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INTRODUCTION

In recent years a variety of environmental issues in creating alternative
fuels, reducing harmful by-products in manufacturing, cleaning up the
environment and preventing future pollution, dealing with the causes of global
warming, etc., have emerged. Environmental and economical considerations
have raised a strong interest to re-design the commercially important processes
to avoid the use of harmful substances and the generation of toxic waste. In this
respect, there is no doubt that heterogeneous catalysis play a dominant role in
the development of environmentally benign processes in petroleum chemistry
and in the production of chemicals. Development of catalytic processes for
chemical energy conversion from renewable sources is proving to be one of the
most pressing and challenging issues for modern science [1-3].

Catalysis play a key role in modern chemical technology, in fact, it is the
backbone of chemical industry. Over 90% of all commercially available
chemical products involve using catalysts at certain production stage [4]. The
most widely applied catalytic materials have been concentrated on the noble
metals (Pt, Rh, Pd) and metal oxides, hybrid materials or composite structures
with the active metallic centers, and organometallic compounds [5-7]. Although
metal-based catalysts have been playing a major role in numerous industrial
processes, they still suffer from numerous drawbacks, including their sensitivity
to poisoning, high cost and harmful effects on the environment. In addition, the
noble metal residues in the reaction systems may hinder the purification process
of products. Therefore, developing catalysts from sustainable metal-free
materials could be a smart way to overcome these shortcomings. Currently, the
research is primarily focused towards nanostructured carbonaceous catalysts with
enhanced physicochemical properties [8].

The use of carbon nanomaterials in catalysis has dominated advances in
nanotechnology for the last 20 years. Carbon nanomaterials, including carbon
black, carbon nanotubes, graphene and their derivatives, are important

components of many synthetic catalysts. They have been used as effective
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catalysts or as supports for immobilization of active species [9, 10]. Among the
carbon materials mentioned above, graphene and its derivatives have recently
attracted the most attention [3]. This is mainly due to the fact that graphene has
several significant advantages over the other carbon allotropes for developing
new catalysts. Graphene has a theoretical specific surface area as high as
2630 m? - g1, being twice that of single walled carbon nanotubes and much
higher than those of most carbon black and activated carbons. This structure
characteristic makes graphene highly desirable for potential application as a 2D
support for loading catalyst of metals, oxides, enzymes or other carbon
nanomaterials [10-12]. Moreover, the superior electron mobility of graphene
facilitates the electron transfer during the catalytic reactions, improving its
catalytic activity [13]. This new carbon allotrope also has high chemical,
thermal, optical and electrochemical stability, which can potentially improve the
lifetime of catalysts [11]. Finally, graphene-based materials, especially
chemically modified graphene such as graphene oxide (GO) and reduced GO
(rGO), which are promising catalysts themselves and may be also attractive
components for developing of new catalysts, can be obtained at relatively low
cost on a large scale by using graphite, graphite oxide (GrO) as the starting
materials [10, 14]. Investigation in new catalytic materials or optimization of
existing catalyst systems is of huge importance in order to increase the efficiency of
the catalyst, resulting in higher product yields and purities.

Graphene-based materials are widely used in the form of membranes and
coatings. Graphene coatings are one of the most promising candidates that may
find application in biosensor design, where they serve as a versatile platform for
enzyme immobilization, which is key significant to establish an efficient
enzymatic bioanalytic system [15, 16]. For this purpose the graphene coatings
must be transferred onto arbitrary insulating, flexible substrates. However, it is
important to avoid undesirable changes in the structure during the transfer
process. To reach this task, it is necessary select the optimum conditions for the
transfer process. This is a multiparameter problem, which requires a lot of time

and production costs.
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The main aim of this research was to prepare graphene-based
nanomaterials and validate their potential utility as catalysts for biodiesel
production, electrochemical oxygen reduction reaction and enzyme support for
biosensor application. The additional aim was to prepare the graphene oxide
coatings and optimize the transfer process of these coatings on transparent PET
substrate. Therefore, the tasks of the present thesis were formulated as follows:

1.To synthesize and characterize graphite oxide and thermally reduced
graphene oxide as well as to design optimized method which would allow
to synthesize the different fractions of thermally reduced graphene oxide
having specific properties.

2.To produce and characterize functionalized thermally reduced graphene
oxide catalysts with either acidic or basic sites on their surface, and to
investigate their catalytic activity in the transesterification reaction of
rapeseed oil with methanol.

3.To synthesize a new highly electrocatalytically active nanocomposite
material derived by solid-solid reaction between graphite oxide and

KSCN, to investigate its structure and to evaluate this potential catalyst in

terms of electrocatalytic performance for oxygen reduction reaction.

4.To prepare graphene oxide coatings on polycarbonate substrate using
filtration method, as well as to optimize the process of transfer of these
coatings on the transparent polyethylene terephthalate (PET) substrate
using two-stage optimization procedure (Plackett—Burman and simplex

design of experiment).

Scientific novelty
1.First time proposed vertical thermal reduction system of graphite oxide
allowed us to collect three different fractions of rGO with specific
properties.
2.To the best of our knowledge, the novel graphene-based catalysts, not used
earlier, have been proposed for the transesterification reaction of rapeseed

oil with methanol. It has been shown, that the catalyst obtained by
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functionalization of TRGO with 4-aminobenzenesulphonic acid, were a
prospective candidates to replace commercial acidic catalyst Amberlyst
15.

3.Novel graphene-based nanocomposite containing inorganic polymer
polythiocyanogen was prepared in order to fabricate superior metal-free
catalyst for electrochemical oxygen reduction. The electrochemical
measurements showed that obtained product exhibited at least 5 times
higher catalytic activity towards oxygen reduction reaction compared to
that of commercial Pt catalyst.

4. A novel method of preparation of graphene oxide coatings by filtering
through a polycarbonate membrane filter was developed in the laboratory.
Also for the first time the transfer process of graphene oxide coatings onto
PET substrate was developed using a sequence of Plackett—Burman and

simplex experimental design methods.
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1. LITERATURE SURVEY
1.1. Carbon nanomaterials

Carbon is a remarkable element and has been described as “the master element
of living substances” [17]. Carbon atoms characterize the unique ability to form
strong covalent bonds between one another or other non-metals in different
hybridization states, like sp, sp? or sp°, which result in a wide range of structures,
from small molecules to long chains. There is no other element like carbon that can
form such diverse and completely different substances as a single element, in terms
of structures and properties, such as diamond, graphite and carbyne. All of these
materials are the most well-known carbon allotropes [17, 18]. Over thirty years ago,
the classical allotropes of carbon were enriched with the discovery of fullerenes in
1985 [19]. Soon afterwards, carbon nanotubes (CNTSs) were also discovered and,
since then, a great amount of studies have been dedicated to these new and
fascinating forms of carbon [20]. The discoveries of these two key materials,
fullerenes and CNTs, were followed by the development of new carbon
nanostructures such as single-walled carbon nanohorns (SWNHs), onion-like
carbon (OLC) spheres, carbon dots, endohedral fullerenes, graphene and etc [21].

Various forms of carbon nanomaterials are shown in Fig. 1.

Single-w&lled Endohedral Carbyne Carbon dot
carbon nanohorns fullerene

Fig. 1. Representation of possible carbon allotropes [18].
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Carbon’s versatile bonding has motivated to the discovery of a wide variety
of nanostructures, which urgently need a systematic and standard nomenclature
[21]. There are numerous ways that carbon nanoforms could be classified. These
include their synthesis conditions, physical properties such as density and
internal surface area [22]. Carbon nanostructures can be also cut into two general
groups on the basis of the predominant types of covalent bonds between carbon
atoms. The first group contains the graphene-like nanostructures, which are
primarily made up of sp? carbon atoms that are densely packed in a hexagonal
honeycomb crystal lattice, although they may also contain some sp® carbon
atoms at the edges or defect sites. This group includes graphene, CNTSs,
nanohorns, onion-like carbon nanospheres, and carbon dots. The second group
of carbon nanoforms contain both sp® and sp? carbon atoms in various ratios and
have mixtures of amorphous and graphitic regions, or consist mainly of sp?
carbon atoms. Nanodiamond and carbon dots with non-graphitic structures are
the only known members of this group [23-25].

It is also possible to classify carbon nanostructures according to their
morphological characteristics. To this classification attributed nanostructures
with empty internal spaces such as fullerene, carbon nanotubes, and nanohorns.
Nanostructures without internal spaces such as nanodiamonds, carbon dots, and
onion-like carbon nanospheres would belong to a separate second category
under this classification type [23].

Moreover, the carbon nanomaterials may be classified on the basis of their
dimensionality. By this classification, carbon nanomaterials could be 0D
(fullerenes, OLC structures, carbon dots), 1D (CNTs, carbon nanofibers, and
SWNHs), 2D (graphene, graphene nanoribbons) or 3D (diamond, graphite)
dimension structures [21, 23].

Two-dimensional (2D) nanomaterials have gained a worldwide attention
in recent years because of their outstanding properties. The 2D nanomaterials
offer promising opportunities for various applications to be used in an exfoliated
state, as single- or few-layer structures, at scientific and technological levels

[26]. The most widely known 2D layered material is graphene. This carbon
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nanomaterial is the basic structural element of some carbon allotropes and can
be considered as mother of all graphitic forms. The graphene nanosheet can be
wrapped up into 0D fullerenes, rolled into 1D carbon nanotubes, or stacked into
3D graphite [27]. Graphene is a single layer of carbon atoms bound through sp?
bonds forming a hexagonal two-dimensional crystal lattice. Each carbon atom is
about 0.142 nm from its three neighbours, with each of which it shares one
o bond. The fourth bond is a m-bond, which is directed along the z-axis (out of
the plane) [25, 28-30].

Graphene has shown exceptional physical properties, not seen in any other
material. It has a very high electron mobility at room temperature, with values
of up to 200000 cm? - V! - s, Theoretically, this new form of carbon is the
strongest material in the world, it is about 100 times stronger than steel. The
breaking strength is 42 N - m™* and the Young's modulus is 1.0 TPa. Similarly
it was found that graphene has high optical transparency of 97.7%, high thermal
conductivity of up to 5000 W m™ - K, extremely high theoretical specific
surface area of 2630 m? - g and is not permeable to gas [11, 31, 32].

The whole complex of mechanical, structural, electronic, thermal and other
extraordinary properties have created a number of potential commercial
applications for this material. These include the development of electronic
devices (e.g. transistors [33], transparent conducting electrodes [34, 35]),
sensors for single molecule gas detection [36] and supercapacitors [35].
Graphene has potential applications in fuel cells [37], composites [12], hydrogen
storage devices [38], batteries [39]. Moreover, graphene has generated great
interest in the field of nanomedicine, nanofiltration, catalysis etc. [40-42]. To
fulfil such applications, the preparation of high-quality 2D graphene sheets is a
primary criterion. However, the production of graphene on a large scale still
remains a challenge and is being explored by many researchers all over the
world. To date, different methods have been developed to produce single-layer
or few-layer graphene such as mechanical exfoliation [43], liquid-phase
exfoliation [44], chemical vapour deposition of hydrocarbons on metal surfaces

[45], bottom-up organic synthesis [46], solvothermal synthesis [47], epitaxial
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growth on silicon carbide (SiC) surfaces and metal surfaces [48, 49], and
unzipping of carbon nanotubes [50]. Unfortunately, these methods are
impractical for large-scale synthesis and suffer from the limited controllability
over the edge, shape and size of graphene sheets. Concurrently, the preparation
of graphene materials by the chemical reduction of graphite oxide has attracted
a significant interest due to high yield, opportunity for further functionalization
and tunable properties of graphene materials. The reduction of GrO is one of the
most frequently reported methods. Several types of reduction agents have been
proposed, such as hydrazine [14], vitamin C [51], sodium borohydride [52],
sulphur compounds such as: NaHSOs, SO., SOCI;, Na>S:03, NaSOz and
Na:S - 9 H20 [53, 54]. In addition to the reduction with chemical agents,
electrochemical [55, 56], photo chemical [57] and thermal [58, 59] reduction
methods have been developed as well.

GrO is a compound of carbon, oxygen, and hydrogen in variable ratios,
obtained by processing graphite with strong oxidizers. The maximally oxidized
product is a yellow solid with C:O ratio between 2.1 and 2.9, that keeps the layer
structure of graphite but with a much wider spacing (6 — 12 A, depending on the
humidity) due to water intercalation. GrO is an electrical insulator, with a
conductivity of around 0.5 S - m™, due to the strong destruction of the sp? carbon
network. Due to the oxygen-containing functionalities (hydroxyl, carboxyl,
epoxy, etc.) GrO is hydrophilic and readily disperses in water to form stable
colloidal suspension. Water is the most common dispersion media for GrO, and
there are two different ways to disperse GrO in water including mechanical
stirring and sonication. The GrO can also be dispersed in many other solvents
such as ethylene glycol, N-methylpyrolidine, N,N-dimethylformamide,
tetrahydrofuran, etc. [55, 60].

Graphite oxide was first prepared long ago by Brodie in 1859 who treated
graphitic powder with potassium chlorate in concentrated fuming nitric acid
[61]. Later in 1898, Staudenmaier improved the Brodie’s synthesis method for
GrO by adding the chlorate in multiple aliquots over the course of the reaction

rather than in a single addition [62]. After Staudenmaier’s approach, two
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chemists, Hummers and Offeman developed an alternative method for
producing GrO. They prepared GrO by oxidizing graphite with a concentrated
sulphuric acid, potassium permanganate and sodium nitrate mixture [63]. Since
then, there have been many different variations in the preparation of graphite
oxide. Some other oxidizing agents have been used for the formation of GrO,
though Jones’ reagent (H2CrO4/H2SQOs4), concentrated acids (H2SO4, H2SeOs,
H3BO3s, HNO3), peroxide and peroxy-compounds (H202, K2S20s) [55, 64].

The exact chemical structure of GrO has been debated over the years. Even
today there is no definite GrO structure model. There are many reasons for this,
but the primary factors are mainly related to the absence of long-range structural
order in GrO and to its intrinsic non-stoichiometric atomic composition [55, 65].
The most well-known structural model for GrO was proposed by Lerf and
Klinowski, which are presented in Fig. 2. According to this model, GrO layer
has two types of regions — oxidized regions and non-oxidized regions. They are
randomly distributed and their relative size depends on the degree of oxidation.
The oxidized region of GrO is composed by sp?-hybridized carbon sheets
containing epoxy and hydroxyl groups in the basal planes and carboxyl groups
at the plane edges. In the non-oxidized regions the original sp?carbon network is
preserved [65, 66].

Fig. 2. Lerf and Klinowski’s structural model of GrO, taking into account the
five- and six-membered lactol rings (blue), ester of a tertiary alcohol (pink),

hydroxyl (black), epoxy (red) and ketone (green) functionalities [66].

Carbon nanomaterials have a unique place in nanoscience owing to their

exceptional thermal, electrical, chemical and mechanical properties and have
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found broad application in areas diverse as composite materials, energy storage
and conversion, sensors, drug delivery, field emission devices and nanoscale
electronic components. Moreover, recently these materials have been shown to

be useful in synthesis and catalysis [37-39].
1.2. Catalysis on carbon nanomaterials

Catalysts play a very important role in the chemical and petroleum industries
as they improve reaction yields, reduce temperatures of chemical processes and
promote specific selectivity in chemical reactions. [4]. To date, the most widely
applied catalytic materials have been concentrated on the noble metals (Pt, Rh,
Pd) and metal oxides, hybrid materials or composite structures with the active
metallic centres, and organometallic compounds [5-7]. However, some
limitations have already emerged for traditional catalysts, such as they are
sensitive to poisoning, expensive and harmful for environment. Accordingly,
exploiting an alternative cost-effective and stable catalyst is urgently required.

Recently, carbon nanomaterials have been demonstrated as a promising
metal-free alternatives for low-cost catalytic processes, because of their wide
availability, environmental acceptability, corrosion resistance, and unique
surface properties such as large surface area, high thermal stability and various
chemical modification potentials [8, 67-69]. Different carbon materials
including activated carbon, carbon nanotubes, fullerenes, nanodiamonds,
graphene and its derivatives have been used as the effective catalysts or catalyst
supports [68, 69].

Today, most of the reactions that are catalyzed by carbon based materials can
be classified into one of the following groups: (i) oxidation-reduction;
(i) hydrogenation-dehydrogenation; (iii) combination with halogens; and
(iv) decomposition. There are also examples of the catalysis of dehydration,
polymerisation,  isomerisation,  oxygen  reduction, esterification and
transesterification reactions [8, 70, 71]. In our research we have investigated the
oxygen reduction (ORR) and transesterification reactions because of their great

technological importance. We also prepared and characterized thermally reduced
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graphene oxide (TRGO) based catalysts support for pyrrologuinoline quinone
(PQQ)-dependent D-fructose dehydrogenase which possessed the beneficial
properties of D-fructose biosensor operating effectively direct electron transfer
(DET). This mean that the electron is transferred directly from substrate to the
electrode via the active site of the enzyme without any additional mediating
compounds. The absence of mediators is the main advantage of such biosensors

enhancing the selectivity, proper sensitivity and reducing the cost [72].
1.2.1. Transesterification process for biodiesel production

The world's total energy output is mainly generated from fossil fuels and
experts have warned about depletion of this source in the future. Increase of
population, industrial and technological developments and huge world’s energy
demand are the main reasons of the reduction of fossil fuel resources. Moreover,
combustion of such fuels generates many harmful products in the form of
exhaust gases. Because of these reasons, current research is progressively
directed towards examination of alternative renewable fuels. One of the possible
solutions of these problems is the gradual replacement of diesel fuel produced
from non-renewable sources with biodiesel, which is made from renewable
biological sources [73, 74].

Biodiesel, an alternative diesel fuel, is a promising, non-toxic,
environmentally friendly and biodegradable fuel defined as a mixture of alkyl
(usually methyl) esters of long chain fatty acids (FAME), which are produced
from vegetable oils or animal fats and alcohol [75, 76]. FAME combustion
products contain lower amounts of particulates, carbon monoxide [76, 77]
sulphur oxides, nitrogen oxides, aromatic hydrocarbons and soot particles [78,
79].

There are at least four methods for producing biodiesel, including direct
use and blending of raw oils [80], microemulsion [80, 81], thermal cracking or
pyrolysis [82, 83], and transesterification [80, 83]. Among all, transesterification
of vegetable oils/fats is the easiest and the leading process of biodiesel

production on large scale. It is a process of reacting the triglycerides, which are
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present in the inedible (e.g. Jatropha, Pongamia,) or edible vegetable oils (e.g.
sunflower, rapeseed, soybean, olive, palm, coconut) or animal fats, with an
alcohol (e.g. methanol, ethanol, propanol, butanol, amyl alcohol) in the presence
of a catalyst [84-86]. In addition, the process yields glycerol which has potential
applications in the pharmaceutical, cosmetic, food and plastics industries [87].
Transesterification consists of a sequence of three consecutive reversible
reactions. The reaction mechanism for biodiesel production by the
transesterification reaction is presented in Fig. 3. The first step is the conversion
of triglycerides to diglycerides, afterward the conversion of diglycerides to
monoglycerides, and finally monoglycerides into glycerol, yielding one methyl

ester molecule from each glyceride at each step.

I i
CH,—~0—C—R, CH,~0—C—R_
ﬂ CH,—0—H CH,—O—H
CH,~0—C—R, ’ i ’ CH7O-H R ,COOCH,
ﬂ CH,—0—C—R, CH,—O—H
CH,~0—C—R, + 3CH,OH — S = CH;70—-H . R,COOCH,
‘ T|) CH,—O—H CH,~O—H
CH,—O—C—R, |(|> ﬂ CH—~O—H R,COOCH,
CH,—0—C—R; CH,—O—C—R,
’ 0
[ Note : x=1, 2 or3
CH,~0—C—R, CH,—O—H
Triglycerides Methanol Diglycerides Monoglycerides Glycerol Methyl esters

(Biodiesel)

Fig. 3. Reactions in the transesterification of a triglyceride, where R; — Rs are

the carbon chains of oleic, linoleic, linolenic, palmitic and other fatty acids [88].

The selection of a proper catalyst has a fundamental significance for the
sustainable transesterification process. Homogeneous, heterogeneous and
enzymatic catalysts have been investigated [75, 89-92]. Currently, homogeneous
alkaline catalysts, such as alkaline metal hydroxides, carbonates and alkoxides
are most commonly used in industrial transesterification processes for biodiesel
production [84, 93]. However, despite the advantages of this method (e.g. high

conversion at low temperatures) the use of homogeneous alkaline catalysts
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causes some problems. Firstly, these types of catalysts cannot be reused in the
process. Secondly, the hydroxides are partly soluble in reaction products, which
indicates the need for an additional step of purification [85, 91]. Moreover, for
alkali-catalysed transesterification, the feedstock (oil or fat) must contain
comparatively low levels of free fatty acids (FFAs) and the alcohol used should
be essentially anhydrous, otherwise, the undesirable soap formation and ester
hydrolysis may occur. The soap reduces the yield of esters and increases the
viscosity, so the separation and purification of esters and glycerol becomes more
difficult [94, 95]. In the cases where the raw materials contain high levels of
FFAs, acid is usually used to catalyse transesterification process. The typical
acid catalysts used in the reaction are sulphuric, phosphoric and hydrochloric
acids. The acid-catalysed process is potentially a competitive alternative to the
commonly used alkali-catalysed process due to its insensitivity to FFAS in
feedstock. Despite this, homogeneous acid catalysts may cause corrosion and
environmental problems, and require more expensive equipment [96-99]. The
next group of catalysts are enzyme based ones. However, they are
disadvantageous because of their high cost and a long reaction time [100, 101].

High energy consumption during transesterification process and costly
separation of the homogeneous catalyst from the reaction mixture have
encouraged the development of heterogeneous catalysts. Solid catalysts have
received considerable attention due to their easy separation for recycling and less
corrosive and toxic effects. Moreover, they are much more tolerant to water and
FFAs in the feedstock [90-92, 102]. For the last few years, the use of
heterogeneous catalysts for the transesterification reaction was extensively
studied. The most commonly used for this purpose are metal oxides (e.g. MgO,
CaO and SrO) or sulphides, metallic salts (e.g. sodium silicate,
vanadyl phosphate, calcium zincate), zeolites, heteropolyacids (e.g.
H3PW12040), hydrotalcites (e.g. MgsAl2(OH)16C0O3-4H20), ion-exchange resins
(e.g. Amberlyst-15), basic oxides supported on high-surface-area materials and
organic bases (e.g. triethylamine, piperidine, guanidines such as
1,5,7-triazabicyclo[4.4.0]dec-5-ene) [85, 91, 103-106]. Although these solid
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catalysts certainly overcome some drawbacks mentioned above, most of them
still suffer from disadvantages, such as deactivation, high cost and harmful
effects on the environment because of the presence of certain metals [107, 108].

