of organics on PBSAC type materials in similar applications. The highest rates of
degradation observed with CooMnO4 composites, (50-103-60-103) are in the lower half of the
(5-103-200-103) min! literature range, but this chapter has showed that acid oxidation can be
used to suppress the unwanted adsorption of organics on carbon supported catalysts. This
leads to truly catalytic degradation making up a much larger portion of overall dye removal
(2.6% vs 40% in the case of 16.7% Co,Mn04-CB vs 16.7% Co,Mn0s-0CB).

Finally, the electrocatalytic activity of GNF and oGNF supported Co,MnQOs was
investigated via cyclic and rotating ring disk electrode voltammetry. It was found that none of
these materials facilitate any appreciable O, reduction, only signs of H.O; reduction were

observed.

Future prospects

This project has opened up a line of scientific inquiry into macroscale carbon supported
noble metal-free Fenton-like chemistry. In addition to the more focused smaller studies, this
line of work could be further developed in three areas via subsequent postgraduate research.
While the kinetic analysis of the discussed Co,MnQO4 composites was sufficiently extensive to
allow conclusions to be drawn, it could be expanded via using a design of experiments
approach. Using such an approach would be a step-change in the evaluation of Fenton-like
catalysts, as one-variable-at-a-time experimentation often finds a local maximum in catalytic
activity, but not necessarily the global maximum in terms of rate of degradation or truly
catalytic degradation versus experimental conditions. It would be important to conduct
targeted studies into producing an active catalyst of 2 e ORR using some combination of one
of the Co, Mn spinels and one of the carbon supports, since this would allow a subsequent
reactor to forego the need for the input of H202 and thus significantly reduce costs. Finally, the
culmination of this line of research would be adapting the generation and activation of H,0; to
a packed bed, continuous flow reactor, where one module contains the most active 2 e ORR
catalyst, while a subsequent module the most active Fenton-like catalyst. This would contribute
to filling a gap in academic research, as publications exploring Fenton-like chemistry in
continuous flow reactors is currently lacking. It would also open up the possibility of scaling up

towards a pilot plant scale, which is a currently unexplored area of this field. This would require
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extensive research, with the most obvious challenge being the presence of bubbles from the
recombination of ROS.

The wider field of Fenton-like chemistry has gone through a long and very extensive
science and engineering research path from the discovery of Fenton chemistry in 1870’s to the
first pilot scale water treatment plants expected to be online in the near future. The most
significant drawback of Fenton-chemistry is the generation of a toxic sludge when using Fe
based catalysts, so the field has largely moving to other 3rd row transition metals. The excessive
leaching of Fe also shows that it is crucial to immobilise the catalyst on a support. The state of
the art in terms of the synthesis of advanced hybrid Fenton-like catalysts is to use single atom
catalysts, or extremely small zero valent metal or metal oxide nanoparticles supported on
graphene-like supports. While these materials facilitate orders of magnitudes higher rates of
degradation, scaling these up for even a pilot plant without a significant loss of catalytic activity
would likely be extremely challenging, if not impossible. It is the opinion of the author of this
thesis that the scale-up of macroscale carbon supported metal oxide catalysts should be a more
feasible route for the large scale production of catalysts for tertiary water treatment. It would
also be imperative to utilise the considerable research into 2 e ORR in order to eliminate the
most significant chemical input of any potential Fenton-based water treatment plant, which is
H,0,. The wider chemical industry is moving from continuously stirred tank reactors towards
continuous flow reactors from being the standard reactor configuration, and so it is reasonable
to assume that Fenton-like water treatment will follow a similar path. This thesis contributes
to the field by reporting of the emergent synergism between a fibrous graphitic carbon support
and a Fenton-like catalyst, while also discussing a highly active macroscale carbon supported
Fenton-like catalyst on which the unwanted adsorption of organics is greatly suppressed, and

is expected to be suitable for packed bed reactor configurations.
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Supplementary figure 1 — a: Relevant sections of high resolution UV-Vis spectra of AO7 solutions at certain
dye concentrations; b: UV-Vis calibration curve for AO7 in water.
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Supplementary figure 2 — a: Relevant section of high resolution UV-Vis spectrum for aqueous, acidic
[Ti(02)S04]%* solutions, which form during the determination of H,02 concentration; b: calibration curve for
the determination of H202 concentration using the TiOSO4 method.
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Supplementary figure 3 — Secondary analysis of XRD results for both types of composites; a: Crystallite sizes
estimated with the Scherrer-method; b,c: Results of Williamson-Hall analysis.
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Supplementary figure 4 — Kinetic curves for control dye degradation experiments; a: Kinetic curve for the
degradation of AO7 by 1.0 mg/mL MnO: with no heat sink; b: Experiment with 0.6 mg/mL GNF and no H20;
c: Experiment with no catalyst or GNF added.
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The large heat sink around the reaction vessel made sure that all reactions started from roughly