Carbon-based solid acid catalysts have become a hot research area
compared to the other solid catalysts because they can promote esterification of
FFAs in parallel with transesterification of triglycerides present in oil feedstock
without saponification [109]. Consequently, these catalysts enable a reduction
of processing steps in biodiesel production, which meets the requirements of
green and sustainable chemistry in the catalytic production of biodiesel.
Recently, a few of research groups have successfully explored the potential of
solid acid carbon-based catalysts in transesterification process.

For example Hara’s group prepared a solid Brensted acid of amorphous
carbon bearing -SO3zH, -COOH, and phenolic -OH groups using microcrystalline
cellulose powder as the starting material and fuming sulphuric acid as the —-SO3zH
source. The as-prepared sulphonated carbon-based material showed high
catalytic performance for transesterification of triolein, and its activity
outperformed commercial solid acids such as Amberlyst-15 and Nafion NR50.
Over a period of 6 h, the yield of methyl oleate reached 24.1% (SOsH-bearing
carbon), 5.0% (Amberlyst-15) and 1.5% (Nafion NR50) [110]. Maneechakr and
co-authors have reported that a sulphonated D-glucose derived sugar catalyst
showed higher catalytic performance towards transesterification of waste
cooking oil with methanol compared with commercial catalysts Amberlyst-15.
Moreover, it had excellent operational stability, and after more than ten cycles
of successive reuse, it still retained a remarkably high proportion (90.8%) of its
original catalytic activity in the FAME formation reaction. Furthermore, this
sugar catalyst is very promising to replace H2SO4 as a green catalyst for efficient
production of biodiesel from higher fatty acids and especially waste oils with a
high acid value [111]. Yuan’s group have reported that the sulphonated carbon
based catalyst, prepared by impregnation of activated carbon with sulphuric acid
exhibited remarkably high catalytic activity towards the transesterification of

castor oil with methanol at 65°C. Under the same conditions, its catalytic activity
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Is superior to H2SO4 [112]. Ning and co-authors have reported the 97.8% yield
of fatty acid ethyl ester from transesterification reaction under the optimum
reaction conditions as using sulphonated multi-walled CNTs [113]. More
recently, Felpin’s group have reported that a sulphonated graphene-based
catalyst showed excellent catalytic performance towards transesterification of
palm oil with methanol (yield of FAME 98%) [114]. To date, there are few
studies on the biodiesel production from transesterification of triglycerides
containing feedstocks catalyzed by sulphonated graphene-based catalysts.

The use of carbon based solid acid catalysts for biodiesel production
processes is promising, as the carbon materials or their precursors are renewable
and the feedstock for the acid catalysts preparation are of low-cost [113, 115].
Although the method to prepare sulphonated carbon catalyst is simple, it is
challenging to obtain catalyst with high total acid density and to prevent the

active site, such as -SOzH, leaching from the structure [115].
1.2.2. Electrocatalysts for oxygen reduction reaction

Oxygen reduction reaction is one of the most important electrocatalytic
reaction because of its key role in electrochemical energy conversion (e.g. fuel
cells, metal—-air batteries, etc.), corrosion, and a few other industrial processes
[116]. The ORR mechanism mainly depends on the nature of electrode and
electrolyte [117]. It is rather complicated and involves multiple electrochemical
reactions. ORR in aqueous solutions occurs mainly by two pathways. One is that
O will be reduced directly to H>O (in acidic media) or OH~ (in alkaline media)
via a more efficient four-electron path and the other is that O, will be reduced to
H20: (in acidic medium) or HO>™ (in alkaline media) via a two-electron path,
followed by further reduction to H2O (in acidic media) or OH~ (in alkaline
media) [118]. The corresponding reactions are summarized in Table 1. In fuel

cell processes, the 4-electron direct pathway is highly preferred [119].
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Table 1. Possible pathways for ORR in aqueous media.

ORR Electrolyte
pathway Acidic medium Alkaline medium
] O2 + 4H* + 4e” — 2H,0 O2 + 2H20 + 46 -40H"
e Eo=1.23 VshE Eo =0.40 Vshe
02 + 2H" + 2 — H20> 02 + H20 + 2e* — HO2 + OH"
oe: Eo = 0.682 VsHE Eo =-0.065 VsHe
H.0; + 2H* + 2e- — 2H>0 H20 + HOz + 2e” — 30H"
Eo=1.76 VsHE Eo = 0.867 VsHE

The application of ORR in fuel cells has been the research focus area of
material chemists and electrochemists in the past few decades. Fuel cells have
gained a great interest for many years due to their high efficiency and
environmental friendliness. In a fuel cell, the energy source such as hydrogen,
methanol, and formic acid is oxidized at the anode, and the released electrons
are transferred to cathode where oxygen is reduced. Generally, the ORR at the
cathode has a sluggish reaction Kkinetics because of its multi-electron
characteristic and large overpotential, which limits the cell performance [118,
120]. Therefore, the ORR usually needs to be accelerated by catalysts.
Traditionally, platinum has been considered as the best catalyst for fuel cells,
although it still suffers from multiple disadvantages, including its high
susceptibility to methanol crossover effect, CO poisoning effects and high
tendency for particle aggregation. In addition, Pt is too expensive for
commercialization in large scale production [117]. Therefore, it is strongly
desired to develop cost-effective, metal-free electrocatalytic materials for the
replacement of Pt-based fuel cell catalysts.

Heteroatom-doped carbon-based nanostructures, such as carbon
nanoparticles [121], CNTs [122] and graphene [123, 124] were regarded as one
of the possible alternatives to Pt-based catalysts due to their lower price, greater
abundance, and high stability. Among these candidates, heteroatom-doped

graphene related materials have attracted considerable interest because of their
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outstanding properties, including large surface area, high carrier mobility,
excellent mechanical flexibility, and superior chemical stability.

It is reported that the N-doped graphene may have a high electrocatalytic
activity towards the ORR [125]. Calculations based on hybrid density functional
theory suggest that this effect is likely attributable to the strong electron affinity
of N atoms and substantially high positive charge density on the adjacent
C atoms resulting in very favorable adsorption of O [125]. This parallel
diatomic adsorption may effectively weaken the bonding in oxygen molecule
and facilitate the direct reduction of oxygen [122]. Doped N atoms in graphene
may be assigned to pyrrolic, pyridinic and quarternary (graphitic) [125]. The
content of different nitrogen types usually varies with nitrogen doping level. It
is worth noting that a higher amount of N incorporated in the graphene layer
does not always lead to better ORR performance. Moreover, not only
substitutionally N-doped graphene derivatives show the ORR activity but also
the composite materials with adsorbed nitrogen-containing structures have the
same effect. For example, the ORR activity of composite materials made of
graphene and polyaniline/polypyrrole is reported several times [126]. This
composite catalyst is active in acidic media, while in most cases the N-doped
graphenes show their ORR activity in alkaline media.

Recently, research involving the electrocatalytic activities of carbon
materials doped with other low (e.g. B, P) or similarly (e.g. S, Se)
electronegative atoms have attracted increasing attention [127]. The reported
results suggest that the operational activity and stability of such catalysts are
better when compared with the performance of single N-doped graphenes. Many
authors emphasize that the mechanism of such effects is still unclear [125].

The sulphur doped graphenes (S-graphenes) can exhibit the excellent
catalytic activity and long-term stability for ORR [128]. It was found that the
graphenes doped with other elements of similar electronegativity (e.g. Se) show
similarly high ORR catalytic activity [129]. A vital role for the high ORR
activity of S-graphene may play the unique electron structure derived from the

conjugation between the sulphur lone-pair electrons and the graphene @ system
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[125]. In this case tailoring the 7 electronic system of graphene may be a crucial
factor for the producing of considerably improved materials for ORR. These
types of doped structures may provide enhanced opportunities for further
developing of high-active and poison-resistant electrocatalysts with long
lifetimes.

In addition to single-atom doped graphene materials and their ORR activity
it is possible to find information about the multi-doping with several atoms. The
multi-doping strategy is acknowledged as an effective tool for the enhanced
ORR activity. The dual-doped carbon catalysts showed the highest onset
potential and electrochemical activity in acidic media, about 43% of that of
commercial Pt/C (40 wt%) [130]. It was concluded that the co-presence of
sulphur and nitrogen is likely to increase the ORR activity of the graphene
material in both basic and acidic media [131]. This study of the synergistic effect
of combined sulphur- and nitrogen-doping in catalysis of the ORR is expected
to be significant to future research in improvement of heterogeneous, metal-free,
carbon-based catalysts. Feng and co-authors reported the preparation of efficient
metal-free electrocatalyst for ORR by using a thiocyanate precursor and GO by
a hydrothermal procedure [132]. This N- and S- co-doped catalyst was active in
alkaline solution. Presented report demonstrate that the preparation conditions
are crucial for this type of electrocatalyst; its operation can be improved by
optimizing the synthesis conditions.

Despite the recent progress, the metal-free carbon catalysts currently are
still far from that desired for practical applications. The need of much additional
research is emphasized to produce commercially valid material with high

activity and practical durability for ORR.
1.2.3. Carbon materials as catalyst supports

A key issue in catalysis is to obtain high surface area catalysts in order to
improve catalytic activity and selectivity [133]. This is achieved by using a
catalyst support, which is the basic function is to provide good electrical

conductivity with high surface area, also bring the catalyst particles close to the
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reactants via the pore structure and provide a corrosion stability under oxidizing
conditions [134]. However, it is well known that the role of the support is not
simply that of a carrier, the interaction between the catalytic phase and the
support can affect the activity [135]. Because of these reasons the choice of the
right support material is vital in the industrial process development. The
selection of the support is based on a series of desirable characteristics such as
inertness, stability under reaction and regeneration conditions, suitable

mechanical properties, large surface area, porosity and chemical nature [8].

According to the literature, the catalyst support can be materials such as alumina,

zeolites and metal oxides of the transition metals (TiO2, La>O3, CeO2 and ZrO:

etc.), which are among the most commonly used heterogeneous catalyst carriers

[136, 137]. The challenge related to the use of the above supports is that they

are not easy to eliminate from the products at the end of the reaction due to

their high degree of insolubility. To overcome this drawback, a new
prospective materials have been developed.

For almost twenty years there has been an increasing interest in the use of
nanostructured carbon materials as catalyst supports [68, 136]. Following the
nanotechnology revolution, a wide variety of carbon nanomaterials has been
investigated as catalyst carriers, including fullerenes [138], CNTs [139], carbon
nanofibers [140], carbon onions [8], nanodiamonds [141], graphene or GO
[136]. Carbon materials have some characteristics that are very valuable for their
application as catalysts supports, some of them not attainable with any other
materials. The main advantages offered by carbon based supports are:

(i) Carbon nanomaterials have a high surface area and its porous framework
can be modified to obtain the pore size distribution optimum for each
particular reaction. High surface area and a well-developed porosity are
very important for achieving a high dispersion (e.g. fraction of metal atoms
that are on the surface of the support in relation to the total metal loading)
of the active phase in the catalyst. However, in some cases, a high surface
area of the carbon support may be harmful if it is limited in narrow

micropores that are not accessible to the reactant molecules. This is
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(ii)

(iii)

(iv)

(v)

(vi)

(vii)

especially important in processes where large molecules are involved, as
in the treatment of petroleum feedstocks and in liquid-phase reactions in
which diffusion of reactants and/or products may be hindered by the
narrow porosity [8, 142].

Carbon surface is relatively inert. Their surface is resistant to both acidic
and basic media [143].

The mesoporous nature of these supports can be of interest for liquid-phase
reactions, thus limiting the mass transfer [8];

Carbon supports are usually cheaper than other commercial supports, such
as alumina and silica [142].

Carbon materials may be obtained in different forms (granules, pellets,
fibers, foams, monoliths, fabrics, coatings, etc.) [142].

The active phase, usually expensive, can be easily recovered by burning
away the carbon support [142].

Although carbon is usually a material with a hydrophobic nature, the
chemical nature of their surface can be easy chemically modified to give
them some hydrophilicity that offers numerous perspectives for adsorption
and dispersion of the active phase. The surface chemistry of carbon
materials is a key property that allows designing the interactions between
the support and the active species [143].

Nevertheless, carbon supports also have some limitations: they can be easily

gasified, which makes them difficult to use in high temperature oxidation and

hydrogenation reactions, and their reproducibility can be poor, especially activated

carbon-based catalysts, since different groups of the same material can contain

unpredictable ash amounts [8].

The methods used for the preparation of carbon-supported catalysts are

similar to those used with other supports. In the literature many preparation

recipes have been proposed including, chemical vapor deposition [144],

precipitation or co-precipitation method [145], the liquid phase reduction [146]

and the most common used impregnation method [136].
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Carbon-based materials are still the most practical for the preparation of
noble metal catalysts, particularly for Pd, Pt, Ir, Co based catalyst. Also carbon
based support materials have been widely used in the bi-functional catalyst
system, including MnO2 nanowires, MnFe20s, C030s4, CuFe20s4, NiFe2Oy,
Fe2Os3 - Co(OH)2 and CoFe204 or in bimetallic catalyst systems such as Pt-Au,
Pd-Ag, Pt-Ru, etc. [123, 136] The use of nanocarbon materials to create
bioelectrodes for biosensing applications by supporting enzymes and/or
micro-organisms is another emerging area of development [147, 148].

Electrochemical biosensors are currently extensively explioted in sectors
as diverse as medicine, environmental monitoring, industries and domestic use.
Electrochemical detection has a large potential for development of portable
instrumentation suitable for analysis in many fields. Due to the high demand of
the world market, the number of biosensors suitable for commercial use is
increasing regularly. Nevertheless, there is a range of problems hindering the
widespread use of biosensors, and most of them are related to the design of a
biosensor [149].

An electrochemical biosensor is defined as a device that transforms
biochemical information into an analytically useful electrochemical signal. It is
essentially comprised of the immobilization of a biomolecular recognition
element e.g. microorganisms, organelles, cell receptors, enzymes, antibodies,
nucleic acids, etc. (bioreceptor) onto the corresponding transducer, the system
that converts the biochemical response into an electrical signal. A biosensor is
composed of these two parts, which consitute a working electrode. In the design
of a biosensor the general aim is to enable quick and convenient testing, i. e., to
get reliable and strong analytical signal. This aim can be reached by a proper
selection of bioreceptor and support/transducer system, simultaneously taking
into account their mutual interaction [134, 150].

In recent years achievements in the field of nanotechnology have made a
significant impact on the biosensor design. Various configurations of biosensors,
wherein nanomaterials such as gold nanoparticles, magnetic nanoparticles, and

the like serve as electrode material have been reported so far [151]. The use of
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nanomaterials allows expect a substantial improvement in a biosensor quality,
including accuracy, reproducibility, detection limits, exploatation time, and
reliability. The dimensions of nanoparticles lay in the same range or even smaller
than these of enzymes, therefore, many of nanomaterials can serve as excellent
supports for the enzyme immobilization. The combination of surface chemistry
of nanomaterials and proper enzyme orientation control holds a great potential
for outstanding biosensors. The site-selective immobilization of enzyme is a
promising strategy for stable, efficient, and oriented protein attachment with low
nonspecific adsorption [152]. Based on this strategy, implantable biosensors
were prepared by exploiting the unique properties of nanomaterials [151].

The use of carbon nanomaterials for biosensors in the form of quantum
dots (Qds), CNTs, graphene, graphene oxide, and the like is reported so far
[153]. Single- and multiwalled CNTs were utilized as support/transducer
systems of various biosensors having aim to make use of their nanoscale
dimensions, electrocatalytic properties, and high surface area. Among the most
significant advantages promoting the use of CNTs (especially, SWCNTS) in
biosensors are their small diameter-to-length ratio, which allocates a close
contact between the enzyme and electroconductive CNT [154]. There CNTs can
be active mediators, which promote a direct electron transfer from enzyme active
sites. The biosensor nanoelectrode arrays made of CNTSs are reported for various
substrates [155]. The immobilization of enzyme on CNTs is a key technology,
which allows benefit the advantages of a CNT use. Non-covalent immobilization
has been studied more intensively in comparison with the covalent methods due
to its less destructive influence on enzyme’s structure and uncomplicated
operation. During the covalent immobilization, specific functional groups are
attached to the ends or side-walls of CNTs [156]. However, there is not a
universal enzyme support and the best method of immobilization might differ
from enzyme to enzyme, from application to application, and from carrier to
carrier. A definite number of problems related to the preparation and use of CNT

in biosensors still remain.
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More recently, graphene and its related materials have attracted much
interest in sensing applications. It can be considered as a competitor to CNTSs,
while it exhibits excellent performance in direct electrochemistry of enzymes
[157]. Currently the efforts in graphene technology are focused both in the
reproducible synthesis of large quantities of uniform high-quality graphene and
in tailoring of on-demand graphene properties. As in the case of CNTs, much
emphasis is put on the better understanding of processes that occur on the
interface of graphene and biomolecule (e.g., the mechanisms of absorption
molecules on graphene surface, the orientation of biomolecules on the graphene,
and how these interactions impact the transport properties of graphene).
Graphene-based composites with other organic or inorganic materials (including
electroconductive polymers and CNTSs) considerably extend the possibilities of
biosensor development [16].

Graphene oxide may also be an ideal substrate for biomolecules
immobilization. GO is enriched with oxygen-containing groups, making it
possible to immobilize active phase through electrostatic interaction without
surface modification or coupling reagents [142]. While GO particles are well-
known for their biomolecules immobilization abilities, few reports are available
regarding the immobilization of active phase on reduced GO [158]. Both GO
and rGO can serve as an excellent immobilization platform for enzymes,
proteins and DNA used in biosensors. Through the interactions of GO and rGO
with enzymes, proteins, or short-chain peptides, more complicated
supramolecular architectures were assembled. Some of the as-obtained
conjugates showed unique biological and chemical properties that were found
applicable as bioprobes and biosensors [15]. Among the issues to be resolved
working with GO and rGO application in biosensors several problems should be
mentiond. One of them is the detailed characterization of these materials,
especially the distribution of oxygen-containig groups, which is crucial for the
interaction with enzyme molecules. The problem remains how to synthesize the

individual graphene sheets of controllable size and quality. Control of
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conductivity, number of layers, and shape is also important in application of
these materials in biosensors [16].

Graphene, GO, rGO and CNTs are the most widely used carbon
nanomaterials in biosensors. The use of each in this group of materias has their
own advantages and limitations, which are related to their properties and
structural characteristics [155]. In comparison with CNTSs, graphene exhibits
potential advantages of low cost and higher purity from heavy metals in the case,
when it is produced using GO as a precursor. Nevertheless, the cost of epitaxially
grown graphene is comparable to that or even higher as CNTs. The defect-free
graphene possess excellent electrical conductivity, which significantly decreases
in the case of rGO, or especially, GO. On the other hand, graphene suffers from
the lack of the functional groups on the surface hindering the immobilization of
enzymes. The surface of CNTs is more active, both at the sidewalls and,
especially, at the tips. GO and rGO are useful platforms for the enzyme
immobilization, but the procedure of immobilization should be controlled
carefully trying retain the maximal enzyme activity [155, 157]. In summary, the
preparation of a biosensor is still a very complex and difficult task, where a
number of technical and scientific problems should be resolved. Among these
one of the most important is the preparation of a suitable electroconductive
coating for electrochemical biosensor, which would meet the high-standard
requirements for analysis in health care. Working in this field, the opportunities

of carbon nanomaterials are not completely exploited yet so far.
1.3. Graphene-based coatings: preparation and transfer

Owing to their unique physical, chemical, and mechanical properties,
carbon nanomaterials such as fullerenes, CNTs and graphene are among the
most important and widely used materials in many areas such as chemistry
(catalyst support, absorbent), electrochemistry (electrodes), bioengineering
(biocompatible implants, biosensors), mechanical engineering, tribology (solid

lubricant), electronics (substrates) and in many other fields. In some of these
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applications, carbon coatings are as important as bulk materials, and sometimes
only thin coatings can be used [159-161].

During the last ten years, graphene and its coatings have gained increasing
research interest due to their high electrical conductivity and mechanical
flexibility. Graphene films are regarded as one of the most promising candidates
that could be used for biosensors electrode, stretchable electronic and
optoelectronic devices [162-164]. Many methods have been reported for the
fabrication of graphene thin films, including epitaxial growth on SiC wafer
under ultrahigh vacuum conditions [165] or chemical vapor deposition (CVD)
of hydrocarbon precursors onto transition metal substrates, such as Cu, Ni, Ir,
Co, Pt, Ru, etc. [166]. The graphene coatings fabricated by using GO suspension
can avoid the use of expensive catalytic surfaces and can be operated under mild
conditions. The general procedure for preparing graphene films from GO
suspension involves the deposition of GO films followed by reduction. GO
nanosheets can be deposited on variuos substrates by using solution-based
techniques, such as dip coating [167], spin coating [168], vacuum filtration
[169], layer by layer self-assembling (LBL) [170], Langmuir-Blodgett (LB)
[171], spray coating [172], electrophoretic deposition (EPD) [173]. Among the
different techniques to obtain graphene coatings, CVD method on a metal
substrate presents the best trade-off between material quality and industrial
scalability. However, for most applications a transparent or insulating substrate
is needed. Therefore, the graphene layer requires to be transferred from the metal
to the arbitrary substrate. Graphene is transferred on many substrates such as
polymers (polyethylene terephthalate) (PET), polystyrene (PS), polyimide (PI))
[174-176], boron nitride [177], InAs/GaAs [178]. Graphene can likewise be
transferred on structured substrate such as holey transmission electron
microscopy grids [179] or perforated substrate [180]. For this purpose, several
procedures have been developed.

To date, the most common method for transferring graphene from a
transition metal or SiO2 growth substrate is the polymer supported transfer

method [181]. A schematic diagram of the transfer process is shown in Fig. 4.

34



Graphene film PMMA/Graphene

o

———————————

Cu foil
J Transfer

PMMA'spin coating

v

e e

Substrate

W Dissolving PMMA

Graphene

Fig. 4. Schematic illustration of the transfer process of graphene onto transparent
substrate [181].

According to this method, a layer of poly(methyl-methacrylate) (PMMA)
Is coated onto the graphene/metal surface. Afterward, the metal is chemically
etched away and the PMMA/graphene membrane is transferred onto the target
substrate. Finally, the PMMA is removed either via dissolving in acetone (or
acetone vapor) or high-temperature annealing (~350 - 500 °C) [181]. This
transfer technique is powerful for graphene growth by CVD on a metallic
substrate, such as Cu or Ni, which can be easily removed [182]. Different etching
agents are used in relationship with the nature of the substrate. For copper foil,
various compounds are employed such as ammonium persulphate , ammonium
sulphate, iron (I11) chloride, iron (I11) nitrate, H202 (3%)/HCI (35%) mixture,
Marble’s reagent (CuSO4/HCI/H.O: 10g9/50mL/50mL). For etching of nickel
foil, hydrogen fluoride solution, hydrochloric acid are used as etchants. To etch
silicon oxide layer, sodium hydroxide (1 M - 90-C) and potassium hydroxide
could be used [182]. In addition, besides using PMMA as the polymer
supporting layer, poly(bisphenol A carbonate), polyisobutylene (PIB),
Polydimethylsiloxane (PDMS) can be used in the transfer method [175, 182].
Lots of polymers are proposed but PMMA is the most commonly used polymer

supporting layer. However, PMMA-based technique has some disadvantages,
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such as PMMA often was not fully washed away with acetone and remained as
a residue, also most flexible substrates either dissolve in acetone or cannot
withstand the annealing temperature [181, 183]. Other PMMA-free techniques
have been investigated, including using thermal release tape as the transfer
membrane or using particular functional groups to attach graphene to other
flexible substrates [182].

Recently, a transfer method by electrochemical bubbling was proposed. A
schematic diagram of the transfer process is shown in Fig. 5. According to this
method, the hydrogen bubbles are formed and squeezed into the
graphene/substrate interface to mechanically delaminate the graphene/polymer
from the substrate. Afterwards, the film is placed onto the arbitrary substrate and
the polymer is dissolved. The electrochemical bubbling is a strong candidate for
the transfer technique in graphene industry. Nevertheless, it is not yet widely
applied. One of the main reasons is that the graphene after transfer often shows
some wrinkles and holes. In comparison, the metal etching based transfer usually

results in less damage [175, 184].
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Fig. 5. Schematic diagram of the electrochemical transfer of graphene from a

metal substrate using an electrochemical bubbling method [175].

The graphene layer also can be transferred by direct pressure between
graphene and a arbitrary substrate. Actually, it is possible to find in the literature

transfer techniques such as roll-to-roll method or hot press lamination method
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[175, 185]. Moreover, above mention techniques could be used together in order
to improve the quality or the ability of the graphene transfer.

Each technique has its own merits and limitations. The transfer of prepared
graphene coatings from one substrate to another becomes an urgent problem,
since it improves the processability and extends the potential application areas
of coatings. However, this problem is seldom discussed in the literature [186].
To avoid undesirable changes in the structure during the transfer procedure, it is
necessary to solve the multi-objective optimization problems. The procedure
includes a suitable choice of testing and sample preparation methods [187]. The
use of combinatorial approach for the sample preparation and testing is
becoming increasingly accepted in the field of materials science. Among the
other advantages of using the combinatorial method, opportunity to determine

the structure—property relationships should be mentioned [188].
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2. EXPERIMENTAL
2.1. Materials and reagents

Graphite used for the synthesis was of extra pure grade (Merck). The
particle size of the pristine graphite (according to manufacturer’s data) was
>50.0 um (99.5%). Graphite rod (@ 3 mm, Sigma-Aldrich) was used for the
preparation of working electrodes. The commercially available rapeseed oil
“Olej Wyborny Rzepakowy” (Poland) was used for transesterification process.
Deionised water was used for solutions preparations and washing. All reagents
and materials were of analytical grade or high purity, and unless otherwise stated
were used as received. Sulphuric acid (H2SO4, >98%, Eurochemicals),
potassium persulphate (K2S20g, 99.99%, Sigma-Aldrich), phosphorus pentoxide
(P20s, > 99% purity, Carl Roth), sodium nitrate (NaNOs, p.a., Chempur),
hydrochloric acid (HCI, p.a.,, Eurochemicals), potassium permanganate
(KMnOg4, > 99% purity, Sigma-Aldrich), hydrogen peroxide (H202, 30%, p.a.
POCH), 4-aminobenzenesulphonic acid (BDS, 4-(H2N)Ce¢HiSOsH, ACS
reagent, 99%, Sigma-Aldrich), sodium nitrite (NaNO2, p.a. PubChem),
methanol (CH3OH, anhydrous, 99.8%, PubChem), sodium hydroxide (NaOH,
p.a. PENTA), potassium  hydroxide (KOH, p.a, Chempur),
N,N-dimethylformamide (DMF, >99%, Chempur), acetone ((CHs).CO, p.a.,
Eurochemicals), phosphoric acid (HsPO4, 85%, Lach-Ner), melamine
(CsN3(NH2)3, >99%, PubChem), potassium thiocyanate (KSCN, >99%,
PubChem), ammonium persulphate ((NH4)2S20s, p.a. Lach-Ner), lead(ll)
thiocyanate (Pb(SCN)2, 99.5%, Sigma-Aldrich), ammonium thiocyanate
((NH4)SCN, p.a. Reachem), dichloromethane (CHCl>, anhydrous, >99.8%,
Sigma-Aldrich), bromine (Br2, >99%, Reachem), tetrahydrofuran (CsHgO,
anhydrous, >99.9%, Sigma-Aldrich), magnesium sulphate (MgSQOs, anhydrous,
>99.99%, Sigma-aldrich), n-heptane (C7/His, 99%, PubChem), methyl
heptadecanoate (CH3(CH2)1sCOOCHSs, analytical standard, >99.0% (GC),
Sigma-Aldrich), ethanol (CHsCH2OH, 96%, Vilniaus degtin¢), Nafion®

perfluorinated resin (aqueous dispersion, 10 wt. % in H2O, Sigma-Aldrich),
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potassium bromide (KBr, optical grade, >99.9%, Sigma-Aldrich),
polyethylenimine  (PEI;  branched, <1%  water, Sigma-Aldrich),
poly(vinyl alcohol) (PVA; 99+% hydrolysed, Sigma-Aldrich), poly(ethylene
oxyde) (PEO; Sigma Aldrich), adipic acid (HOOC(CH)4sCOOH, 99%, Fluka),
polyvinylpyrrolidone (PVP, extra pure, Carl Roth), sodium dodecyl sulphate
(SDS, anal. grade, Reachem), 2-hydroxyethyl cellulose (HEC, Sigma Aldrich),
Nadir® - dialysis tubing cellulose hydrate (Carl Roth), polycarbonate membrane
filter (PC, pore size 0.45 um, Carl Roth). The gases (Ar, N2, He, H2, NHz) were
supplied by ElIme Messer Lit. (>99 % purity).

2.2. Synthesis methods
2.2.1. Synthesis of graphite oxide

GrO was synthesized from the natural graphite by synthesis protocol
reported by Yan et al. [189]. In a typical synthesis, graphite powder (6.0 g) was
put into an 80 °C solution of concentrated H2SO4 (24.0 mL), K2S20s (5.0 g), and
P2Os (5.0 g). The mixture was kept at 80 °C for 4.5 h using a hot plate.
Successively, the mixture was cooled to room temperature and diluted with
0.5 L of H>O and left overnight. The mixture was then filtered and washed with
H-O to remove the residual acid. The product was dried under ambient
condition. Then, this pre-oxidized graphite was subjected to oxidation by
Hummers method [63] described as follows.

Pre-treated graphite powder was put into cold (3 °C) concentrated H>SO4
(240.0 mL) and NaNOs (3.0 g) mixture. Then, KMnO4 (30.0 g) was added
gradually under stirring and the temperature of the mixture was kept to be below
20 °C by cooling. Afterward the resulting mixture was left at room temperature
for 3 days. Successively, the mixture was stirred at 35 °C for 1 h, and then
carefully diluted with 276.0 mL of H2O. After that, the mixture was stirred at
70 °C temperature for 15 min, and an additional 840.0 mL of H.O was then
added. Shortly, 20.0 mL of 30% H.O was added to the mixture. The resulting

brilliant-yellow mixture was filtered and washed with 10 wt% HCI aqueous
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solution (1.0 L) to remove metal ions. Afterwards the GO particles were washed
several times with distilled water by centrifugation (ultracentrifuge
SIGMA 1-6P) at 5500 rpm (each run for 20 min). The mixture was transferred
into a dialysis tubing cellulose membrane with a cutoff molecular weight
(MWCO) of 10000 — 20000 Da and dialyzed against distilled water until the
dialysate was free of sulphate and exhibited a pH 6. The suspension was filtered
using a Buchner funnel and obtained brown powder was dried in a vacuum

desiccator to a constant weight.
2.2.2. Thermal reduction of graphite oxide

Thermal reduction of GrO and fractionation of obtained TRGO was

performed using the equipment shown in Fig. 6.

AAI' gas —=3

—
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Fig. 6. Equipment used for the thermal reduction of GrO. 1-chamber for
TRGO1, 2-chamber for TRGO2, 3-chamber for TRGO3, 4- eating zone, and
5-separatory funnel for GrO.

1.0 g of dry GrO powder crushed in an agate mortar has been added to the

separator funnel (Fig. 6; 5) and sealed. Ar gas was passed through the system
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during 1 h; Ar flow rate was maintained at 60.0 ml - min't. After 1 h the furnace
(Fig. 6; 4) was heated up to 800 °C and GrO powder from the sealed separator
funnel has been subjected to the hot zone in small portions (~0.05 g). During this
part of the experiment the Ar flow rate was maintained at 100.0 ml - min™.
According to Schniepp et al. [190] and McAllister et al. [191] the thermal
reduction of GrO resulted removing of oxygen-containing functional groups,
thereby forming carbonaceous (CO and/or COz) species. High pressure
(130 MPa) arising between the graphene layers destroys the layered structure,
influences the structural changes and formation of vacancies and topological
defects. Obtained thermally reduced GO particles are moved away from the hot
reaction zone by the Ar flow and settle in subsequent chambers (Fig. 6; 1, 2 and
3) depending on the charge and mass. Collected fractions of TRGO are labeled
as TRGO1l, TRGO2 and TRGO3 respectively. The mass ratio of
TRGO1:TRGO2:TRGO3 in the experiment was obtained as 0.428:0.019:0.004
respectively.

The same technique was used to prepare TRGO, which was modified with
different agents in order to introduce acidic or basic functional groups on its

surface.

2.2.3. Synthesis of catalytically active materials for transesterification

reaction

Functionalization of TRGO with concentrated sulphuric acid.

The treatment with sulphuric acid was performed as follows [192]: TRGO
(3.0 g) and concentrated H2SO4 (95 wt%, 140.0 mL) were put in a three-neck
round-bottom flask. The mixture was heated at 140 °C for 5 h or 20 h, under
argon flow rate of 30.0 mL - min, with continuous stirring. Then the suspension
was cooled to room temperature and the obtained catalyst sample was washed
with hot distilled water (60 °C), dried overnight at 110 °C and sieved to a
uniform size range of < 0.4 mm. The modified carbons were denoted as C_SA 5,

C_SA_20, respectively.
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Functionalization of TRGO with 4-aminobenzenesulphonic acid.

In order to introduce sulphonic groups on the TRGO surface via in situ
generated diazonium cation, the method proposed by Toupin and Bélanger was
applied [193]. Briefly, TRGO (2.0 g) was dispersed in distilled water (100 mL),
then an equimolar amount of 4-aminobenzenesulphonic acid (2.87 g) and
sodium nitrite (1.15 g) was added and finally concentrated hydrochloric acid
(20 mL) was added dropwise. The reaction was carried out at ambient
temperature for 20 h under continuous stirring. Prepared catalyst was washed
with distilled water, methanol, DMF and acetone. The sample was dried
overnight at 110 °C and sieved to a uniform size range of < 0.4 mm. The

modified carbon was denoted as C_BDS.

Functionalization of TRGO with phosphoric acid

The modification of TRGO with H3PO4 was performed according to the
protocol reported by Puziy et al. [194]. Initial TRGO (2.5 g) was impregnated
with phosphoric acid (7.0%, 53.8 g) at ambient temperature for 4 h under
mechanical stirring. After this time the mixture was dried overnight at 190 °C.
Then, the impregnated carbon was subjected to heat treatment at 800 °C for 30
min under nitrogen flow rate 830 mL - mint. To remove any remaining
phosphoric acid, the sample was extensively washed with hot distilled water
until filtrate attained a neutral pH value. Next, the catalyst was dried overnight
at 110 °C and sieved to a uniform size range of < 0.4 mm. The modified carbon

was denoted as C_PA.

Functionalization of TRGO with gaseous ammonia

To introduce basic sites TRGO was treated with gaseous ammonia at
different temperatures in a vertical tube furnace [195]. Around 3.0 g of TRGO
was placed in a quartz reactor and introduced into the tubular furnace. Then
sample was held under a flow rate of 100 mL - min'* of Ar for 20 min to remove
oxygen residue completely. Afterwards the furnace was switch on (heat rate

10 °C - mint). When the furnace reached the desired temperature 850 °C or
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950 °C the gas flow was switched from Ar to NHz (100 mL - min') and then
held for 4 h or 8 h. After the reaction time, the furnace was cooled to 600 °C
under a flow of ammonia. Finally the quartz reactor was removed from the
furnace and cooled quickly down to room temperature under Ar gas. Prepared
catalysts were sieved to a uniform size range of < 0.4 mm. The modified carbons
were denoted as C_Am_4 850, C_ Am_8 850, C_ Am_4 950, C_Am_8 950,

respectively.

Functionalization of TRGO with melamine

The modification of TRGO with melamine was performed according to the
protocol reported by Ouyang et al. [196]. Detailed procedure as follows, 2.0 g
of TRGO powder and 10.0 g of melamine in 100 mL of distilled water were
mixed together about 4 h under ambient conditions. Then mixture was dried at
60 °C temperature, and placed in a quartz boat, which was placed at the center
of the horizontal tube furnace. Before the furnace was heated to 700 °C nitrogen
gas was flowed for about 20 min. When the center of the furnace reached the
designed reaction temperature the mixture was annealed for 1 h at this
temperature. Then the boat was shifted to the cold part of the quartz tube, and
held there till room temperature was reached. The reaction was carried out in an
N2 flow of 50 L - min*. The modified carbon was denoted as C_Me_1_700.

2.2.4. Synthesis of catalytically active materials for oxygen reduction

reaction

Novel graphene-based nanocomposite containing polythiocyanogen
((SCN)n) was prepared in order to fabricate superior metal-free catalyst for
oxygen reduction. Although (SCN), has been known for a long time, its solid
state structure continues to be uncertain and controversial yet. Structures of

(SCN)n proposed by various investigators are presented in Fig. 7.
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Fig. 7. Structures of (SCN).: (a) — linear, (b) - containing thiazole rings,

(c) - polyazomethine chains, (d) -triazine rings, and (e) - sulphur(IV) chains
[197-200].

Methods used for the synthesis of polythiocyanogen and designation of
products are presented in Table 2. The reaction time (in minutes) where
necessary is marked next to the designation of the product (e.g., SS/A-10 means
that the solid-solid reaction between KSCN and (NH4)2S20g was performed for

10 minutes).

Table 2. Methods used for the synthesis of (SCN)n

Precursors Reaction Reference Product
KSCN + (NH4)2S20s Solid-solid [198] SS/IA
KSCN + GrO Solid-solid - SS/IG
(NH2)SCN + (NHa)2S20s Aqueous solution [201] AS/A
(NH4)SCN + GrO Aqueous solution - AS/G
(SCN): Thermal polymerization [197] TP

Synthesis of polythiocyanogen by mechanochemical process

The solvent-free, solid-solid reaction between peroxydisulphate and

thiocyanate was applied for this purpose [198]. The mixture of KSCN and
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(NH4)2S20s in a mole ratio (2:1) was grinded in an agate mortar with a pestle at
room temperature from 10 to 90 minutes. Polythiocyanogen is insoluble in
water. Therefore, to purify the (SCN)n, crude product (SS/A) was washed with
water until substantially free from thiocyanate, peroxydisulfate and sulfate ions.
The product is isolated by filtrating and is dried at room temperature in
desiccators. Considering the strong oxidizing properties of GrO [202], a similar
procedure for the preparation of (SCN), from KSCN, using GrO as radical

initiator, was carried out to obtain SS/G products.

Synthesis of polythiocyanogen in agueous solution

(SCN)n was prepared by synthesis protocol reported by S. A. Kahani [201].
A solution of ammonium thiocyanate (9.7 g, 0.1 mol) in distilled water
(50.0 mL) was stirred at room temperature, while ammonium peroxydisulfate
(13.5 g, 0.05 mol) in distilled water (50.0 mL) was added dropwise. The resultant
mixture was stirred for a 1 h at room temperature. The product was found to be
pale yellow, which upon completion of the reaction became a yellow precipitate.
To purify (SCN)n, crude product (AS/A) was washed with water until
substantially free from thiocyanate, peroxydisulfate and sulfate ions
respectively. The product was filtrated and dried at room temperature in
desiccators. A similar procedure for the preparation of (SCN)» from NH4SCN

using a GrO oxidant was carried out (AS/G product).

Synthesis of polythiocyanogen by thermal polymerization of thiocyanogen

(SCN)n was prepared by thermal polymerization of thiocyanogen (SCN):
(TP product) by synthesis protocol reported by F. Cataldo [197]. Thiocyanogen,
unstable at room temperature, was synthesized by a displacement reaction
between Pb(SCN)2 and Bro.

Pb(SCN). (5.0 g) was suspended in 35.5 mL of dichloromethane with
vigorous stirring and the flask was put into an ice/water bath. Then a solution of
0.74 mL of bromine in 59.3 mL of dichloromethane was added slowly and

dropwise. When the addition was complete, the mixture was stirred for 1 h and
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the color of free bromine completely disappeared. The PbBr, which formed was
separated from the thiocyanogen solution by decantation and the solution was
filtered. The solvent was evaporated in water bath at 50 - 60°C. When all the
solvent was distilled off, a detonation occurred with sudden polymerization of

the distillation residue. The product was a dark, brick red material.
2.2.5. Preparation of graphene oxide coatings

Preparation of GO mixture.

Aqueous suspensions of GO were prepared by dispersing the particles in
distilled water. Therefore, 0.15 g of GrO was placed in 10.0 mL distilled water
and agitated for 12 h in a KS 130 orbital shaker. Then, the GrO suspension was
sonicated for 1 h using a VibraCell VCX-130 ultrasonic processor. Afterwards,
suspension was diluted up to 100.0 mL and sonicated repeatedly for 1 h.
Prepared GO suspension was stable for several months under the laboratory
conditions. It was used as a stock solution from which a working GO
suspensions (1.5-10% g - mL™?) has been prepared by diluting (10 times) and
subsequent sonification for 1 h. Suspensions of various concentrations (Table 3)

were prepared according to these procedures.

Table 3. Coatings thickness and concentrations of GO suspensions.

m (GrO), ¢ 0.050 0.062 0.075 0.087 0.100 0.150

c(GO),g-mL? 5-10° 6.2:10° 7.5-10° 8.7-10° 1.0-10* 1.5-10™

Coatings
400 500 600 700 800 1200
thickness, nm

Preparation of GO coatings.

Graphene oxide coatings were prepared from agueous suspensions by slow
filtering (~ 0.20 mL - min) through a polycarbonate membrane filter into
alkaline media (0.10 M KOH). Filtration device developed in our laboratory are

show in Fig. 8.
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Fig. 8. Filtration device. 1 — quartz tube, 2 — holder, 3 — 250 mL laboratory glass,
4 — 24.50 mL GO suspension, 5 — 0.10 M KOH solution, 6 — polycarbonate

membrane filter.
Obtained GO coatings were dried at room temperature, cut-off from the
cylinder and used for the further investigations. Coatings of various thickness

(varying from 400 to 1200 nm) have been prepared (Table 3).

Optimization of the transfer process of graphene oxide coatings.

The two-stage optimization procedure was chosen to optimize the process
of transfer of GO coating prepared by filtration on the transparent polyethylene
terephthalate substrate. At the first stage, a Plackett-Burman (PB) matrix was
used to identify the most significant parameters influencing model behavior. The
samples for screening were arranged using a combinatorial approach by
changing the preparation conditions. After identification of the most significant
parameters, further optimization was performed by the simplex method. This

approach has led to the optimum conditions by changing simultaneously three
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parameters. After transferring on the PET substrate, GO coatings could be used
in a wide range of applications.

During the first stage of optimization PB designs were used for screening
experiments because, in a PB design, the main effects are, in general, heavily
confounded with two-factor interactions. These designs are very useful for
economically detecting large main effects, assuming all interactions are
negligible when compared with the few important main effects. Methods of
construction of PB design matrix more detailed are described elsewhere [203].
In this work we used a PB experimental design matrix in 8 runs for 7 factors
(Table 4).

Table 4. Plackett — Burman experimental design matrix in 8 runs for 7 factors.

Factors*
Run #

B C D E F G
1 1 1 -1 -1 -1
2 -1 1 1 1 -1 1 -1
3 -1 -1 1 1 1 -1 1
4 1 -1 -1 1 1 1 -1
5 -1 1 -1 -1 1 1 1
6 1 -1 1 -1 -1 1 1
7 1 1 -1 1 -1 -1 1
8 -1 -1 -1 -1 -1 -1 -1

*Factors (parameters used for optimization) are

presented in Table 5.

The seven parameters used for optimization (factors) and their variation

ranges are presented in Table 5.
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Table 5. Technological parameters used for optimization.

Factor Corresponding Variation range
technological parameter

Top level (+1)  Bottom level (-1)

A Side of PET substrate Hydrophilic Hydrophobic
B Coating thickness 1200 nm 400 nm

C Interlayer* thickness 2.0 um 0.5 um

D Interlayer preparation Dried at 80 °C Dried at 20 °C
E Transfer temperature 185 °C 155 °C

F Transfer pressure 1.2 MPa 0.3 MPa

G Solvent used to remove a CF DMF

PC membrane

*Materials used for interlayers are enumerated in Table 6.

Transparent PET substrate — CG3360 (producer 3M™) used in the transfer
experiments was double-sided 0.1-mm thick film with different hydrophilic
properties. Each side (both hydrophobic and hydrophilic) was tested for the
optimization of the transfer operations. In PB testing two types of coatings were
prepared: 1200 nm (“thick”) and 400 nm (“thin”). To improve the quality of
adhesion, various types of interlayers were deposited onto the surface of the PET
substrate by evaporating the agqueous solutions of appropriate concentrations.
Materials used for the formation of interlayers are listed in Table 6. Interlayer
thickness was maintained at two levels (2.0 and 0.5 pm). Another parameter used
for optimization was the preparation of interlayer (dried at 80 and at 20 °C,
respectively, for 4 h). Levels of the transfer temperature were taken 185 °C and
155 °C. The processing temperature ought not to extend beyond the top value
due to the worsening of the optical properties: above 185 °C PET films develop
a yellowish color [204]. The transfer pressure during the hot pressing varied
between 1.2 and 0.3 MPa. The last optimization parameter was associated with
the removal of PC membrane after the transfer procedure. Two types of solvents
were used for this purpose: chloroform (CHCl;; CF) and
N,N-dimethylformamide (CsH;NO; DMF).
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Table 6. Materials used in the formation of interlayers and their characteristics.

Material used for

interlayer; Melting  Molar Density:
abbreviation; Structural formula point; mass; y3
_ S 4 g-cm
manufacturer; C g - mol
grade
Marked structural
characteristics in . 1 2 3
Fig. 39 eand f.

Polyethylenimine

(branched); PEI; \#/\NT
: . 108 1,2002 1.082
Sigma Aldrich H I,

482595

Poly(vinyl
2?;23%%@: Mﬂ 200° 40,0000  1.27°
363138 OH
Poly(ethylene
S I
81296

(0]

. . Ho <
Adipic acid; AA; O/>/\/\/<OH 151 146 1.36

Fluka; puriss.