the same temperature, which was 18 °C. There are small differences between starting

temperature, but to make the graphs easier to compare AT is shown instead of T.
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Supplementary figure 5 — Kinetic curves for all composites and for 100% MnQO2; MnO: loadings on GNF: a:

- 203 -

5.2%, b: 11.8%, c: 34.9%, d: 64.2%, e: 83.7%, f: 100% MnOa.
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Supplementary figure 6 — High resolution XPS spectra of the S 2p region for GNF, and oGNF.
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500 pm

Supplementary figure 7 — SEM image of an untreated bead cracked in half; Image recorded from
backscattered electrons.

Supplementary figure 9 — Light microscope images that serve as examples of what was used for the generation
of diameter distribution; Left: Image of CB; Right: Image of oCB.
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Supplementary figure 10 — Size distribution of particles below 200 um from light microscopy images for: a:

CB, and b: oCB.
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Supplementary figure 11 — High resolution XPS spectra for CB and oCB in the S 2p region.
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Supplementary figure 12 — Results of Boehm-titration for CB and oCB in mmol/m? unit.
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Supplementary figure 14 — UV-Vis spectrum of 1.5 mM 1-amino-2-naphthol stock solution.
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Supplementary figure 15 — a: Relevant sections of high resolution UV-Vis spectra of AO7 solutions at pH=14;
b: UV-Vis calibration curve for AO7 at pH=14.
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Supplementary figure 16 — Partial more fraction diagram of AO7 (AO7) versus pH where ¢ refers to H,[AO7],
2 to H[AO7]*, and ¢s3 to [AO7]%.
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Supplementary figure 17 - Partial more fraction diagram of sulfanilic acid (SA) versus pH where ¢1 refers to
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Supplementary figure 19 — Kinetic curves for the adsorption of SA on CB and oCB; a: Interpretation of the
reactions as following pseudo-first order kinetics; b: Interpretation of the reactions as following pseudo-
second order kinetics.
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Supplementary figure 21 — XRD patterns of early spinels produced during the optimisation of the synthesis.
a: Cubic Co2Mn0O4 samples made using different hydrothermal temperatures; b: Tetragonal Co2MnOa4 samples
produced via different duration hydrothermal treatments.
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Supplementary figure 22 — XRD pattern of early Mn304 samples.
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Supplementary figure 23 — Williamson-Hall plots of all four Co, Mn spinels.

Supplementary figure 25 — SEM images of Co2MnQ4 samples
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Supplementary figure 28 — Survey XPS spectra of Co2MnQOs-GNF and Co2MnQ4-oGNF.
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Supplementary figure 29 — Survey XPS spectra of 28.6% Co2Mn04-CB and 23.6% Co2Mn04-0CB collected using
a UHV XPS instrument.
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Supplementary figure 30 — XPS spectra of 28.6% Co2Mn04-CB and 28.6% Co2Mn04-0CB composites collected
using a NAP XPS; a,b: Survey spectra of Co2Mn04-CB and Co2Mn04-0CB composites respectively; ¢,d: High
resolution Co 2p spectrum of Co2Mn04-0CB and Co2Mn0s-0CB composites respectively; e,f: High resolution
Mn 2p spectrum of Co2Mn04-0CB and Co2Mn04-0CB composites respectively

The presence of a N 1s peak is explained by the N2 gas used to set the pressure in the analysis chamber.
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Absorbances at 310 nm were used as a proxy for further organics degradation. In the
absence of a known molar absorptivity it was not possible to calculate instantaneous
concentrations and by extension k values. Instead the slope of the decrease in absorbance was
used, noted —dA/dt. This metric shows only small differences between individual composites,
which likely means that the removal of further degradation products happens to a similar
extent in all cases. Nonetheless these graphs are shown on Supplementary figure 32,