Polyvinylpyrrolido N
-ne; PVP: Roth 0= 1652 24,0002 1.208
n

4606.2

Sodium dodecyl c s—O Na
sulfate; SDS; o 1o
Reachem; anal. 10 0o
grade

206 288 1.01

2-Hydroxyethyl OR

. . RO
Cs?i'élﬁr']?/e&udHnth’ o 140°  90,000°  0.60°

434965P

4 manufacturer‘s data;

b R = —OH or (-CH>-CH>-O-)x—H; extent of labeling 2.5 mol per mol
cellulose.
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To perform high-throughput mapping, samples for testing were prepared

in the form of combinatorial libraries. The procedure of preparation is illustrated

in Fig. 9.
k4 10N i
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Fig. 9. Preparation of GO libraries for testing using a transfer procedure.

After deposition of GO coating of appropriate thickness onto a PC
substrate and covering separate areas of the surface of the PET substrate with
seven different types of interlayers, hot pressing technique was applied using a
hydraulic press (Mestra M030350) to transfer the GO layer from PC to PET
substrate. Prepared samples (combinatorial libraries on the base of PET sheets

1.7 x 6.5 cm) were used for further testing.

Data evaluation.

Data obtained in the screening experiments were used to build a linear
regression model including all technological parameters of the general form
[205]:

Y =b, + Zi7:1bixi (Equation 1)

where, Y is the response signal, bo is the intercept, b are the slope parameters,
and x; are the factors included in the experiment. VValues and significance of the
intercepts as well as slope estimates were determined by the analysis of variance.
Fisher’s test was used to verify the adequacy of the model by comparing the

F-value with F-critical value. F-value was determined as:

2
F = Sres

52 (Equation 2)

samp
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where s2res stands for residual variance and s%amp — for sample variance. Residual

variance was determined as:

2

8 A
S :ijl(Yj _Yj)2
” N -1 (Equation 3)

where Yj stands for the experimental response signal value, YJ. — for the response

signal calculated in Equation 1, N — number of runs in Plackett—-Burman design
matrix, and | — number of significant slope parameters. Those values of slope
parameters below the significance level were set equal to zero. This means that

all obtained models had the minimal amount of significant coefficients.
2.3. Characterization techniques

Fourier transform infrared spectroscopy (FTIR). FTIR measurements

were carried out using a Frontier (PerkinElmer) FTIR spectrometer in the range
600 — 4000 cm™. The samples were prepared using KBr pellet technique. For
this purpose sample powder (0.5% by wt.) was mixed with pure KBr powder.
The mixtures were then pressed into transparent pellets for 5 minutes using PIKE
CrushIR hydraulic press with a 8 ton - cm™ pressure. Background correction was
made using a reference blank KBr pellet. The spectral resolution of FTIR
spectroscopes was set at 4 cm™ and all spectra were acquired from 100 scans.

X-ray Powder Diffraction (XRD). The crystallographic information of the

samples were characterized using a MiniFlex Il (Rigaku) diffractometer with Cu
Ko (Kai = 1.54056 A) radiation. XRD patterns of the powder samples were
recorded for 20 values from 5° to 55°. The characterization was done at 30 kV
and 15 mA with a step size of 0.010° and a dwell time of 1.0 s. X-ray diffraction
studies of TRGO fractions were performed using an X-ray diffractometer Bruker
D8 Advance with Cu K, radiation (Ka1=1.54056 A). XRD of the powder samples
was recorded for 26 values from 10° to 55°. The characterization was done at
40 keV and 40 mA with a step size of 0.040° and a dwell time of 1.0 s. The
interlayer distance was calculated using the Bragg’s equation:

nA = 2dx sinf (Equation 4)
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where, n is a positive integer, A is the wavelength of the X-ray, d is the interlayer
distance and 0 is the scattering angle. Crystallite size was calculated using the

Scherrer equation:

. 0.89%x4
- Bxcos0

Where , A is the wavelength of the X-ray, p — full width at half max (FWHM), 6

is the scattering angle. From Sherrer’s equation, the number of graphene (NcL)

(Equation 5)

layers can be determined using the following equation:
NoL = Doozdoo2 (Equation 6)

Scanning electron microscopy (SEM). Scanning electron microscope

images were obtained using a Hitachi SU-70 microscope at an accelerating
voltage of 5.0 kV at different magnifications. SEM images of GrO were
generated using a 0.8 kV deceleration voltage.

Size exclusion chromatography (SEC). The molecular weight of

polythiocyanogen (SCN), was determined by the size exclusion chromatography
of a ViscotekGPCmax Chromatography system, using TSKgel GMHHR-M
column. Tetrahydrofuran was used as the mobile phase at 30 °C with a
0.5 mL - min! flow rate.

X-ray photoelectron  spectroscopy (XPS). X-ray photoelectron

spectroscopy analyses were performed in a VG Scientific ESCALAB 200A or
ESCALAB MKII spectrometers using non-monochromatic Al K, radiation
(1486.6 eV) and Mg K, radiation (1253.6 eV), respectively. The measurement
was carried out using pellets of the materials. Binding energies were calibrated
relative to the base C 1s peak at 285.0 eV or at 284.6 eV. The raw XPS spectra
were deconvoluted by curve fitting peak components using the software
CASAXPS or Avantage (5.962) with no preliminary smoothing. Symmetric
Gaussian—Lorentzian product functions were used to approximate the line
shapes of the fitting components after a Shirley-type background subtraction.
Atomic ratios were calculated from experimental intensity ratios and normalized

by atomic sensitivity factors.
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Bulk density. The bulk density was determined by weighting and volume
measurement of powder samples [206]. The weight of powder was determined
by using electronic balance (KERN & Sohn GmbH). The bulk density is then
obtained as the ratio of the sample weight in grams to the volume in cubic
centimeters of the powder.

Blackness test of transferred GO coatings. Initially, digital images of PET

sheets were made with a digital camera (Canon EOS 100D). The color intensity
of selected zones, which is comparable to the transfer quality, was determined
using the CorelDraw Graphics Suite version 12 (blackness test). The results of
this test are in the range from O (least intensive black) to 10 (most intensive
black).

Electrical resistance measurement of transferred GO coatings. The

electrical resistance tests were carried out by measuring with an Agilent 34410A
61/2 digital multimeter. They served as an additional measure for the assessment
of coating quality.

Contact angle measurement (CAM) of transferred GO coatings. A CAM

200 optical contact angle and surface tension goniometer (KSV Instruments)
were used to assess surface wettability of nanocomposite coatings. A 1.0 puL
drop of distilled water was dropped onto the surface of each sample in order to
measure the static contact angle. Contact angle were calculated by KSV CAM
software.

Adhesion test of transferred GO coatings. Adhesion test was performed in

accordance with ASTM D3359-09e2 using a pressure-sensitive tape 3M™ 950
size ¥4 in [207].

Ash content determination. Ash content was determined by combustion of
sample at 800 °C in a furnace in accordance with ASTM D3174 — 12 [208].

Raman spectroscopy. Raman spectroscopy of samples was carried out

using a 633 nm He—Ne laser excitation with power restricted to 1 mW at the
sample surface. The laser beam was focused into a 2 um spot on the material
surface. The integration time was 100 s. The spectra were recorded in a

backscattering geometry with a confocal microscope Labram HR800, Horiba
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Yvon Jobin, equipped with a diffraction grid of 600 grooves - mm™ and a liquid
nitrogen cooled CCD camera down to —132 °C working temperature.

CHNS Analysis. Quantitative elemental analysis CHNS was performed
using a Thermo Scientific FLASH 2000 Series CHNS/O Analyser or Vario EL
I11 analyser. Content of phosphorus was found using a Varian ICP-OES VISTA-

MPX apparatus. The CHNS analyses were based on the Pregl-Dumas technique
using a furnace temperature of 1100 °C. Samples were combusted completely in
the presence of excess oxygen, and NOx gases were reduced to N.. Product gases
(CO2, H20, SO, and N2) were captured in a mixing chamber and homogenized
before being separated using gas chromatography with thermal conductivity
detection. High purity helium was used as carrier gas. The results were reported
as percent by weight of each element. The minimum sample size requirement
for a CHNS analysis was 20 mg.

TG/DTG analysis. TG/DTG analysis was carried out using a Pyris 1,

Clarus 600 TMS, Perkin-Elmer equipment. Dried samples of about 5-10 mg
were heated from room temperature to 800 °C at a heating rate of 10 °C - min™
in nitrogen atmosphere with a purge rate of 20 mL - min.

BET analysis. Textural properties of the carbon catalysts were determined

on the basis of nitrogen adsorption at —196 °C, using Quantachrome Autosorb
IQ analyser or Micromeritics TriStar 11 3020 analyzer. Prior to the gas sorption
measurements, all the samples (~ 0.10 g) were outgassed in vacuum at 150 °C
(or in in N2 atmosphere at 100 °C for 2 h). Total surface areas Sger were
calculated using the Brunauer-Emmett-Teller model, whereas the t-plot method
was used to estimate the micropores volume (V) and external surface area (of
meso- and macropores) (Sext) [209]. The total pore volume (Vi) was obtained
from N2 amount adsorbed at a relative pressure close to unity.

Determination of total acidity and basicity. Total acidity/basicity of

graphene-based catalysts was determined by potentiometric back-titration
method using Cerko Lab System titrator. In a typical analysis, catalyst (100 mg)
was added into an aqueous solution of sodium hydroxide (0.01 M, 50 mL). In

case of basicity determination, catalyst (100 mg) was added into an aqueous
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solution of hydrochloric acid (0.01 M, 50 mL). Then, the suspension was
dispersed by shaking with a IKA KS 130 shaker for 20 h at room temperature.
An excess of NaOH or HCI was used in order to completely neutralize all acidic
or basic functional groups in the sample, respectively. After that the suspension
was filtered and the filtrate (20 mL) was titrated with an aqueous solution of
hydrochloric acid (0.05 M) or sodium hydroxide (0.05 M) solution. The total

acidity/basicity was calculated as follow:

cx(V1-Vop)

TA/TB = (Equation 7)

Mcat.

where, TA/TB represents the total acidity or total basicity of the catalyst
(mmol - g1); ¢ — represents the concentration of the NaOH or HCI standard
solutions; V1 and Vo represent the volume of the NaOH or HCI standard
solutions consumed in the titration of catalyst and blank test, respectively; and

Mecat, represents the mass of catalyst.

2.4. Activity studies

Transesterification reaction procedure. The transesterification reaction

between rapeseed oil and methanol was investigated Fig. 3. Typical experiment
was carried out using 50 mL of rapeseed oil and 24.4 mL of methanol. Then,
0.446 g of graphene-based catalyst was added and the reaction was carried out
in a stainless steel autoclave. The transesterification process was conducted at
130 °C for 24 h in argon atmosphere under pressure of 1.3 MPa. During the
reaction four samples of reaction mixture were collected (after 1, 3, 6 and 24
hours) and centrifuged at 10000 rpm for 5 min. Separated ester phase was
washed with distilled water three times to remove the residual glycerol,
methanol and catalyst. The product obtained was finally dried with anhydrous
magnesium sulphate and analysed using a SRI 8610C Gas Chromatograph (GC)
equipped with a flame ionization detector (FID) and a InertCap WAX capillary
column (30mx0.51mmx1um). Helium was used as a carrier gas at a flow rate of
4.6 mL - min't, n-heptane as a solvent and methyl heptadecanoate as an internal
standard. Temperature of GC oven was first kept at 180 °C for 4 min, then

increased up to 210 °C with a heating rate of 10 °C - min™, and held at 210 °C
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for 33 min. The yield of methyl esters (Fig. 10) for each sample (Y, %) was

determined using the formula [210]:

Y, (%) = Z‘:_A’S X C’S:VV’S X 100% (Equation 8)
IS

where, Y A is the total peak area of methyl esters, Ais — the peak area of methyl
heptadecanoate, cis — the concentration (mg - mL™) of standard solution (methyl
heptadecanoate), Vis — the volume (mL) of methyl heptadecanoate solution,

W — the weight (mg) of the sample.
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Fig. 10. The GC chromatogram of biodiesel sample obtained after 24 h by
transesterification process using C_BDS catalyst. 1 — Methyl palmitate,
2 — Methyl heptadecanoate (internal standard), 3 — Methyl stearate, 4 — Methyl
oleate, 5 — Methyl linoleate , 6 — Methyl linolenate, 7 — Methyl arachidate,

8 — Methyl eicosonate.

Electrochemical measurements. Electrochemical measurements of

SS/G-60 nanocomposite material were performed using an electrochemical
system “PARSTAT 2273” with a conventional three-electrode system composed
of an auxiliary platinum plate electrode, a reference Ag/AgCl (KCI, 3 M)
electrode, and a working graphite rod (@ 3 mm) coated with graphene-based

material electrode. Prior to surface modification, the bare graphite rod electrode
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was polished with a thin abrasive paper and then subjected to ultrasonic
treatment (60 Hz) for 10 minutes in distilled water. After that 9 uL. of SS/G-60
nanocomposite material ink was deposited on electrode surface. Aiming to
prepare the SS/G-60 nanocomposite material ink a slurry of 30 mg of SS/G-60,
50 pL of distilled water, 0.5 mL of absolute ethanol, and 10 pL of Nafion®
(0.05 wt% in distilled water) were mixed. An aliquot (9 puL) of ink was deposited
onto the graphite rod and dried at room temperature for 30 min. For control
experiments the working graphite rod was coated with graphite ink similarly
prepared as in a case of SS/G-60.

The electrocatalytic activity of prepared electrode towards ORR was
examined using a linear sweep voltammetry (LSV). The LSV measurements
were conducted by sweeping the potential from 1 V to -2.5 V in O saturated
0.0005 M (pH = 3.00), 0.0025 M (pH = 2.30), 0.0035 M (pH = 2.15), 0.005 M
(pH = 2.00), 0.025 M (pH = 1.30), 0.035 M (pH = 1.15), 0.05 M (pH = 1.00),
0.5M (pH =0),0.75 M (pH =-0.18) and 1M (pH = -0.30) of H2SO4 at different
scan rates (from 10 to 500 mV - s1). Aiming to evaluate an efficiency of ORR
the LSV measurements were also conducted by sweeping the potential from 1V
to -2.5 V in Ar saturated 0.5 M (pH = 0) of H2SOs4. All measurements were

carried out at ambient temperature of 22 °C.
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3. RESULTS AND DISCUSSION

3.1. Graphene - based heterogeneous catalysts for transesterification

process

In this part of dissertation the obtaining of biodiesel by transesterification
process using different modified graphene-based materials as catalysts was
studied. Solid acidic graphene-based catalysts were prepared by grafting —
sulphonic or phosphate groups on the surface of thermally reduced graphene
oxide by treating it with concentrated sulphuric acid, in situ generated diazonium
salt of 4-aminobenzenesulphonic acid or concentrated phosphoric acid. To
introduce basic sites, TRGO was modified with gaseous ammonia or melamine

at different conditions.
3.1.1. Structural characterizations of graphene-based acidic catalysts

SEM analysis.

SEM micrographs of precursor, intermediate products and catalysts used
in transesterification reaction are presented in Fig. 11. In Fig. 11 a the layered
crystalline structure of graphite is clearly observable and it is distinctly different
from the other samples. The structure of GrO (Fig. 11 b) changes dramatically.
Oxidative treatment leads to the expansion of interplanar spacing of graphite and
reduction of the number of stacked layers. The consequence of this process is
the corrugated morphology of GrO. TRGO is consisting of stacked individual
carbon sheets (Fig. 11 ¢). Thermal treatment of GrO results in obtaining of a
typical "worm-like" turbostratic structure with low volume density. Further
treatment of TRGO with acidic reagents is reflected by characteristic changes in
the samples’ morphology. Treatment with sulphuric acid had effect on the edge
structure of graphene sheets (Fig. 11 d, e). Longer treatment time has caused
more extensive separation of individual sheets. The morphology of samples
functionalized with 4-aminobenzenesulphonic acid (Fig. 11 f) is similar to that
of TRGO. The catalyst sample functionalized with phosphoric acid somewhat

resembles samples functionalized with sulphuric acid as well as pristine TRGO
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(Fig. 11 g). For the comparison, morphology of Amberlyst-15 (Fig. 11 h) is
substantially different from the morphology of graphene-based catalysts and

pristine materials.

Fig. 11. SEM images of precursor, intermediate products and catalysts used in
transesterification reaction: a — graphite, b — GrO, ¢ — TRGO, d — C_SA 5,
e—C_SA 20,f-C _BDS, g—-C_PA, h— Amberlyst-15.

Powder X-ray diffraction analysis.

The above differences in the structure of the samples are reflected in their

XRD diffractograms Fig. 12.
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Fig. 12. XRD patterns of precursor, intermediate products and catalysts used in

transesterification reaction.

Pristine graphite has a high degree of crystallinity and characteristic peak
at 20 = 26.7°. The XRD pattern of GrO is consistent with the majority of the
literature [211]. The peaks in the diffractogram of GrO (26 = 10.35° and 26 =
42.57°) correspond to the enlarged interlayer distance of 0.816 nm. The peaks in
the XRD patterns of TRGO and catalyst samples have become broader because
of the decrease of the crystallite size. For graphitic materials, the broadening of
the (100) and the absence of (hOl) reflections indicate a turbostratic layer
structure [212], while the graphene-like layers have a random orientation about
the direction perpendicular to the layer [213]. This type of structure is presented
in SEM micrographs (Fig. 11 ¢ — g) of prepared samples. The Gaussian fitting
curves of XRD peaks in TRGO and catalyst samples can be attributed to the
peaks of graphite (002) and GrO (001). The main fitting parameters (peak
position, FWHM and peak intensity) are presented in Table 7.
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Table 7. The fitting results of XRD patterns performed for TRGO and catalyst samples.

Peak 1 Peak 2 Peak 3
Samples 20; Intensity; 20; Intensity; 20; Intensity;
FWHM FWHM FWHM
deg (a.u.) deg (a.u.) deg (a.u.)
TRGO 12.32 4.60 0.037 16.95 7.60 0.079 23.55 9.25 0.076
C SA 5 11.92 6.87 0.091 15.59 6.40 0.127 22.87 3.47 0.097
C SA 20 12.25 3.75 0.083 16.31 6.62 0.116 23.44 7.32 0.107
C BDS 12.25 4,53 0.063 17.34 9.00 0.253 24.62 7.66 0.197

C_PA 12.16 2.87 0.022 16.31 10.00 0.290 23.87 8.65 0.301




The fitting curves have highlighted the similarities and differences between the
TRGO and catalyst samples. The XRD pattern of C BDS most closely
resembles that of TRGO, similar results are found also in the micrographs.
Another group includes the catalyst samples treated with sulphuric acid: the
ratios of Gaussian fitting peaks as well as the shapes of XRD patterns are alike.
The catalyst sample treated with phosphoric acid stands apart from the other in
this set by crystallinity: the fitting curve at 26 = 12.16° is almost extinct.
Consequently, the increased interplanar spacing in hexagonal close-packed
structure is no more characteristic to C_PA, while this type of crystallinity is

present in the other catalyst samples and TRGO.

BET analysis.

The parameters calculated from nitrogen adsorption measurements are

summarized in Table 8.

Table 8. Surface area and pore volume data obtained from nitrogen adsorption

measurement.

Samples Seer (M? - g1 Sexx (M? - 1) Vit (cm®-g1) Vu(cmd-g?l)

Graphite 12 11 0.03 0.00
GrO 46 41 0.17 0.00
TRGO 617 617 3.82 0.00
C_SA 5 485 468 2.20 0.01
C_SA_20 513 511 2.29 0.00
C_BDS 422 413 2.76 0.00
C_PA 300 206 0.99 0.05
Amberlyst-15 532 - 0.40? -

aManufacturer’s data.

The results obtained prove that all samples studied are predominantly meso- and
macroporous materials (V, = 0). Total and external surface area (Sget and Sext)

as well as total pore volume (Vi) increase significantly after the thermal
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treatment of GrO, what is a consequence of exfoliation and separation of
particular graphene layers caused by decomposition of oxygen functionalities
(see SEM and elemental analysis results). Subsequent functionalization leads to
a reduction of these parameters. By comparing these results with the XRD fitting
data (Table 7) a very good negative correlation with the peak intensity at
20 = 23.55° can be found. This mutual reliance means that the samples with the
higher graphite-like crystallinity degree (since peak 3 represents reflections from
the (002) graphite plane) will be characterized by the lower surface area values.
Simultaneously, a positive correlation can be found between Sget and the fitted
peak intensity for peak 1 at 26 = 12.32°. This peak represents reflections from
the plane (001) in GrO. That is to say that the samples with the higher residual
GrO-like crystallinity will be characterized by the higher surface area values. As
well as in other cases, the sample C_PA stands out from the others: Sger, Sext
and Vo are reduced to the relatively small values, but the portion of micropores

In it is the largest.

Elemental analysis and acid/base properties of the surface.

The elemental analysis data of the samples obtained by CHNS analyser
(EA) and XPS, and data of total acidity/basicity measurements are given in Table
9. The ash content was determined as the residue after combustion. Thus, the
origin of ash may be related to the presence of incombustible substances
(chlorine, potassium, phosphorus compounds, etc.) that can be introduced during
the chemical treatment of graphite and intermediate products (see
Experimental). Exceptionally high ash content is present in C_PA (9.4%), which
also has high phosphorus content (7.2%). It indicates that phosphorus after
combustion accumulates mainly in the ash fraction. Further analysis of EA data
presented in Table 9 proves that oxidation of graphite is very efficient (oxygen
content increase from 0.2 to over 43 wt%). After thermal reduction of GrO some
of the oxygen groups undergo decomposition and this is why the oxygen content
substantially decrease. However, even such a drastic treatment (temperature of
800 °C) leads to the product which still contains a high oxygen level.
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Table 9. Element contents of catalyst samples determined by EA and by XPS and total acidity/basicity results (dry basis).

Element content (mass %)

Analysis Sample Total acidity ~ Total basicity
Ash (wt%) C (wt%) H WwWt%) N wt%) S, (P) (Wt%) O (wt%)
(mmol - gt)  (mmol - g?)

EA° Graphite 0.0 99.7 0.1 0.0 0.0 0.2 0.04 0.06
Gro 1.5 51.0 2.3 0.1 1.8 43.3 3.74 0.00
TRGO 1.5 83.3 1.2 0.3 2.0 11.7 0.83 0.00
C SA 5 0.5 82.9 1.1 0.4 1.5 13.6 1.03 0.00
C_SA 20 1.2 81.9 1.1 0.3 1.6 13.9 1.09 0.00
C_BDS 1.3 73.8 2.1 0.8 47 17.3 1.46 0.00
C_PA 9.4 75.4 1.4 0.3 1.3(7.2) 5.0 1.38 0.00
Amberlyst-15 - - - - - - 4.70° -
XPS¢ TRGO - 82.6 - 0.0 2.6 14.8 - -
C SA 20 - 83.0 - 0.0 2.9 14.1 - -
C_BDS - 73.1 - 0.9 8.1 17.9 - -
C_PA - 79.6 - 0.0 0.0 (7.6) 12.8 - -

2 Calculated by difference; ® Manufacturer’s data; ¢ Bulk element content determined by CHNS analyser; ¢ Surface element content
determined as mass percentages based on the areas of the respective peaks in the high-resolution XPS spectra (atomic contents) and

the respective atomic masses.



It indicates that oxygen functionalities present in TRGO are very thermally
stable (e.g. carbonyl, quinone or pyrone structures [214, 215]. Functionalization
of TRGO with H2SO4 or BDS causes some increase in oxygen content, which is
a consequence of introduction of oxygen-contained sulphonic groups into
graphene structure. Furthermore, hot, concentrated sulphuric acid is a strong
oxidizing agent that upon contact with the carbonaceous material generates
carboxylic groups [216]. On the other hand, the reaction of TRGO with H3PO4
does not increase the oxygen content (calculated by difference), because, as
already mentioned, the introduced phosphate groups have been accounted by the
increase in the ash content. The nitrogen content is on similar level in most
samples. The same applies to the sulphur content. This situation may occur when
the nitrates and sulphates are not completely washed out from the bulk of GrO
phase after oxidation step. The exception isthe C_BDS sample for which a much
higher nitrogen and sulphur contents are observed by both techniques, which is
a consequence of the presence of these elements in the BDS. Accordingly, it can
be concluded that the moieties of BDS are grafted to the graphene planes of
TRGO. The sulphur content decreases slightly after treatment with H.SO4 or
H3PO4, which means that the residual sulphate ions can be removed in a strong
acidic media. This result also indicates that for the samples modified with H2SO4
the above process dominate over the process of sulphonic groups formation.
Moreover, the data presented in Table 9 clearly prove that sulphuric acid is rather
weak sulphonating agent and much more sulphonic groups can be introduced
into graphene structure using BDS (see the total acidity data).

The XPS mass percentages show differences relatively to EA results. The
XPS data shows the absence of sulphur in C_PA and nitrogen in all catalyst
samples (except C_BDS). This can be justified since XPS is a much more
surface sensitive technique (covering 10 nm deep from the surface) while EA is
a bulk analysis and functional groups can be selectively leached from the surface
during the reaction and washing procedures. No essential differences are noted
between the surface and the bulk content of carbon. As follows from analysis of

the data, the mass % values of oxygen, sulphur, nitrogen and phosphorus
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obtained by XPS are greater than those from elemental analysis. This fact shows
that functional groups formation occurs predominantly on the edges of TRGO
than in the bulk.

Thermal analysis.

The results of TG analysis are given in Fig. 13. A very good correlation
between the data in Fig. 13 and Table 9 can be found, since the mass loss
indicates the presence of the heteroatoms (H+ O + N + S + P). The largest slope
Is observed for GrO and C_BDS, since these samples are the richest in
heteroatoms. Insert in Fig. 13 shows the mass loss of graphite, TRGO and three
catalyst samples (except C_BDS) up to 400 °C. There one can see that the C_PA
sample stands out by the minimum slope next to graphite.

100 H

—m— Graphite %
| —o—Gro 94
—>»— TRGO 0 100 200 300 400
1 —=~C SA5 Temperature, °C
—4—C_SA_20

201 _@—C BDS

—e—C_PA

T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800
Temperature, °c

Fig. 13. TG analysis of graphite, intermediate products and catalyst samples.

FTIR spectroscopy.

In Fig. 14 the FTIR spectra of precursor, intermediate products and
graphene-based catalysts are presented. FTIR spectrum of GrO sample is
consistent with the spectra reported elsewhere [60, 217]. The most characteristic

features are broad intense band at 3400 cm™ (O-H stretching vibrations) and the
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bands at 1730 cm™ (C=0 stretching vibrations from carbonyl and carboxyl
groups), 1560 cm™ (skeletal vibrations from unoxidized graphitic domains),
1226 cm™ (C-OH stretching vibrations), and 1055 cm™ (C-O-C stretching
vibrations). The majority of those peaks are present in the TRGO, C_SA 5,
C_SA 20,C PAand C_BDS samples.

TRGO

W

r

Amberlyst 15

Transmittance, %

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers, cm?t

Fig. 14. FTIR spectra of intermediate products and catalysts used in
transesterification reaction.

The FTIR spectrum recorded for Amberlyst-15 shows characteristic
vibrations consistent with the presence of various functional groups. The peak
corresponding to the uncoordinated water was found at 3433 cm™ for
asymmetric and symmetric O—H stretching modes and at 1646 cm™ for H-O-H
bending modes. The presence of —SOs— moiety is confirmed by the peaks at 1128
cm, 1008 cm™, 834 cm™ and 677 cm™ [218]. To the same group may be
assigned the peaks in C_BDS FTIR spectrum (1120 cm, 1043 cm?, 804 cm!
and 612 cm™), while in the spectra of TRGO, C_SA 5 and C_SA 20 these
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peaks are not visible since they are being overlapped by the broad bands
corresponding to oxygen linkages. Spectra of C_PA also contain broad bands,
which make peak assignments somewhat more difficult. The peak at 1175 cm™,
present both in Amberlyst-15 and C_BDS, reflects in-plane bending vibrations

in 1,4 substituted aromatic rings.

XPS analysis

Further information about the oxygen, sulphur and phosphorus
functionalities was provided by deconvolution of the Cls, Ols, S2p and P2p
core-level XPS spectra (Fig. 15 and Table 10).

Analysis of the C1s spectra of the TRGO material (Fig. 15 a) shows a peak
at binding energy (B.E.) 284.3 eV ascribed to carbon in the graphitic structure
and aromatic rings (sp?). The C=C component is the most intense peak among
all the deconvoluted peaks, meaning that C=C is the main C bonding
configuration, which creates the graphitic structure. The peak at 285.6 eV is
assigned to C—C single bonds species in the carbon structure (sp®). Other two
peaks are associated with the presence of the oxygen containing groups: the peak
at 287.2 eV is assigned to the hydroxyl and epoxy groups (C-0), the smaller
peak at 288.4 eV attributed to the carbonyl or carboxylic groups (C=0). It should
also be noted that the C1s profiles did not show a broad, weak component at
around 291.0 eV, which comes from the © — w* transition of carbon atoms in

graphene structure [219, 220].
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Fig. 15. C 1s, O 1s, S 2p and P 2p XPS spectra of TRGO (a), C_SA_20 (b),

C_BDS (c) and C_PA (d).
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Table 10. Analysis of high resolution XPS spectra of catalysts obtained.

BE,? eV (concentration of species, at %)

C1s O1s S2p P2p N 1s
C=0,
Sample C-0O, O=P, S-0,0-P, O-C, P-C,
C=C C-C 0-C=0, C=0 C-Sy® -SOn P=0O -N=N-
C-S 0=C P-OH 0-C=0, P-O
C-P
284.3 285.6 287.2 288.4 530.0 531.6 533.2 1635 1675
TRGO - - - -
(61.2) (21.8) (3.2 (1.1) (2.0) (3.0 (6.8) (0.6) (0.4)
284.3 285.6 286.7 288.2 530.6 531.7 533.1 1634 167.3
C_SA_20 - - - -
(61.4) (156) (5.9 (4.8) 22 @49 (7.5) (0.8) (0.3)
284.2 285.6 287.6 289.2 530.5 5314 532.3 5335 163.3 167.6 401.5
C_BDS - -
(57.3) (15.3) (6.9 (1.7) 14 @449 (4.6) (4.5) 0.3) (3.0 (0.6)
284.1 285.3 286.6 288.5 530.2 531.2 532.7 534.2 132.1 133.5
C_PA - - -
(62.6) (17.9) (3.5 (2.4) 22) (1.7 (6.0) (0.6) (2.2) 0.9)

4 For 2p orbitals the B.E. of 2ps/, orbital is presented; ®n =1 or 2.



After modifications (Fig. 15 b, ¢, d; Cls XPS spectrum) the peaks at
287.2 eV and 288.4 eV are slightly shifted. Moreover, the concentration of these
bands is increased from 3.2 % to 5.9%, 6.9%, 3.5% and from 1.1% to 4.8%,
1.7%, 2.4%, respectively, which can be associated to the presence of C-S
functionalities (in case of C_SA 20 and C_BDS) and C-P (in case of C_PA)
[221-223].

In the O1s XPS spectrum of the TRGO material there are present a peaks
at 530.0 eV, 531.6 eV assigned to O=C species, and a much more intense peak
at 533.2 eV ascribed to O—C single bond or O-C=0 functionalities (Fig. 15 a).
This indicates that hydroxyl, epoxide or carboxylic acid groups are more
abundant than the carbonyl or quinone groups [224-226]. These three peaks are
also present in the XPS spectra of other catalysts (Fig. 15 b, c, d), however, a
drastic reduction of the concentration of C-O/O-C=0 species from 6.8% in
TRGO to 4.5% in C_BDS and to 0.6% in C_PA materials is observed.
Simultaneously a new two peaks at 532.3 eV assigned to S-O [227] and
532.7 eV ascribed to O-P, P-OH [221] appeared. The exception is the C_SA 20
sample (Fig. 15 b; O1s XPS spectrum) for which the content of O-C/O-C=0
species slightly increases from 6.8% to 7.5%, which can be explained by
formation of oxygen groups of acidic character, such as lactone or carboxylic
groups, during acid treatment [216].

The S bands in S2p region appear in the form of doublets, due to the
degeneration in the B.E. of 2ps/2 and 2py2 orbitals. Fig. 15 a shows S2p spectrum
of TRGO. Itis clearly seen that the high-resolution S2p XPS spectrum of TRGO
is composed of two peaks: a lower energy doublet found at 164.6 eV (S2p)
and 163.5 eV (S2psy2) is typical of sulphur in C-Sy- systems, and a higher energy
doublet at 167.5 and 169.1 eV can be assigned to sulphonic acid/sulphate groups
(-SOn) [227]. The peak intensity of C-Sp- was higher than that of -SOn, indicating
that C-Sp- was the dominant state of sulphur in TRGO. The observation of
—SOn/C—Sn— species at the surface of TRGO is not surprising since GO
employed to prepare TRGO contained residual intercalated sulphuric acid,

which was not completely washed out after oxidation step (Table 9). According
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to the literature, the products of H2SO4 thermal decomposition (SO, SO.) can
recombine with oxygen groups on the carbon surface to form the mentioned
above species [228, 229].

In the case of C_SA 20, the amount of C-Sy- band increases from 0.6% to
0.8% and —SOn, band slightly decreases from 0.4% to 0.3%. This results correlate
with EA analysis data, and prove, that the residual sulphate ions can be removed
in a strong acidic media. For C_BDS sample, the amount of C-Sy- band
decreases to 0.3%, and the amount of —SO, band drastically increases to 3.0%.
These results indicate that the surface density of —SOn species strongly depends
on the functionalization methodology applied. Indeed, TRGO functionalization
via BDS seemed to be the most effective one, whereas TRGO and H2SOg4
pretreatments afforded a very small density of —SOn groups. Thus the results
obtained are a confirmation of the analytical data presented in Table 3 and prove
that sulphuric acid is weaker sulphonating agent than BDS.

The high-resolution P2p XPS spectrum of the C_PA sample is shown in
Fig. 15 d. The deconvolution of the P2p region shows four peaks at 132.9 eV,
132.1eV, 134.5eV and 133.5 eV, corresponding to the B.Es of P2p12 and P2p3y2.
The values of B.E. presented always refer to the 2ps;, orbital (Table 10). Both
the phosphorus environments P2ps, at 132.1 eV (P-C, P-O-C) and P2ps. at
133.5 eV (P=0) are assigned to the presence of phosphate groups [221, 224].

The N1s region of C_BDS sample shows only one peak at 401.5 eV
assigned to —N=N- species (Table 10). The presence of N1s emission for carbon
modified with diazonium salts, proved that the dediazoniation step is incomplete
during the grafting process [230]. It can be concluded, that the aryl groups are

bonded to the carbon via -N=N- bonds.

3.1.2. Activity of solid acidic catalysts

Finally, the modified graphene based catalysts were tested in
transesterification reaction of rapeseed oil with methanol. The yields of fatty

acid methyl esters obtained in the above process are given in Fig. 16.
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Fig. 16. Comparison of FAME yields obtained for the graphene-based catalysts

and commercial catalyst.

For comparison purposes the yield obtained with the use of commercial
catalyst Amberlyst-15 is also presented. As depicted in Fig. 16, the yield of
FAME clearly increased with increasing reaction time and reached a plateau
after 24 h, regardless of the used catalytic system (after this time the product
yield increased only slightly). The results presented indicate that the catalysts
investigated have the activity (which can be defined by FAME yield) in the range
of 2 to 80%. It is clearly visible that the sample functionalized with
4-aminobenzenesulphonic acid (C_BDS) shows the best catalytic activity. After
24 h of reaction, the yield of FAME obtained using C_BDS was up to 80 %.
This result is even better than that attained for commercial catalyst
Amberlyst-15 (60% after 24 h), despite a much higher content of acidic groups
on Amberlyst-15 surface (4.66 mmol - g?') than on C_BDS surface
(1.46 mmol - g1). The higher catalytic activity of C_BDS over Amberlyst-15
may be associated with its unique two dimensional sheet structure, where most
of the —SOsH groups are well dispersed and exposed to the reactants. On the
other hand, Amberlyst-15 represents a porous structure with much lower Sger

than C_BDS (Table 8). As a consequence, some of the —SOsH groups on this
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catalyst might not be accessible to reactants, which leads to a lower product
yield.

For samples modified with sulphuric acid the activity grows with
increasing total acidity (31% for C_SA 5 and 46% for C_SA 20 after 24 h of
the reaction). GrO sample and sample modified with phosphoric acid show
relatively low catalytic activity, although their acidity is high. For the C_PA
sample this is a consequence of lower acid strength of the phosphate groups in
comparison with the sulphonic ones. Similarly, the GrO acidity is associated
with weak hydroxyl and carboxyl groups on the basal planes and external edges
of the GrO nanosheet [55]. These results suggest that not only the concentration
of acid sites, but also their strength is essential in FAME synthesis by
transesterification reaction. The TRGO sample taken for comparison reaches
only 3 % of FAME vyield after 24 h of transesterification reaction, although its
specific surface area is the largest (617 m? - g). The main reason for such a poor
result is the low content of acid sites (Table 9), which in addition are weak (they
were created as a result of thermal decomposition of earlier mentioned oxygen
groups contained in GrO).

In conclusion, all samples tested in this study showed some catalytic
activity in the transesterification reaction of rapeseed oil with methanol. The best
yield of biodiesel was obtained for the sample functionalized with
4-aminobenzenesulphonic acid. It can be concluded that a catalyst which shows
high catalytic activity in the above process need to have a certain amount of
surface acid functionalities. Furthermore, not only the concentration of acid
sites, but also their strength is essential in FAME synthesis by transesterification
reaction. The mesoporous pore structure and high surface area are also beneficial
parameters in the process studied, however their importance is rather secondary.
Simultaneously, a positive correlation between the degree of graphene-like
crystallinity and the yield of product in transesterification reaction has been
established. Supposedly, a synergistic effect of sulphonic groups and
graphene-like crystallinity plays a crucial role in such efficient work of the

catalyst modified with BDS. In view of the above, it can be supposed that further
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study aimed at introduction of a larger number of strong acidic groups on the
surface of graphene-based materials will bring catalysts ensuring higher yields
of FAME in the reaction tested.

3.1.3. Structural characterizations of graphene-based basic catalyst

SEM analysis.

The microstructural characteristics of the nitrogen-doped graphene
samples were analyzed by scanning electron microscopy. SEM micrographs are
presented in Fig. 17.

Fig. 17. SEM images of precursor, intermediate products and catalysts used in
transesterification reaction: a — graphite, b — GrO, c - TRGO, d-C_Am_4 850,
e—C_Am_8 850, f—-C_Am_4 950,g—-C_Am_8 950,h—-C_Me_1 700.
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For comparison, SEM image of graphite, GrO and TRGO is presented in
Fig. 17 a, b, c. The change of morphologies of pristine materials were previously
described in 3.1.1. section and shown in Fig. 11. The treatment of TRGO with
ammonia (Fig. 17 d — g) is reflected by characteristic changes in the samples’
morphology. As can be seen crumpled graphene nanosheets are randomly
arranged and overlapped with each other, these could easily have formed a slit-
shaped porous structure. The wrinkles observed in the graphene nanosheets are
most likely due to the incorporation of heterogeneous nitrogen species into the
graphitic network. Moreover higher modification temperature and longer
treatment time has caused more extensive separation of individual sheets and
increasing the degree of wrinkling (Fig. 17 e, g). The morphology of samples

functionalized with melamine (Fig.17 h) is similar to that of TRGO.

Powder X-ray diffraction analysis.

The XRD patterns of graphite, GrO, TRGO, and prepared catalysts are
shown in Fig. 18. The results obtained clearly show that, after thermal reduction
and nitrogen doping, the peaks in the XRD patterns have become broader
because of the decrease of the crystallite size. Obviously, in all cases, the
diffraction peaks centered at approximately 26 = 22° are asymmetric because of
a mixed polycrystalline structure of graphitic and disordered domain. It can be
seen that the XRD patterns can be fitted by using a Gaussian function into three
separate peaks. The main fitting parameters (peak position, FWHM) and
calculated interlayer distances are presented in Table 11. The Gaussian fitting
curves of XRD peaks in TRGO and catalyst samples can be attributed to the
peaks of graphite (002) and GrO (001). The fitting curves show the differences
between TRGO and catalyst samples. A small characteristic diffraction peak of
GrO (001) at approximately 12.32° still remained in the XRD pattern of TRGO,
that corresponds to an interlayer spacing distance of 0.718 nm. These results
confirmed the partial reduction of GrO to TRGO. Residual oxygen functional

groups still remain on the surface of TRGO. After the repeated operation of
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thermal treatment, which followed by modification with ammonia or
melamine, it was observed that the (001) peak shifted from 12.32° to
approximately 26=16 — 18°, demonstrating the further reduction of TRGO. In
addition, the peak of N-doped catalysts at 26 = 16 — 18°, which is characterized
by broader width and weaker intensity than pristine GrO (26 = 10.35°) is due to

the defect produced by the introduction of nitrogen atom.
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Fig. 18. XRD patterns of precursor, intermediate products and catalysts used in

transesterification reaction.

The XRD pattern of TRGO also exhibits a characteristic (002) peak of
graphite emerged at 23.55°. Compared with TRGO, it is found that for all
catalyst samples the (002) peak moved to higher 20 values, which indicates that
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nitrogen atoms have inserted into TRGO surface structure and resulted the
decrease in distance between the graphene layers. The reduction in the interlayer
spacing, in this case might be due to ammonia corrosive processes [231] or to
the defects in sheet structure [232]. However, considering that nitrogen may
enter the graphene basal plane in different ways (graphitic, pyridinic, and
pyrrolic) it is also possible that the unequal charges distribution in carbon sheet
promote the emergence of attractive forces that increase their mutual interaction
[232-234]. Calculated interlayer distance perpendicular to the (002) plane is very
similar to that of ideal graphite. The prepared carbon materials are characterized
by the low degree of crystallinity as might be suggested by the absence of
distinct diffraction patterns. Moreover, the intensity of peaks decreased with
Increasing pre-treatment temperature suggesting an increase in irregularity of
layer structures. This type of structures are presented in SEM micrographs
(Fig. 17 d — g) of prepared samples. The only exception is the C_Me_1 700
sample for which the intensity of (002) peak is higher and FWHM is rather lower
than that of others catalysts. This indicates the formation of better-ordered

structures.
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Table 11. The fitting results of XRD patterns performed for TRGO and catalyst samples.

Peak 1 Peak 2 Peak 3
Interlayer Interlayer Interlayer
Samples 20; ] 20, ] 20, )
FWHM  distance, FWHM distance, FWHM  distance,
deg deg deg
nm nm nm

TRGO 12.32 4.60 0.718 16.95 7.60 0.523 23.55 9.25 0.377

C_Am_4 850 16.26 0.88 0.545 20.30 4.21 0.437 25.00 7.33 0.356

C_Am_8 850 18.57 13.61 0.477 21.16 3.68 0.420 25.65 5.46 0.347

C_Am_4 950 18.74 14.03 0.473 21.29 3.53 0.420 25.68 5.21 0.347

C_Am 8 950 17.17 10.33 0.516 21.85 4.78 0.406 25.83 4.75 0.345

C_Me_ 1 700 1651 8.99 0.536 23.27 7.32 0.382 26.22 2.95 0.339




BET analysis.

All catalyst samples obtained were subjected to textural analysis whose
results are presented in Table 12 and Fig. 19. In Fig. 19 are shown the N2
adsorption-desorption isotherms and the corresponding pore size distribution
curves of GrO, TRGO and catalyst samples. According to the IUPAC
classification, the N> adsorption-desorption isotherms of the samples were type
IV, with hysteresis loops type H3 [235]. A type IV adsorption-desorption
isotherm indicates the presence of mesopores, while a type H3 hysteresis loop is
correlated with slit-shaped pores, possibly between parallel layers. This result is

consistent with the SEM observations.
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Fig. 19. Nitrogen adsorption-desorption isotherms (a) and the corresponding

pore size distribution curves of catalysts used in transesterification reaction (b).

The pore size distribution curves determined by the Barrett—Joyner—
Halenda method (Fig. 19 b) display that GrO mainly has a narrow pore-size
distribution centered at 3.9 nm. By comparison, in TRGO and catalyst samples
(C_Am_4 850, C_Am_8 850 and C_Am_4 950), besides well-developed
mesopores centered at 3.9 nm, there is also a relatively broad distribution of
pores from 4 nm up to 62 nm. In contrast, the C_Am_8 950 and C_Me_1 700
samples, show a much more narrow pore size distribution up to 35 nm.
Moreover, in C_Am_8 950 case, are many pores with pore sizes of 3.94 nm,
7.41 nm and 18.80 nm.
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The parameters calculated from nitrogen adsorption measurements are

summarized in Table 12.

Table 12. Surface area and pore volume data obtained from nitrogen adsorption

measurement.

Samples Sger (M? - @) Sex (M- g1) Vi (cm® - gt) Vu(cm?®-g?)

Graphite 12 11 0.03 0.00
GrO 46 41 0.17 0.00
TRGO 617 617 3.82 0.00
C_Am_4 850 762 762 4.76 0.00
C_Am_8 850 751 751 4.84 0.00
C_Am_4 950 720 720 4.59 0.00
C_Am_8 950 789 789 5.75 0.00
C_Me_1 700 399 399 1.61 0.00

The results obtained prove that all samples studied are meso- and
macroporous materials (V, = 0). As follows from the data, it is clear that after
NHz3 treatment at high temperatures, both BET surface area and pore volume of
samples increase compared to the pristine carbon material TRGO. The observed
increases in these parameters were primarily ascribed to the additional
exfoliation from the secondary thermal decomposition of residual oxygen
functional groups in TRGO, as supported by the apparent decrease in oxygen
content from 11.7 wt % to 3.1 % ,3.3 %, 2.0 %, 1.6 %, respectively (Table 13).
Apart from that, partial gasification of the studied catalysts with free radicals
that were created during ammonia decomposition can also have a contribution
to development of the porous system [236, 237]. It was also noticed that all
samples modified with ammonia show similar surface areas and total pore
volumes. The highest surface area (Sger = 789 m? - g?), pore volume
(Viot = 5.8 cm?® - g1) were observed for the C_Am_8 950 sample.