Supplementary figure 35, Supplementary figure 38 and Supplementary figure 41.
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Supplementary figure 31 — Kinetic curves for CooMnO4-GNF composites of different catalyst loadings showing
the relative dye concentrations versus time in adsorption and dye degradation experiments; a: 23.8% loading,
b: 31.3% loading; c: 38.3% loading; d: 55.5% loading; e: 71.3% loading; f: Summary of In c(dye) vs time curves
for adsorption on all composites; g: Summary of In c(dye) vs time curves for dye degradation on all

composites.
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Supplementary figure 32 — Kinetic curves for Co2MnQOs-GNF composites; a: Relative absorbances at 310 nm;
b: The rate of change in absorbance at 310 nm versus time, used as a proxy of reaction rate.
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Supplementary figure 33 — Graphs showing overall (a) and adsorptive (b) dye removal versus time for
C02Mn04-GNF composites and Co2MnOQOa.
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Supplementary figure 34 — Kinetic curves for Co2MnOs-0GNF composites of different catalyst loadings
showing the relative dye concentrations versus time in adsorption and dye degradation experiments; a: 23.8%
loading, b: 31.3% loading; c: 38.3% loading; d: 55.5% loading; e: 71.3% loading; f: Summary of In c(dye) vs
time curves for adsorption on all composites; g: Summary of In c(dye) vs time curves for dye degradation on
all composites.
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Supplementary figure 35 — Kinetic curves for CooMn0O4-0GNF composites; a: Relative absorbances at 310 nm;
b: The rate of change in absorbance at 310 nm versus time, used as a proxy of reaction rate.
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Supplementary figure 36 — Graphs showing overall (a) and adsorptive (b) dye removal versus time for
Co2Mn04-0GNF composites and Co2MnQOa.
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Supplementary figure 37 — Kinetic curves for CooMnOs-CB composites of different catalyst loadings showing
the relative dye concentrations versus time in adsorption and dye degradation experiments; a: 20% loading,
b: 40% loading; c: 60% loading; d: 75% loading; e: 90% loading; f: Summary of In c(dye) vs time curves for
adsorption on all composites; g: Summary of In c(dye) vs time curves for dye degradation on all composites.
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Supplementary figure 38 — Kinetic curves for Co2Mn0O4-CB composites; a: Relative absorbances at 310 nm; b:
The rate of change in absorbance at 310 nm versus time, used as a proxy of reaction rate.
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Supplementary figure 39 — Graphs showing overall (a) and adsorptive (b) dye removal versus time for
C02Mn04-CB composites and Co2MnOa.
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Supplementary figure 40 — Kinetic curves for Co2Mn04-0CB composites of different catalyst loadings showing
the relative dye concentrations versus time in adsorption and dye degradation experiments; a: 20% loading,
b: 40% loading; c: 60% loading; d: 75% loading; e: 90% loading.
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Supplementary figure 41 — Kinetic curves for Co2MnOs-0CB composites; a: Relative absorbances at 310 nm;
b: The rate of change in absorbance at 310 nm versus time, used as a proxy of reaction rate.
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Supplementary figure 42 — Graphs showing overall (a) and adsorptive (b) dye removal versus time for
Co02Mn04-0CB composites and Co2MnOa.
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Supplementary figure 43 — Cyclic voltammograms of bare glassy carbon electrode.
Experimental conditions: WE: Glassy carbon, CE: graphite, RE: Ag/AgCl/3.5 M KCl; 1.0M KOH electrolyte.
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Supplementary figure 44 — Cyclic voltammograms of Co, Mn spinels; a: Co304, b: Co2Mn0Qa, ¢: CoMn;0s, d:
Mn3Qa.

Experimental conditions: WE: Glassy carbon, CE: graphite, RE: Ag/AgCl/3.5 M KCl; 0.1 M KOH electrolyte.
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Supplementary figure 45 — Cyclic voltammograms of bare glassy carbon electrode.
Experimental conditions: WE: Glassy carbon, CE: graphite, RE: Ag/AgCl/3.5 M KCl; 0.1 M NaNOs electrolyte.
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Supplementary figure 46 — Cyclic voltammograms of Co, Mn spinels; a: Co304, b: Co2MnQa, ¢: CoMn20s, d:

Mn3Qa.

Experimental conditions: WE: Glassy carbon, CE: graphite, RE: Ag/AgCl/3.5 M KCl; 0.1 M NaNOs electrolyte.
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