The exception is the C_Me_1 700 sample for which the surface area

decrease to 399 m? - g*. Most probably, such poor results follow from the fact
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that the nitrogen groups introduced upon modification have blocked the smallest
pores playing the most important role in the porous structure of the carbon
samples. This conclusion can be supported by the results of elemental analysis,
where it was found that for this sample the nitrogen content is the highest
(Table 13).

Elemental analysis and acid/base properties of the surface.

The elemental analysis data of the samples obtained by CHNS analyser
(EA) and XPS, and data of total acidity/basicity measurements are given in
Table 13. The functionalizations of initial TRGO performed were effective as
after each modification the increase in nitrogen content was confirmed by both
techniques. Further analysis of EA data presented in Table 13 demonstrates that
after pre-treatment TRGO with gaseous ammonia and melamine, the oxygen
content has been reduced from 11.7% even up to 1.6%. The decreasing of O %
and simultaneous increasing of N % indicate that a portion of residual oxygen
sites and lattice defects on TRGO surface are substituted by N-containing
functional groups during amination, while another amounts of oxygen species
are temperately removed in the form of small molecules (e.g. H20O, CO and COy)
[238]. Comparison of the EA results obtained for the samples modified with
ammonia at different conditions shows that with increasing temperature and time
of treatment the amount of nitrogen incorporated into the carbon surface
successively drops from 6.1% to 5.5%, 3.8% and 3.3%, respectively. The
decrease in N content could be ascribed to the removal of some unstable N
functional groups [234]. The highest nitrogen content (12.1%) was found in
sample modified with melamine at 700 °C. The results of current study also
showed that the ash content increase at all treatment temperatures, except for
C_Me_1 700. The origin of ash may be related to the presence of incombustible
substances that can be introduced during the chemical treatment of graphite. The
sulphur content was progressively reduced, as the functionalization time and
temperature increased and in most samples is on similar level, as detected by

both analysis techniques.
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Table 13. Element contents of catalyst samples determined by EA and by XPS and total acidity/basicity results (dry basis).

Element content (mass %)

Analysis Sample
Ash (Wt%) C (wt%) H (wt%) N (wt%) S (wWt%) O (wt%) Total acidity (mmol - g*) Total basicity (mmol - g*)
EA® Graphite 0.0 99.7 0.1 0.0 0.0 0.2 0.04 0.06
GrO 15 51.0 2.3 0.1 1.8 43.3 3.74 0.00
TRGO 15 83.3 1.2 0.3 2.0 11.7 0.83 0.00
C_Am_4 850 2.2 87.8 0.7 6.1 0.1 31 0.06 0.72
C_Am_8 850 2.2 87.8 11 55 0.1 3.3 0.04 0.75
C_Am_4 950 3.2 90.0 0.9 3.8 0.1 2.0 0.00 0.69
C_Am_8 950 3.9 90.5 0.6 33 0.1 1.6 0.02 0.77
C_Me_1_700 15 81.3 0.8 121 0.5 3.8 0.22 0.21
XPSs¢ TRGO - 82.6 - 0.0 2.6 14.8 - -
C_Am_4 850 - 92.5 - 34 0.0 4.1 - -
C_Am_8 850 - 90.6 - 3.6 0.0 5.8 - -
C_Am_4 950 - 84.8 - 2.0 0.0 13.2 - -
C_Am_8 950 - 90.8 - 1.9 0.0 7.2 - -
C_Me_1 700 - 85.5 - 9.5 0.0 5.0 - -

@ Calculated by difference; ® Bulk element content determined by CHNS analyser; ¢ Surface element content determined as mass

percentages based on the areas of the respective peaks in the high-resolution XPS spectra (atomic contents) and the respective atomic

masses.



The XPS mass percentages show differences relatively to EA results. The
significantly lower N% in XPS relatively to EA can be justified since XPS is a
much more surface sensitive technique (covering 10 nm deep from the surface)
while EA is a bulk analysis. No essential differences are noted between the
surface and the bulk content of carbon. As follows from analysis of the data, the
mass % values of oxygen, obtained by XPS are greater than those from elemental
analysis. This fact shows that residual oxygen functional groups are
predominantly on the edges of TRGO than in the bulk.

The acid/basic character of the catalysts, assessed by the potentiometric
titration, show that pre-treatment with ammonia changed the acidic character of
TRGO to basic ones. It was also noticed that for most samples the longer time
and higher the temperature of treatment used, the greater amount of the surface
functional groups of basic character was introduced. By comparing the catalyst
samples one can see that the C_Me 1 700 stands out from the others. The
basicity of the catalyst treated with melamine is more than 3 times lower than in
the case of other. This is surprising, as the nitrogen content is four times
(compare with C_Am_8 950) and twice (compare with C_Am_4 850) as high
as in melamine treated sample. Moreover, some acidic groups are formed,

possibly of pyrrole type (see XPS data).

Thermal analysis.

The thermal stability of the prepared catalysts, graphite, GrO and TRGO
was evaluated by TG analysis and is depicted in Fig. 20. As shown in Fig. 20 a,
the graphite powder exhibited a high thermal stability with a lower weight loss
of 1% up to 700 °C. However, the thermal stability of GrO was decreased due
to the labile oxygen functional groups. The TG analysis curve of GrO shows two
sharp weight losses, one around 100 °C and the other around 200 °C, which are
attributed to the evaporation of water and the decomposition of labile oxygen
containing functional groups, yielding CO, CO», and steam [239]. The gradual
weight loss above 250 °C is attributed to the removal of more stable oxygen

functionalities (such as phenol, carbonyl and quinone), which usually
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decompose at higher temperatures [240]. After the reduction, most of the oxygen
containing groups on the GrO surface were removed, so the derived TRGO had
less weight loss.
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Fig. 20. TG analysis of graphite, intermediate products and catalyst samples.

The TG analysis results of catalyst samples are shown in Fig. 20 b. The
decomposition processes of different functionalized TRGO occurred through
two main weight loss stages. The first stage (~100°C) can be assigned to the
removal of moisture, and the second stage in the temperature range of
100-700 °C may be ascribed to the pyrolysis of covalently-bonded functional
groups on the TRGO surface. Moreover, the C_Me_1 700 sample exhibited the
greatest thermal stability up to 700 °C with slightly lower weight loss (~5 wt%)
than other catalysts.

FTIR spectroscopy.

Fig. 21 shows the FT-IR spectra of graphene-based catalysts. The spectra
of GrO and TRGO, which were already discussed in 3.1.1. section, are also
shown for comparison. It should be mentioned that graphene-based catalysts
exhibit similar spectra, which may reflect similar surface composition of these
materials. Two main peaks were detected in the spectra of all catalysts samples
and TRGO. The broad band centered at 1200 cm™ can be mainly assigned to

aromatic C—N and/or C-O stretch vibrations, while the broad band around
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1573 cm™ are assigned to aromatic C=N bonds or C=C stretching [241-243].
The relative weak signal centered at 3430 cm™ can be ascribed to either —-OH,
—NH2 or =NH groups in the aromatic ring [244]. These results suggest that a
certain amount of N-containing functional groups should be present in

graphene-based catalysts.
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Fig. 21. FTIR spectra of intermediate products and catalysts used in

transesterification reaction.

XPS analysis.
Further information about the nitrogen functionalities was provided by

deconvolution of the C1s, and N1s core-level XPS spectra (Fig. 22, Fig. 23 and
Table 14). Peak fitting of C1s high resolution spectra reveals the various carbon
components in catalysts framework. As shown in Fig. 22 a, the C1s XPS spectrum
of TRGO is consisted of four types of carbon: the C=C (284.3 eV),
C-C (285.6 eV), C-O (287.2eV), C=0/0-C=0 (288.4 eV) [219, 220]. After pre-
treatment of TRGO with NHz or melamine, all samples obtained exhibit the
same graphitic C=C peak whose concentration decreases due to the appearance
of new bands. Notably, a new peak was formed at 286.9 eV (in case of
C_Am_4 850), 286.5 eV (in case of C_Am_8 850), 286.4 eV (in cases of
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C_Am_4 950 and C_Am_8 950), 286.7 eV (in case of C_Me_1 700), which
would be caused by the new C=N interaction [245]. Moreover, when nitrogen is
introduced, the bonds at 287.2 eV and 288.4 eV are slightly shifted and the
concentration of these bands is increased from 3.2 % to 7.7%, 4.9%, 4.2% and
from 1.1% to 3.5%, 5.2%, 2.4%, respectively. These peaks are ascribed both to
C-O/C-N and C=0/0O-C=0/C=N bonds, respectively, and are generally
considered as evidence that nitrogen is successfully incorporated into the carbon
framework [246]. This shift is also in agreement with increased structural
disorder due to the disruptions in the sp? carbon framework from the
incorporation of nitrogen. In addition, the disappearance of C-O peak in
C_Am_4 850 and C_Am_8 850 samples and C=0/0O-C=0 species in the cases
of C_Am 4 950 and C_Am_8 950 suggests selective replacement of the
hydroxyl, epoxy, carbonyl or carboxyl groups with a nitrogen functional groups.
Moreover, the shake-up satellite peak due to n-n* transitions in aromatic rings
are observed in prepared samples whereas no n-n* interactions are observed in
TRGO [247].
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Fig. 22. Cls XPS spectra of TRGO and catalyst samples. a — TRGO,
b-C Am 4 850,c - C Am 8 850, d — C_Am_4 950, e — C_Am_8 950,
f—C_Me_1_700.
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Table 14. Analysis of high resolution XPS spectra of catalysts obtained.

BE, eV (concentration of species, at %)

C1ls N1s
Sample C-O, C=0,C=N, C-NHa, C-N-C C-N-C
C=C C-C C=N n-n*  N-Csp® C-N=C ) C-NH-C -
C-N 0-C=0 (pyridone type) (graphitic type)
284.3 285.6 287.2 288.4
TRGO - - - - - - -

(61.2) (21.8) (3.2) (1.1)
284.4 285.6 286.9 288.7 290.6 397.9 398.8 399.5 400.5

C_Am_4 850 - -
(60.9) (18.5) (6.6) (3.5) (3.5) (1.3) (0.5) (0.4) (0.8)
284.4 2854 286.5 288.8 2912 3974 398.2 399.5 400.6

C_Am_8 850 - -
(52.9) (16.0) (14.5) (5.2) (1.8) (0.4) (1.4) (0.6) (0.8)
284.4 2854 286.4 287.2 289.4 397.3 398.2 399.5 400.9

C_Am_4 950 - -
(47.1) (2190 (@4.6) (7.7) (5.6) (0.4) (0.8) (0.3) (0.4)
284.4 285.4 286.4 287.7 290.2 3974 398.3 400.0 402.1

C_Am_8 950 - -
(50.1) (21.2) (7.6) (4.9 (6.3) 0.1) 0.7) (0.5) (0.3)
284.4 2855 286.7 287.8 288.8 290.4 397.6 398.3 399.5 400.5

C_Me_1 700 -

(46.1) (22.6) (8.8) (4.2) (2.4) 31 (0.7 (41 (0.7) (2.9)




Careful analysis done by deconvolution of the N1s spectra in Fig. 23 shows

the presence of several different nitrogen containing groups in all catalysts.
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Fig. 23. N1s XPS spectra of catalysts samples: a — C_Am_4 850,
b-C Am 8 850,c—-C _Am 4 950,d-C_Am 8 950,e—-C _Me_1 700.

According to the existing literature data, the high resolution N1s spectra of
C_Am_4 850 (Fig. 23 a) can be deconvoluted into four peaks at binding
energies of 397.9 eV, 398.8 eV, 399.5 eV and 400.5 eV, corresponding to
N-C sp?, pyridinic N, aminic or pyridone N and pyrrolic N respectively [248-
250]. It seems that some nitrogen atoms enter the inner layer of C_Am_4 850
through the defects of the outer layer and bond with the sp® carbon [248]. These
four peaks are also present in the XPS spectra of other catalysts (Fig. 23 b, c, d,
e). The exception are C_Am_8 950 (Fig. 23 d) for which aminic or pyridone N
completely disappeared and new peak at 402.1 eV assigned to graphitic N
appeared [247]. Moreover, the results show that, the most pronounced peaks in
all catalysts (except C_Am_4_850) is attributed to pyridinic-N and pyrrolic-N.
These functionalities are responsible for the more pronounced basic character of
the nitrogen functionalized carbon. Whereas N-C sp? is the dominant peak in

C_Am_4 850. The different concentrations of the N-configurations indicate that
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the formation of nitrogen doped catalysts rich in one N-configuration can be
controlled by adjusting the functionalization time and temperature. Reasonably,
at relatively high treatment temperature, the distribution of nitrogen in graphene
sheets was governed by the balance between nitrogen removal/doping due to the
high temperature treatment and/or the reconstruction of nitrogen among
different sites.

3.1.4. Activity of solid basic catalysts

The modified graphene based catalysts were tested in transesterification
reaction of rapeseed oil with methanol. The yields of fatty acid methyl esters

(FAME) obtained in the above process are given in Fig. 24.
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Fig. 24. Comparison of FAME vyields obtained for the graphene-based catalysts
and commercial catalyst.

For comparison purposes the yield obtained with the use of commercial
basic catalyst NaOH is also presented. As depicted in Fig. 24, the yield of FAME
clearly increased with increasing reaction time and reached a plateau after 24 h,
regardless of the used catalytic system (after this time the product yield increased
only slightly). The results presented indicate that the catalysts investigated have
the activity (which can be defined by FAME yield) in the range of 2 to 65%. It

is clearly visible that the sample functionalized with ammonia at 950 °C for 8 h
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(C_Am_8 950) shows the best catalytic activity. After 24 h of reaction, the yield
of FAME obtained using this catalyst was up to 65%. However, this result is
worse than that attained for commercial catalyst NaOH (93% after 24 h). For
other samples modified with ammonia the activity generally grows with increase
In amination temperature and time (48% for C_Am_4 850, 55% for
C_Am_8 850 and 62% for C_Am_4 950). It is also important to note that
catalytic activity of samples is not directly associated with total nitrogen content
of the carbon materials but is dependent on the kind of nitrogen moieties and
their basicity. Consequently FAME yield of C_Am_8 950 is higher than that of
other catalysts although there is decrease in total nitrogen content with
increasing modification temperature (but this sample shows the highest basicity,
see Table 13). However, more work is still required in order to clarify the
concrete role of nitrogen containing functional groups for the transesterification
reaction. The surface properties of catalysts such as specific surface area and
pore volume are also quite important. As shown in Table 12, C_Am_8_ 950 has
a larger surface area (789 m? - g*) and higher total pore volume (5.75 cm® - g1)
than those of others catalysts, which may be more convenient for reactants to
adsorb on the catalyst surface and approach to the active basic sites. The lowest
yield of FAME (2.7%) was obtained for the sample modified with melamine.
According to the literature [91] and [251], transesterification reactions are
catalyzed both by acids and bases. However, the content of both remaining
acidic oxygen-containing groups and basic nitrogen functional groups in this
sample is very low, as observed by acid—base titration (Table 13). This result
demonstrates that the synthetic route used for the covalent grafting of nitrogen
functional groups plays a key role in the catalytic activity of the synthesized
material. It should be pointed out that the basic catalysts were in general less
active than the acidic ones (see Fig. 16). The main reason could be attributed to
the parallel reaction between FFA and the basic catalysts, where the FFA in the
raw oil (6.4 g/100 mL) predominantly react with the basic catalysts to form soap
and water. According to the literature, acidic catalysts are less sensitive to FFA
[92].
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3.2. Graphene-based nanocomposite material containing (SCN)x as highly

efficient electrocatalyst for ORR

The second part of experimental work was devoted to prepare a novel
graphene-based nanocomposite material in order to fabricate superior metal-free
catalyst for oxygen reduction. The nanocomposite was synthesized by a facile
and cost-effective solid-solid reaction between GrO and KSCN, where the
thiocyanate fragments undergo polymerization. The structure of
polythiocyanogen (SCN), in this nanocomposite was compared to the structure
of (SCN)n prepared by different routes: in solid-solid reaction between KSCN
and (NH4)2S.0s and during the thermal polymerization of thiocyanogen (SCN)..

3.2.1. Structural characterizations

Size exclusion chromatography.

The molecular weight of polythiocyanogen synthesized as AS/A product
was determined by size exclusion chromatography to find the mean number
average molecular weight (Mn), mean weight average molecular weight (Mw)
and polydispersity index of (SCN)n. An elugram of SEC for the (SCN)x is shown
in Fig. 25.
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Fig. 25. SEC chromatogram of polythiocyanogen SS/A.

The main fraction of the (SCN), is eluted between 8 and 10 mL with a
maximum at 8.73 mL. This maximum is attributed to high amounts of long chain

polythiocyanogen. The elugram of (SCN), is converted to a distribution of
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molecular weights along with the rankings of the various average molecular

weights in Fig. 26.
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Fig. 26. A distribution of molecular weight of (SCN), along with the rankings

of the various average molecular weight.

It is possible to observe that the molecular weight distribution ranges from
approximately 20000 Da to 90000 Da, with maximum peak intensity at
53198 Da, coincident with polythiocyanogen fractions. The molecular masses
of (SCN), computed by the SEC software were M, = 53759 and My = 56384
with a polydispersity index Mw/M, = 1.049. The results of SEC analysis
demonstrates that the polythiocyanogen is monodisperse and polymer nature,

containing narrow unimodal peak.

Powder X-ray diffraction analysis.

XRD patterns have been customarily used to characterize the phases
present in the reactant mixture and provide a means of identification of products,
solid reactants and intermediates, as well as to assess the crystalline order of the
solid sample. Polythiocyanogen synthesized by different methods, as well as
pure reactants and their mixtures were examined using a powder XRD method.
The XRD patterns of initial reactants are compared using data from JCPDS
database. The XRD patterns of SS/A samples and their precursors are presented
in Fig. 27 a.
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Fig. 27. X-ray powder diffraction pattern of ammonium peroxodisulfate (*)
(a, b), potassium thiocyanate (0) (c), (SCN)n produced via SS/A reaction (0) (a),
ammonium thiocyanate (¢) (b, d), led thiocyanate (¢) (b), and (SCN), produced
via AS/A and TP reactions (0) (b). X-ray powder diffraction pattern of GrO,
KSCN (0), and SS/G products (c). New-appeared peaks of graphite (002) (*) and
(SCN)n (0) are also marked. X-ray powder diffraction pattern of GrO,
ammonium thiocyanate (¢), and AS/G product (d).

Fig. 27 a reveals that at the start of the reactions the pattern composed of a
combination of KSCN and (NH4)2S20g is obtained. After some time, the
intensity of the reflections of precursors’ decreases, and a new set of reflections
appear. The new-appeared reflections can be assigned to the crystalline structure
of polymerized trithiocyanuric acid [197] (Fig. 7 d, structure 1). Finally, the only
set of reflections remaining with a broad diffraction peak position at about
20 = 26.42° is that of the product (Fig. 27 a). A broad diffraction peak at this
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position characteristic to amorphous structure of (SCN), is confirmed by the
other authors [197, 198, 201]. Hence, an assumption can be made that either
changes occur in the structure of (SCN), during the washing procedure, or some
of the existing phases obtained in SS/A are stable only in the contact with the
precursor crystals.

The XRD patterns of samples AS/A and TP and their precursors
respectively are presented in Fig. 27 b. Fig. 27 b demonstrates that the XRD
pattern of (SCN), obtained from different precursors and by different routes are
very similar and are characterized by unique broad reflection at about
20 =26.42°, as well as in the case of the synthesis of SS/A.

The XRD patterns of SS/G samples and their precursors are presented in
Fig. 27 c. The pristine GrO powder showed a characteristic peak at 20 = 10.97°,
corresponding to a d-spacing of 0.806 nm. After the grinding for 10 min GrO
with KSCN (Fig. 27 c), the characteristic peak of GrO at 20 = 10.4° disappeared
while three peaks at 21.3°, 26.5° and 30.8° appeared. The peak at 26.5° was
attributed to the graphite lattice plane (002) (JCPDS, No. 00-056-0159). The two
remaining peaks coincide with these of (SCN)n in Fig. 27 c respectively. The
obtained results evidence the reaction between GrO and KSCN which leads to
the reduction of GrO and formation of polythiocyanogen. Fig. 27 d shows the
result of reaction between GrO and NH4SCN in aqueous solution. Analyzing the
XRD pattern a conclusion could be done that under these conditions the reaction
between GrO and NH4SCN does not occur.

SEM analysis.

The morphology of prepared composite samples was examined by SEM
technique (Fig. 28).
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Fig. 28. SEM micrographs of GrO (a), SS/G samples: SS/G-10 (b), SS/G-30 (c),

SS/G-45 (d), SS/G-60 (e), SS/G-90 (f), SS/A-90 (g) and (SCN)n via TP (h).

SEM images reveal characteristic platelet structure of GrO (Fig. 28 a).
During the solid-solid reaction between KSCN and GrO, the morphology is
changed to a more curled structure (Fig. 28 b, ¢, d, e). The longer is the
solid-solid reaction time, the more irregular and curled structure is obtained. A
possible explanation of this might be that the solid-solid reaction occurs on the
edges of GrO sheets leading to a formation of the wrinkles on the edges of GrO
platelets. The SEM results are in line with the XRD study of SS/G samples (Fig.
28 ¢), because the SEM images of SS/A and TP samples confirm the absence of
crystallinity, as it was stated from the XRD data (Fig. 28 g, h and Fig. 27 a, b).
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FTIR spectroscopy.

FTIR spectroscopy has been used to assess the changes in the reaction
mixtures and evaluate the formation of new chemical bonds (Fig. 29).
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Fig. 29. FTIR spectra of precursor materials (a), and products obtained via
synthesis of SS/A (b). FTIR spectra of (SCN)n obtained via synthesis of AS/A

(c) and via synthesis of TP (c). FTIR spectra of products obtained via synthesis
of SS/G (d) and AS/G (d).

Fig. 29 a illustrates the FTIR spectra of precursors ((NH4)2S20s, KSCN,
NH4SCN and Pb(SCN).). The spectrum of KSCN is characterized by the strong
absorption peak at 2065 cm™ due to the C=N stretching vibration of SCN- ions;
the same peaks are observed for NH4sSCN and Pb(SCN)2. The FTIR spectrum of
(NH4)2S20s displays a broad peak at 3043 — 3369 cm™ corresponding to the
stretching frequency of NH4". The same peak is observed for NHsSCN. The
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strong absorption peaks at 1400 cm™, 1298 — 1264 cm?, 1056 cm™ and
690 cm™* are attributed to the stretching frequency of the S,0s? ions [252].

Fig. 29 b shows the FTIR spectra of SS/A products. Obviously, in the SS/A
product washed free from precursor ions, the C=N stretching band at 2065 cm™
is disappeared and very broad strong band centered at 1243 cm™ is appeared.
The spectrum closely matched the FTIR spectrum reported for (SCN), in the
literature [198]. The strong, broad band around 1243 cm™ is due to —C—N=
stretching, the band at 1516 cm™ is due to =C=N— conjugated vibration, and
signal at 1630 cm™ is due to symmetric and asymmetric stretching of the
=C=N— group.

FTIR spectra of polythiocyanogen obtained via the thermal polymerization
(TP) and oxidation of NH4SCN with (NH4)2S20s in aqueous media (AS/A) are
presented in Fig. 29 c. The broad band centered in the spectrum of (SCN),
obtained via AS/A at ~1290 cm™ together with peaks at 1550 cm™ and
1650 cm™ are similar to those observed in Fig. 29 b for (SCN). (SS/A) washed
free from precursor ions. Apparently, the FTIR spectra of (SCN), obtained by
different ways have similar features but do not coincide, indicating some
structural differences. Nevertheless, the constant presence of -C=N and =C=N-
bonds and thus of polyazomethine chains is evident in all cases.

The FTIR spectra of GrO, SS/G and AS/G products are shown in
Fig. 29 d. The characteristic GrO bands are observed at 1061 cm™ (C-O
stretching vibrations of epoxy groups), 1230 cm™ (C-O stretching vibrations of
phenolic C-OH), 1405 cm™* (O—H deformation vibrations of tertiary C-OH) and
1726 cm™ (C=0 stretching vibrations of COOH groups). The peak at 1621 cm™
Is related to the C=0 stretching mode in quinone group and C=C stretching in
small size conjugated domains. The broad peak at 3237 cm™ corresponds to
O—H stretch [253].

In Fig. 29 d, the FTIR spectrum for AS/G product, which results from the
reaction between GrO and NH4SCN in aqueous solution (AS/G), is very similar
to the spectrum of GrO, confirming that this reaction does not occur, as
previously observed by XRD (Fig. 27 d). The FTIR spectra of SS/G products
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(Fig. 29 d) show that dependent on the duration of solid-solid reaction between
KSCN and GrO, some peaks disappear or decrease in intensity, while other
peaks appear. Thus, in the region ~1100 cm™ a peak of epoxy group in GrO
disappears, and after the reaction with KSCN appears a new peak at 1170 cm™.
Similarly, the peaks at 1621 cm™ (quinone) and 1726 cm™ (~C=0 in carboxyl-
group) disappear, and new peaks appear at 1530 and 1630 cm™. All these
new-appeared peaks can be attributed to the vibrations in —C=N- conjugated
group. The appearance of the peak at 1530 cm™ can also be ascribed to the
presence of C=C stretching in extended conjugated bonds in accordance with the

reduction of GrO to graphite structures and confirming the XRD results [240].

Thermal analysis.
The TG/DTG analysis of GrO and SS/G samples was performed to

elucidate their thermal stability and chemical composition. The results are shown
in Fig. 30. Little differences is observed between the thermal behaviour of
different SS/G samples. Mass loss of GrO is ~75% at 800 °C, while for SS/G
products this parameter reaches ~55%. These results support previous
assumption about the reduction of GrO during the solid-solid reaction with
KSCN. Another interesting finding is a much more pronounced peak in DTG
curves of SS/G products in comparison with GrO at ~50 °C, which is usually
attributed to the loss of adsorbed water [60]. The peak at 50 °C decreases slightly
with the increasing the duration of solid-solid reaction. The solid-solid reaction
between GrO and KSCN should be of topological nature. During the short time
the reaction takes place on the edges of GrO sheets, but the reduction of GrO
occurs in only a small extent. The extent of reduction increases with an increase
of the reaction time. Most probably, the SS/G products with short fragments of
(SCN)n on the edges of the sheets are highly favorable for the adsorption of
water. It can thus be suggested that such relatively loose layered structure should
be favorable for the adsorption of ions and gaseous products during the ORR

reaction.

100



The second mass loss at near 200°C can be ascribed to the release of CO2
from carboxylic acid groups and CO from the decomposition of epoxide and
alcohol groups. Phenolic or quinone groups decompose at higher temperatures,
above 800 °C and occur out of the monitored temperature range [240]. Studies
on GrO based materials by Temperature Programed Desorption, with
identification of mass fragments by mass spectrometry, showed mass loses
corresponding to release of CO, and CO groups at near 250°C or at lower
temperatures depending on the functionalization or on the interlayer distance
[240].
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Fig. 30. TG and DTG curves of GrO (a) and SS/G samples: SS/G-10 (b);
SS/G-30 (c); SS/G-45 (d); SS/G-60 (e) and SS/G-90 (f).

101



XPS and elemental analysis.

The element contents (mass %) of GrO and SS/G products by obtained by
CHNS/O EA and XPS are given in Table 15.

Table 15. Element contents of GrO and SS/G nanocomposites obtained by EA
and by XPS.

Element content (mass %)
C O N S H K
EA? GrO 45.8 49.8 0.0 1.6 2.7
SS/G-10 45.0 48.8 0.8 2.7 2.7
SS/G-30 44.9 49.3 0.7 2.4 2.7
SS/G-45 45.0 49.0 0.8 2.5 2.6
SS/G-60 44.8 49.2 0.8 2.6 2.7
SS/G-90 44.6 49.3 0.8 2.6 2.7

Analysis  Sample

XPSP Gro 63.9 31.2 1.5 3.4 n.d.
SS/G-60 61.7 30.1 0.9 1.6 5.7
2 Bulk element content determined by CHNS/O analyser;

b Surface element content determined as mass percentages based on the areas
of the respective peaks in the high-resolution XPS spectra (atomic contents)
and the respective atomic masses;

n.d. — not detected.

The EA mass percentages show differences relative to XPS results. The
significantly lower O% in XPS relatively to EA can be justified by the typical
presence of water interlocked between the sheets of GrO, in amounts of ~20%
[63], whereas the samples for XPS analysis were submitted to vacuum degassing
for long periods until achievement of ultra-high vacuum conditions required for
analysis. Thus the release of interstitial water is obtained and consequently the
0% observed by XPS is lower and the percentages of the other elements (C, N,

S) are higher.
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The presence of N and S elements in the pristine GrO material is ascribed
to the use of sulphuric acid and sodium nitrate during the GrO preparation and
related groups can remain retained at the surface. After solid-solid reaction, the
mass % of N and S increase in EA analysis and decrease in XPS analysis. This
can be justified since XPS is a surface analysis (covering 10 nm deep from the
surface) while EA is a bulk analysis and functional groups can be selectively
leached from the surface during the solid-solid reaction and washing procedures.

After solid-solid reaction, the mass % of N and S elements are identical for
both techniques: EA (0.8% and 1.1%, for N and S respectively, after subtraction
of the S% from pristine GrO) and XPS (0.9% and 1.6%, for N and S
respectively). This fact, as well as, the relative low loadings of these elements
confirm the idea that the reaction of (SCN), formation should occur basically on
the edges of GrO [219]. The N:S atomic ratio is ~1.

One other observation from the EA analysis of materials resulting from
different reaction times is that during the first 10 min of solid-solid reaction
between GrO and KSCN, the amounts of N and S elements increases rapidly but
are nearly maintained for longer reaction times. It can be concluded that this
reaction is fast.

From both techniques, it can also be observed that the O% slightly
decreases upon solid-solid reaction, this confirms the reduction of GrO to
graphite, previously pointed-out.

The XPS survey spectra of the material SS/G-60 indicated the presence of
potassium (5.7%), which probably remains deposited as counter-ion in
deprotonated oxygen groups. The XPS analysis of a PTC film formed over a
platinum electrode from a KSCN solution also showed the presence of potassium
[254].

Data obtained from the high resolution spectra in the relevant regions are
presented in Fig. 31 and Table 16.
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Fig. 31. High resolution XPS spectra of pristine GrO and SS/G-60
nanocomposite material: C1s region of GrO (a); C1s region of SS/G-60 (b);
O1s region of GrO (c), O1s region of SS/G-60 (d); N1s region of GrO (e);
N1s region of SS/G-60 (f); S2p region of GrO (g); S2p region of SS/G-60 (h).
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Table 16. XPS analysis results obtained from high resolution spectra of pristine
GrO and SS/G-60 nanocomposite.
BE,? eV (Relative area, %)°
C1s K2p
C-Si C=C C-C Cc-0, C=0, COO n-n* K*
S-C C=N
GrO 283.4 2850 286.0 287.2 2883 289.4 2911 n.d.
(0.9 (48.3) (10.7) (27.8) (7.2) (42) (0.9
SS/G- 2834 285.0 286.0 287.2 2883 2894 ng = 2933
60 (0.5) (43.7) (9.3) (33.8) (88) (3.8 (100)

Material

O 1s N 1s S2p
O=C O-C Hx0as N=C -NO, SH C-Si¢ -SOn
GrO 5319 533.1 5343 400.1 4020 nd. 1641 1685

(22.1) (73.7) (41) (17.8) (82.1) (2.5)  (94.9)
SS/G- 5319 533.1 5343 3997 402.0 1620 164.1 1685
60 (11.7) (82.1) (6.1) (74.3) (25.7) (2.5) (60.0) (6.1)

aFor 2p orbitals the B.E. of 2pz/ orbital is presented,;
b Area of each component relative to the total core level peak area in
percentage;

°n=1or2; n.d. —not detected; n.g. — not quantified.

Analysis of the C1s spectra of the original GrO material shows a peak at
binding energy (B.E.) 285.0 eV ascribed to carbon in the graphitic structure and
aromatic rings (sp?); the peak at 286.0 eV is assigned to carbon—carbon single
bonds in the carbon structure (sp®). Other three peaks are associated with the
presence of the oxygen containing groups: the peak at 287.2 eV ascribed to the
hydroxyl and epoxy groups (C-0), the smaller peak at 288.3 eV to the carbonyl
groups (C=0) and the peak at 289.4 eV to carboxylic groups (COO). The peak
at 291.1 eV is the satellite of sp? aromatic bonds due to m-n* shake-up [240,

255]. Upon solid-solid reaction, the relative amount of bands at 287.2 and
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288.3 eV increase from 27.8% to 33.8% and from 7.2% to 8.8%, respectively,
which can be associated to the overlapping of peaks from groups C-S (287.2 eV)
and C=N (288.3 eV). These groups confirm the presence of polythiocyanogen
in the nanocomposite. For SS/G-60 material the m-n* bands are overlapped by
potassium bands. The potassium signal for K 2psp at 293.3 eV is typical of K*
ions [256]. A small peak ascribed to C-Si is also observed, confirmed by the
presence of a trace amount of Si in the survey spectra of both GrO and SS/G-60
materials.

In the O1s region spectrum of the original GrO material are present a small
peak at 531.9 eV assigned to O=C bonds and a much more intense peak at
533.1 eV due to O-C single bonds. This indicates that hydroxyl or epoxide
groups are more abundant than the carbonyl and carboxylic acid groups [240].
An additional peak at higher B.E. is ascribed to water that remained intrinsically
adsorbed between the GrO sheets [240, 255]. It can be observed that the
nanocomposite material is able to adsorb water in higher extension than the
pristine GrO. A reduction of the relative amount of C=0 bonds from 22.1% in
GrO to 11.7% in SS/G-60 material is observed. Supposedly, carbonyl or
carboxylic groups act as oxidative centers initiating the polymerization of SCN-
and anchoring the (SCN), chains [202].

In the SS/G-60 nanocomposite material, the band at 402 eV in N1s region,
ascribed to the presence -NOg groups resulting from the GrO preparation process
decreases relatively to the one in pristine GrO confirming the leaching during
the functionalization procedure. On the other side, a novel band at 399.7 eV is
observed after solid-solid reaction and confirms the introduction of —C=N-
groups. It is worth to remark that the slightly different B.E. relatively to the
original material, indicates that the introduced chemical groups are different
from the ones present in the pristine GrO.

The S bands in S2p region appear in the form of doublets, due to the
degeneration in the B.E. of 2ps;2 and 2py2 orbitals. The values of B.E. presented
always refer to the 2ps;2 orbital (Table 16). The S2p signal in the pristine GrO is

deconvoluted into a main doublet with S2ps/; at 168.9 eV in accordance with the
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presence of sulphate ions in the material’s surface. After solid-solid reaction and
work-up procedures this peak decreases and two other doublets are introduced
with B.E. from S2ps/, orbitals at 164.1 eV (the major band) and 162.0 eV (a
minor band). A B.E. of 164.1 eV is typical of sulphur in S-S or C-S- bonds, while
a binding energy of 162.0 eV can be ascribed to SH groups [257]. The peak at
172 eV is ascribed to sulphide ions.

The results of XPS analysis fairly match with the results obtained by the
other methods. The presence of polyazomethine chains (-C=N-) is confirmed.
As in the case of DTG analysis, a tendency of SS/G-60 to adsorb water has been
reaffirmed. The presence of -S-S— and —C-S- bonds suggest that the
polyazomethine chains can be attached to the graphene sheets via the sulphur
atoms [258].

Based on the results obtained by the applied methods of analysis, a
representative structure of SS/G nanocomposite material was proposed. In
summary, characteristic features of the SS/G nanocomposite structure can be
defined as follows: (i) small amounts of SCN groups are introduced on the edges
of basal graphene planes; (ii) the graphene edges after solid-solid reaction of
GrO with KSCN become curled; (iii) the chains of polymer (oligomer) are rather
short; (iv) curled edges of graphene facilitate the insertion of H>O (and

supposedly other molecules) between the graphene layers (Fig. 32).
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Fig. 32. Representative structure of nanocompozite SS/G material obtained from
GrO via solid-solid reaction with KSCN.

3.2.2. Electrochemical study

The electrocatalytic activity of graphene-based materials has lately
attracted the attention of researchers. The activity of SCN-doped GrO in ORR,
crucial for the efficient operation of cathode in fuel cells, has been reported
recently [132]. Among the main advantages of this material stability, high
activity and operation in the absence of noble metals are mentioned. In this work
the particular attention was paid on studies of the electrocatalytic activity of
SS/G products by ORR in acidic media. LSV measurements revealed the highest
electrocatalytic activity of product SS/G-60 among other SS/Gs. The
electrochemical performance of SS/G-60 nanocomposite modified electrode in

0.5 M H2SOq4 in Ar and O saturated solutions is presented in Fig. 33 a.
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Fig. 33. Linnear sweep voltammograms of SS/G-60 nanocomposite material at
different potential scan rates and H>SOs concentrations. (a): Linear sweep
voltammograms for ORR at SS/G-60 nanocomposite in 0.5 M H>SO4 solution
saturated with Ar and O». Potential scan rate of 50 mV - s, (b): Linear sweep
voltammograms for ORR at SS/G-60 nanocomposite in 0.5 M H>SO4 solution
saturated with O recorded using different potential scan rates. Insets show the
plots of the peak currents vs. scan rate (A); vs. square root of scan rate coordinate
(B). Effect of pH on the potential of peak. Linear sweep voltammograms
obtained at different concentrations of H2SO4 (c). Inset: dependence of the ORR
peak potential on pH of bare graphite electrode (black) and of SS/G-60
nanocomposite material (red).

As shown, the ORR current increased with the potential decrease and the
current maximum was attained between 0.34 and 0.55 V. Apparently, ORR
current at SS/G-60 nanocomposite modified electrode observed at 0.4 V in O
saturated 0.5 M H2SO4 solution was much higher as compared to the value of
ORR current generated under Ar pretreatment. Moreover, ORR current is

doubling if double the amount of SS/G-60 applied onto the bare graphite rod
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electrode (data not shown). These facts evidently demonstrated the
electrocatalytic activity of SS/G-60 nanocomposite material for ORR in acidic
media. It should be noted that the current density of 21.4 mA - cm obtained for
ORR by using the SS/G-60 as electrode material in H.SOs media is ~5 times
higher as compared to the commercial catalyst (4.2 mA - cm™) [132] and the
other recently reviewed catalysts [259], where the latest advances in the field
over the past eight years are summarized. The electrocatalytic activity for the
ORR in acidic medium was examined, with a particular focus on metal-free,
low- and non-platinum electrocatalysts. The specific activity varied from 0.03
to 10.1 mA - cm for the catalysts presented herein. The above results indicate
that SS/G-60 nanocomposite material holds great potential for oxygen reduction
in acidic media in practical fuel cells. The stability of catalyst SS/G-60 in H2SO4
media was investigated under potential scanning from 1.0 to 0.0 V. Only the
insignificant decrease in catalyst’s specific activity was noted after 100 min of

scanning (Fig. 34).
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Fig. 34. Stability of SS/G-60 catalyst in 0.5 M H2>SO4 obtained by LSV at
different time (0, 5, 30, 70, 85 and 100 min) under potential scanning from 1 V
to 0 V. Scan rate 50 mV - s

According to the principle of electrochemistry, the process of oxygen

reduction occurs via a 4-electron transfer pathway that includes several
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subsequent steps [260]. The proton transfer takes place in the electrode reactions
in acidic media:

O2(aq) & O2(ad)

O2ag) + € S Oz (ad) (stage 1)
O2 (ad) + € + 2H" S H202(a0) (stage 2)
H202(q) + € + H* 5 H2Oqy + OHag) (stage 3)
OHg) + € + H* 5 H.Oq (stage 4)

The adsorbed oxygen reduction (stage 1/ stage 2) and hydrogen peroxide
reduction (stage 3) stages are reported to be the rate-determining steps of the
whole process [260].

The voltammograms obtained by LSV can provide information about the
mechanism of electrode reactions in the presence of SS/G-60 nanocomposite
material. The experiments were performed in the solutions with three different
concentrations of sulphuric acid (0.0025 M; 0.025 M and 0.5 M) at different scan
rates. A typical linear sweep voltammograms at different scan rates for the
electrode of SS/G-60 nanocomposite in 0.5 M H>SO4 solution saturated by
oxygen are presented in Fig. 33 b.

Two successive reduction waves can be distinguished in the
voltammograms obtained in 0.5 M H2SOj4 solution. The first wave is present in
all voltammograms obtained in 0.0025 M; 0.025 M and 0.5 M H2SO4 solutions
(Fig. 33 b). Obviously this wave changes its position on the voltage axis in the
potential range of 0.4 - -0.2 V dependently on the scan rate. The second wave
appears approximately at 0.5 V only in the solution of 0.5 M H>SO4 by applying
scan rate higher than 100 mV - s*. The position of this wave on the voltage axis
Is independent on potential scan rate. The fundamental aspects of
electrochemical Kkinetics state that the peak position is influenced by the scan
rate in the cases, when the process is slow and can be defined as a limiting stage
[261].

A plot of the peak current vs scan rate gives more detailed information
about the mechanism of the process (Fig. 33 b, inset A and B). The theoretical

basis of this part is discussed in the textbooks of chemical kinetics and
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electrochemistry [262]. In the case when the data give a linear plot using a scan
rate coordinate (Fig. 33 b, inset A), an assumption can be made that adsorption
is the limiting condition of the process. Meanwhile, when the linear plot is
obtained using a coordinate square root of scan rate (Fig. 33 b, inset B), the
process is limited by diffusion. These results would seem to suggest that in the
case when the concentration of H* ions in solution is high, the total process is
determined by adsorption. Meanwhile, at higher pH values, the total process is
limited by diffusion of H* ions (stage 4). In the complex sequence of consecutive
reactions, presented above, stage 1 (reduction of the adsorbed O, up to Oz ion)
ought to be ascribed to the limited by adsorption, due to the nature of the
previous steps. This stage does not include the transfer of H* ions; therefore it
should be insensitive to the pH of solution. In the stage 4 the reduction of OH
up to H20 occurs. It includes the transfer of H* ions and becomes a limiting stage
at higher pH values. These findings suggest that the most effective work of the
ORR cathode should be reached in acidic solutions where the H* concentration
is higher than 1 M.

The effect of pH on the potential of peak is presented in Fig. 33 c. There
are also presented the results obtained using a bare graphite electrode (Fig. 33 c,
in inset black line). The constant slope obtained in Fig. 33 c, red line, suggests
that the electrocatalytic activity using SS/G-60 composite should occur from the
Brensted/Lewis acidic sites on the electrocatalyst surface. The break of a straight
line at pKa =~ 1.1 indicate that the electrochemical reduction of oxygen occurs
via active functional groups, which according to the pKa value should be rather
strong acidic functional groups. Similar pKa values are reported for the
protonation of secondary aromatic amines and nitrogen in thiazole or
polyazomethine [263]. Apparently, electrochemical activity of SS/G-60
nanocomposite is due to the presence of polyazomethine chains and/or dithiazole
rings in the structure of (SCN)n polymer. Meanwhile, the electrochemical
reaction that occurs on pure graphite is not associated with acidic or basic
functional groups. Continuous change of the slope points to the conclusion that

the whole surface of graphite takes place in an electrochemical process. At
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higher pH values the electrochemical reaction that occurs on the surface of
nanocomposite become of the same nature as that on graphite.

In conclusion, LSV measurements revealed remarkable electrocatalytic
activity of product SS/G-60 in acidic media, which current density
(21.4 mA - cm) is 5 times higher compared to that of commercial catalyst. It
was found that the mechanism of ORR in acidic media in the presence of SS/G
nanocomposite material is dependent on the concentration of H* ions. At higher
H* concentrations the process of electrochemical reduction is limited adsorption
of O2. Meanwhile, at higher pH values (pH > 1.0 + 1.5) the process moves to the
limited by the diffusion of H* ions. Whereas this transition coincides with the
step of the protonation of nitrogen in secondary aromatic amines, thiazole, or
polyazomethine it is likely that the protonated nitrogen atom sites in SS/G

nanocomposite material act as a catalyst in the ORR reaction.
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3.3. Thermally reduced graphene oxide as support material for
D-fructose biosensor

This part of experimental work was devoted to create reagentless
amperometric D-fructose biosensor based on graphene nanomaterials. For this
purpose graphene based electrode materials have been synthesized by newly
proposed thermal reduction of graphite oxide. The method allowed to separate
and collect different fractions of thermally reduced graphene oxide (TRGO) with
different physicochemical properties. Aiming to select and apply the fraction of
TRGO possessing beneficial properties for D-fructose biosensor operating on
effective direct electron transfer (DET), the study and characterization of all

TRGO fractions were performed thoroughly.

3.3.1. Examination of TRGO fractions

SEM analysis.

SEM images of graphite, GrO and TRGO fractions are shown in
Fig. 35 a — e. The sites with typical morphology features are shown in inserts at
higher magnification.

The characteristic change of morphology during the process of thermal
reduction of GrO is observed. In the case of graphite, crystalline lamellar
structure is clearly visible. Much less crystallinity is observed in GrO,
nevertheless, the structure of GrO should be considered to be compact. The SEM
results also show the change in morphology of TRGO fractions. Graphene layers
in the case of TRGO are stacked in a random fashion, with turbostratic defects.
The process of thermal reduction is accompanied by a pronounced decrease in
the structure compactness; bulk density data of graphite, GrO and TRGO
fractions are presented in Fig. 35 f. Bulk density data are consistent with the
SEM results: decrease in the bulk density of TRGO fractions is associated with

a random distribution of separate graphene sheets.
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Fig. 35. SEM images of graphite (a), GrO (b) and TRGO (TRGO1 — (c);
TRGO2 — (d); TRGO3 — (e)) fractions. Bulk densities of graphite, GrO and
TRGO fractions (f).

Powder X-ray diffraction analysis.
The XRD patterns of graphite, GrO and TRGO fractions are presented in

Fig. 36.
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Fig. 36. XRD data of graphite, graphite oxide and TRGO fractions

(supplemented with fitting curves).

The XRD pattern of graphite is compared to that in the PDF card
00-056-0159. A sharp peak at 20 = 26.54° (002) and less intensive peaks at
20 = 42.36° (100), 26 = 44.56° (101) and 26 = 55.66° (004) are present in the
diffractogram of graphite. The interlayer distance doo2 in graphite powder
samples determined from the peak at 26.54° equals 0.336 nm; the crystallite size
reaches a value of about 31.94 nm. Likewise, the XRD pattern of GrO is
consistent with the majority of literature [264]. The peaks in the diffractogram
of GrO (26 = 10.35° and 26 = 42.57°) correspond to the enlarged interlayer
distance of 0.855 nm and the crystallite size of 7.2 nm. The XRD patterns of
TRGO fractions indicate that certain ordered structure exists in the case of
TRGO2 and TRGO3, while amorphous structure prevails in the case of TRGOL.
At this point, we do not have the complete information to explain the origin of
pronounced crystalline structures in the TRGO2 and TRGO3 fractions. Taking
into account the design of equipment for the thermal reduction of GrO, we can
find that the distance, which the particle travels is directly proportional to the

electrical charge and inversely proportional to the mass of the particle.
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Consequently, the TRGO2 and TRGO3 fractions should consist of small
particles with relatively high electrostatic charge. The yield of these fractions is
insignificant (TRGO2 - 1.9 %; TRGO3 — 0.4 %). The peaks of crystalline phase
in XRD patterns of TRGO2 and TRGO3 (26 = 28.49° and 20 = 30.95°
respectively) do not coincide with these of pure graphite and GrO. In both cases
the peaks are shifted to higher angles indicating the contraction of the interlayer
distance (0.313 nm for TRGO2 and 0.289 nm for TRGO3). Among the reasons
that may cause a contraction, defect formation in graphene layer and graphite
structure should be mentioned [265]. The defects are formed via the loss of the
oxygen-containing functional groups at higher temperatures accompanied by the
formation of the vacancies and pentagonal/heptagonal/octagonal ring systems in
a graphene layer. In the final stage, the graphene layers are interconnected via
covalent bonds. Such changes in the structure lead to the local destruction of sp?
conjugated system. Presumably, the TRGO particles with higher concentration
of defects can act as capacitors having the ability to store an electrical charge.
For that reason they can be moved further from the reaction zone in comparison
to the particles without defects. A broad peak in the XRD pattern of TRGO3
fraction (20 = 26.07°) should indicate the increase in size of the m-conjugated
system in comparison with the TRGO2. Supposedly, the particles in this fraction
are composed of sequential conducting and insulating domains, similar to the
structure of an electric capacitor able to accumulate a large amount of
electrostatic charges. Fitting curves in this part of the XRD pattern we can
assume that the particles in TRGO3 consist of ~10 graphene layers.

The broad peaks in the XRD pattern of TRGO1 fraction indicate that the
particles are amorphous and small. The fitting curves of broad peaks are also
shown in Fig. 36; they coincide with the peaks of graphite (002), (100) and (101)
as well as with the broad peak of pure GrO at 26 = 32.23°. Assuming that the
interlayer distance in TRGOL fraction is the same as in pristine graphite, we can

speculate that the particles in this fraction consist of ~5 graphene layers.
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Thermal analysis.

TG analysis curves of graphite, GrO and TRGO fractions (Fig. 37 a) show
a weight loss between 35 °C and 500 °C.
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Fig. 37. Data of TG (a) and elemental analysis (b) of graphite, GrO and TRGO
fractions.

Up to 150 °C the weight loss occurs due to the removal of water (in the
form of adsorbed moisture and intercalated H.O) [266]. Maximal values in this
interval are reached for GrO (13 %); for TRGO fractions this parameter is
significantly less (up to 5 %), and no weight loss for graphite is observed. In the
temperature interval 150 — 400 °C weight loss of carbonaceous materials occurs
due to the changes in their chemical structure: elimination of labile functional
groups (carboxy, lactone, epoxy, phenolic) in the form of CO2 or CO [267]. The
most pronounced weight loss is for the GrO (34 %) and TRGOL1 (8 %) samples.
The maximum rate this process reaches at c.a. 275 °C for both types of
carbonaceous materials; the circumstance which proves the similarity of the
processes that occur in both materials. Supposedly, remains of GrO structure in
the TRGOL1 fraction are responsible for the similarities of both processes. The
mass change for TRGO2 and TRGO3 occurs evenly in the temperature interval
150 — 500 °C; so, we can conclude that these fractions include less oxygen-
containing functional groups in comparison with these in TRGOL1. This
conclusion is consistent with the data obtained from elemental analysis (see
Fig. 37 b).
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Raman spectroscopy.

Raman spectra of graphite, GrO and TRGO fractions are shown in
Fig. 38 a. Two peaks (D and G) are dominant in the spectra of all samples. The
G band has E>g symmetry. Its eigenvector involves the in-plane bond-stretching
motion of pairs of sp? carbon atoms. This mode occurs at all sp? sites and always
lies in the range 1500-1630 cm™. This mode does not require the presence of
sixfold ring. The disorder induced bands (D and D’) are observed in defective
structures. The D band is a breathing mode of Aig symmetry involving phonons
near the K zone boundary. This mode is forbidden in perfect graphene and only
becomes active in the presence of disorder. The intensity of D mode is specific
to the presence of sixfold aromatic rings. The D’ band is related to the double
resonance Raman process and presents the graphite edge imperfection [268,
269].
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Fig. 38. Raman spectra (excitation wavelength 633 nm) of graphite, GrO and

TRGO fractions (a), (b) — shows the G peak position and intensity ratio ID/IG.

In Fig. 38 a, the Raman spectrum of the pristine graphite shows a G peak
of high intensity at 1575 cm™, a D peak at 1328 cm™, and a weak D’ peak at
1612 cm™. The G band in GrO is shifted to higher frequencies (1587 cm™)
compared to the pristine graphite (Fig. 38 a and Fig. 38 b). We suggest that this
shift is mostly affected by the isolated double bonds in the structure of GrO,

which resonate at higher frequencies[270]. In TRGO fractions the positions of
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G band are shifted slightly to the values more close to that of pristine graphite
(Fig. 38 b) indicating that in-plane sp? bonding network was restored during the
thermal reduction process. However, thermal reduction of GrO involve the
removal of oxygen-containing functional groups, thus, creating defects within
the graphene basal plane. Additionally, it has been suggested that TRGO exhibits
a mixture of sp? and sp® bonds that depends on the degree of reduction.
Furthermore, the electrical transport behavior changes from insulator-hoping-
like to semimetal-band-like as the number of localized & states increases [271].
D and G band intensity (Io/lg) ratio (Fig. 38 b) shows the level of disorder in
graphene [55]. According to this parameter, all TRGO fractions contain
approximately the same amount of defects, while the highest concentration is
present in TRGO2.

BET analysis.

Specific surface area is one of the most important characteristics for

graphene based materials. These materials with high surface area are promising
candidates for biosensors [157, 272]. The specific surface area and average pore
width of all samples was evaluated using the BET method. The data are shown
in Table 17.

Table 17. BET data of graphite, GrO and TGRO fractions.

Materials BET Surface Area, m> - g1  Average pore width, A

Graphite 13 107.9

Gro 11 42.3
TRGO1 317 142.3
TRGO2 690 148.8
TRGO3 503 146.3

The BET surface area data of graphite, GrO and TRGO were obtained from

the N. adsorption—desorption isotherms. It was found that all isotherms of
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samples are characterized by an H3 hysteresis loop, which is typical for plate—
like particles [273, 274].

Going from graphite to the thermally reduced fractions of GrO, up to
TRGO2, the BET surface area and average pore width was increasing. The
TRGO2 powder is characterized by the highest surface area (690 m? - g?),
however it is significantly lower than the theoretical surface area (2630 m? - g1)
reported for an individual graphene sheet [275]. BET surface area of TRGO2
was increased almost sixty times compared to that of GrO and more than two
times compared to that of TRGO1. The surface area and average pore width of
TRGO3 were slightly smaller than that of TRGOZ2. As can be seen in Fig. 38 b
the concentration of defects of TRGO3 is lower compared to that of TRGO?2.
This could explain the smaller BET surface area of TRGO3.

It is known that during the oxidation process the graphite crystallites are
reduced in size [55, 276]; simultaneously amount of defects is considerably
increased (Fig. 38 b). However, as can be seen in Table 17, BET surface area
and average pore width of GrO have the smallest values. This divergence could
be explained by the fact that the N> molecules are unable to penetrate the
interlamellar space of GrO [277]. Also, we can assume that the main reason of
the different sedimentation path length between TRGO2 and TRGO3 is the
electrostatic charge of the particle, since the surface area data of both fractions
Is approximately the same.

All three fractions of TRGO were applicable for design of amperometric
D-fructose biosensors acting on direct electron transfer principles. More
electrochemical measurements are described in [278]. In conclusion, the
achieved high values of the sensitivity are the same order as for other D-fructose
sensors based on synergistic mediated processes. The electrode based on
TRGO1 exhibited the highest sensitivity of 14.5 pA - mM1 - cm2, After a period
of 5 days the sensitivity biosensor was decreased less by than 20%, therefore, it
displays a good stability for D-fructose determination. The biosensor can be used

for D-fructose measurements in fresh and heat treated apple and orange juices.
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3.4. Optimization of the transfer process of graphene oxide coatings

One of the most promising applications of graphene-based materials is
their use as transparent, conductive thin films. For this purpose they must be
transferred onto arbitrary insulating substrates. Therefore, the last part of
experimental work was devoted to optimize the process of transfer of GO
coatings prepared by filtration on the transparent polyethylene terephthalate

substrate. The two-stage optimization procedure was chosen for this study.

Plackett-Burman optimization.

Parameter estimates using various testing protocols were determined from
a PB design for the linear regression models (Equation 1). Results obtained from
the blackness tests (before and after adhesion tests; see Fig. 39 a and b are shown
in Fig. 39 ¢ and d. Intercept values are shown next to the relevant parameter on
the interlayer coordinates. Certain regularities can be found analysing these
models. It is worth noting that according to the blackness test results, the
influence of the interlayer is much less significant in comparison with that of the
optimization parameters used in a PB design. The slightly more significant effect
has a PEI interlayer. The best adhesion is obtained using an AA interlayer. The
similar conclusion can be done by comparing the intercept values in both
models. Adhesion test reduces the intercept values in all cases, because the
blackness of the samples after this procedure is reduced. Meanwhile, slope
values after the adhesion test change in a less orderly manner. In general, the
amount of significant coefficients increases from 24 to 35, which means that the
chosen optimization parameters have a significant impact on the adhesive
strength of the GO coatings after the transfer. In some cases (preferably, for
slopes corresponding the side of PET substrate (A) and interlayer thickness (C)),
the values tend to maintain their positive or negative signs. In other cases, these
values turn from insignificant to significant (for the coating thickness (B) and
transfer temperature (E)), and vice versa (the interlayer preparation (D), and
solvent (G)).
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Fig. 39. Quality evaluation of GO coatings after the transfer using PB
experimental design and blackness tests. Samples prepared for the analysis
before (a) and after (b) adhesion tests. Values of parameter estimates, evaluating
blackness before (c) and after (d) adhesion tests. Correlation diagrams
representing relations between the optimization parameters and structural
characteristics of the interlayer material before (e) and after (f) adhesion tests.

For marked correlating values, see Table 6.

To elucidate the relationship between the properties of interlayer materials
and their effect on the transfer procedure, a correlation analysis was performed.
The correlation was sought between the values of the coefficients in regression

models and the parameters related to the structure of organic molecules used in
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interlayers (melting point, molar mass, density; Table 6). Additionally, a
complex trinomial linear function (Equation 9) was applied in the correlation
analysis using a Quantitative Structure Property Relationship (QSPR) strategy
[279].
F=F1—-F.—Fs (Equation 9)
First term in this function was a parameter inversely proportional to the
mass of the molecule:
F1 =10 + log1o(1/M) (Equation 10)
The second term in the F-function was a parameter dependent on the ratio
between the number of aliphatic fragments (—CH.)— and the number of
heteroatoms (functional groups) in organic/polymer molecule (Fr):
Fo=Fr/4 (equation 11)
Third term Fs was defined as a deviation not including any a priori
information associated with the structure of the molecule and determined using
a least square fit. The estimated values of the F-function and its terms are

presented in Table 18.

Table 18. Correlation between the quality of GO coatings transfer and the

structural parameters of the interlayer.

Terms of structure function F

Interlayer F
F1 F2 Fs
PEI 6.92 0.50 4.0 2.4
PVA 5.40 0.50 2.0 2.9
PEO 5.82 0.25 0.0 5.6
AA 7.84 0.50 0.0 7.3
PVP 5.62 0.75 0.0 4.9
SDS 7.54 3.00 0.0 4.5
HEC 5.05 0.45 3.0 1.6

The results of the correlation analysis are given in the diagrams (Fig. 39 e

and f). Structural characteristics are presented according to their numbers in
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Table 6. Correlation with F-function is labeled as the number 4. Correlation
assessment was performed both with the individual structural characteristics and
with their products. In the cases of using F-function and its products, bars of the
correlation coefficients are marked with red rims.

In Fig. 39 e and f, only those coefficients, whose absolute values are larger
than 0.5 are shown. The correlation was conducted with the results from
blackness tests performed before and after the adhesion test. There is an apparent
difference between these two sets of results. Analyzing the location of
significant coefficients in the lines of structure characteristics, the nature of their
random distribution can be stated. Meanwhile, the lines of parameters reveal the
uneven distribution of these coefficients. Thus, significant values of the
correlation coefficients before the adhesion test are observed for the parameters
A (side of PET substrate), F (transfer pressure), and G (solvent). After the
adhesion test, higher values stand for D (interlayer preparation) and F (transfer
pressure).

When using F-function, as well as its products with other parameters, a
strong correlation is observed. This implies that if one can find the relationship
between the term Fs in F-function and the structure of organic/polymer
molecules used in the interlayer formation, it will be possible to find a closer
connection between the structure of interlayer molecules and the quality of GO
transfer. It can be seen (Table 18) that the more significant Fs-values are obtained
in the case of three polymers: F3(PEI) > F3(2HEC) > F3(PVA), while for the
other group of polymers, F3(PEO) = F3(PVP) = 0. As mentioned above, a set of
transfer operations is carried out at higher temperatures (above 155 °C). Under
these conditions, it is likely that the interaction between functional groups (PET,
interlayer material and GO) takes place [280]. The critical role of hydrogen
bonds in this type of interactions is reported [281]. The ability of hydrogen-bond
formation is a key difference between these two polymer groups with different
Fs-values. Molecules of PEI, HEC, and PVA can readily form hydrogen bonds
with PET molecules and GO fragments [282-285]. Similar kind of interactions

in the PEO and PVP molecules occurs much more reluctantly in comparison
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with the former group [286]. In the case of PVP, the main obstacle to form a
hydrogen bond there should be a steric hindrance due to the triple —CH>—
fragment in the pyrrolidone ring [287]. Thus, one can conclude that the term F3
can be attributed to the ability of polymer chain to form the hydrogen bonds. F3
refers the strength of interaction between the molecules of interlayer and GO
nanosheets. This term is more significant only in the case of long-chain
molecules. For F3(AA) = F3(SDS) = 0; this means that even in the case of strong
interaction between small molecules and GO nanosheets (this is essential
considering the structure of both molecules, see Table 6), it has no significant
effect on the term Fs. The effect of small molecules used in the interlayer is
expressed via terms F1 and F2 in F-function; it is not so closely connected with
the formation of hydrogen bonds. To summarize, if a molecule is sufficiently
big and is able to form strong hydrogen bonds, a significant part of its effect on
the quality of GO transfer is expressed via the term F3z in the structure correlation
function F. It is worth noting that a significant correlation between F-function
and technological parameters is observed in the cases where these parameters
indicate the technological operations related to the hydrophilic/hydrophobic
properties of materials: hydrophilic/ hydrophobic side of the PET substrate (A),
interlayer preparation temperature (D), and solvent used to remove a PC
substrate (G). This evidence strengthens the hypothesis about the crucial role of
hydrogen bonds in the quality of GO transfer. The impact of hydrogen bond on
the properties of GO paper reinforced with polymers is discussed by other
authors as well [281].

Parameter estimates determined for the linear regression models in CAM
and ER tests are presented in Fig. 40. Intercept values are shown next to the
relevant parameter on the interlayer coordinates. The results of CAM test
(Fig. 40 a) reflect the state of the GO layer after the transfer. They are consistent
with the results of correlation analysis for the blackness test reported previously
(Fig. 39).
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Fig. 40. Values of parameter estimates obtained in linear regression models
from: (a) CAM test and (b) ER test.

The most significant parameters in CAM test (A, C, D, and G) generally
coincide with these in correlation analysis (A, B, C, D, and G). Physical sense
of this coincidence can be found analysing the role of hydrogen bond in the
transfer procedure of GO layer on the PET substrate. CAM results are sensitive
to the hydrophobic/hydrophilic properties of the surface. Thus, one can conclude
that results of CAM test confirm the hypothesis about the crucial role of
hydrogen-bond formation on the quality of GO coatings after the transfer.

The results of the ER test (Fig. 40 b) show the most significant parameters
as follows: side of the PET substrate (A), interlayer thickness (C), and interlayer
preparation (D), and do not match with the results of blackness tests. The reason
behind this might be explained as follows: GO layer is characterized by high
resistivity. Additionally, the resistivity of GO significantly decreases at higher
temperatures in the process of converting it to graphene [188]. So, even though
the resistivity of GO layer can be regarded as a quality measure, it has a
pronounced non-linear character. Therefore, ER test results were used as a
supplementary tool to assess the quality of GO coatings.

Several SEM images are presented in Fig. 41. Micrographs at lower
magnification (Fig. 41 a — ¢) demonstrate the coating quality and morphology
changes after the adhesion test. Coatings that show good, poor, and medium

adhesion properties are taken for comparison. Before the adhesion test, almost
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all GO coatings that met sufficient blackness intensity maintained a smooth
morphology. This morphology did not change after the adhesion test for the
samples with high adhesion strength. Adhesion test in the cases shown in
Fig. 41 b and c reveals a typical morphology showing the profile of layered
paper-like structure. In most cases, changes in the coating morphology coincide

with the results obtained in adhesion tests.

Fig. 41. SEM images of GO-transferred coatings. Micrographs taken at a lower

(a, b, and ¢) and higher (d—j) magnification. Left side of each micrograph — GO
coating before adhesion test; right side — after adhesion test. Preparation
conditions (number of PB run (Table 4), interlayer (Table 6)): 7, AA (a);
4, PVP (b); 6, SDS (c); 3, PEI (d); 3, PVA (e); 3, PEO (f); 3, AA(g); 3, PVP (h);
3, SDS (i); 3, HEC (j).
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Close-up view of the GO coating structure at higher magnification is given
in Fig. 41 d — j. Characteristic coating morphology is observed in each case of
different interlayers. Characteristic features become more apparent after the
adhesion test. Several morphological features can be distinguished in this set of
images: paper-like fracture (observed in most cases after the adhesion test),
pleat-like structure (Fig. 41 e and j after adhesion test), and fragments of spongy
structure (Fig. 41 g, h and j)). The emergence of paper-like fracture is essential
taking into account the layered structure of GO. The pleats should occur through
the interaction of GO sheets and interlayer polymer molecules penetrating the
interlayer space of GO [288]. Voids in the structure can appear by the same
mechanism as in the case of GO foam formation [289]. Pleats and voids in the
structure, usually appear after the adhesion test, when the outer layers are
removed. Among the many factors having the influence on the morphology of
GO layer, swelling during the removal of PC layer should be mentioned [290].
We have done experiments examining the swelling of pristine PET membranes
and their melts with interlayer materials by weighing (ASTM D2765), and found
that the most significant values of swelling degree reaches 2.23% (with SDS
interlayer in DMF). In most cases (including pristine PET membranes), swelling
did not occur at any degree. However, being in contact with a GO layer,
percentage of PET in the mixture is likely to be significantly lower, and swelling
may occur much more intensively. It is evident that the structure of GO layer
can be controlled using different interlayer materials and transfer conditions,

though this question will be researched in more detail in further studies.

Raman spectroscopy.

Raman spectra of GO coatings on a PET substrate are presented in Fig. 42

for different interlayer materials.
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Fig. 42. Raman spectra of GO coatings before (a) and after (b) adhesion test and
correlation between the ID/IG ratio before adhesion and the difference between
ID/IG ratios before and after adhesion test A[ID/IG] (c). Interlayer material is
indicated next to the corresponding Raman shift curve. The ID/IG ratio is given

in brackets. All coatings are prepared corresponding to PB run 3 (Table 6).

Two main peaks assigned to D (1310-1430 cm™?) and G (1580 cm™) bands,
which are Aiq breathing mode and Ezq vibrational mode in-plane, respectively,
are prominent in all samples. ID/IG ratio shows disorder of layered GO structure;
in Fig. 42, it is given in brackets next to the corresponding curve. According to
this parameter, the effect of interlayer material on the fine structure of GO is
different. In most cases, before the adhesion test, the ID/IG ratio remains in the
range 1.19-1.27. Only in two cases (SDS and PVA), the ID/IG ratio reaches the
maximum values of 1.34-1.41. This may be related to the high surface activity
of these substances. After the adhesion test, the ID/IG ratio increases in all cases
except PVA interlayer. The correlation coefficient between ID/IG ratio before
adhesion and the difference between ID/IG ratios before and after adhesion
reaches —0.785 (Fig. 42 c). Even a better correlation is obtained to a quadratic

equation. It means that the more ordered layered GO structure is obtained before
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adhesion, relatively less ordered structure results after the adhesion test and vice
versa. Most probably, the upper part of the GO layer after the transfer, which is
peeled-up during the adhesion test, has more ordered structure. In the case of
PVA, adhesion force leads to the formation of pleat-like structure
(see Fig. 41 e). One might conjecture that such a structure is the evidence of
weak forces between the GO layers resulting from the PV A adsorption.

Taking everything into account, it can be concluded that the quality of GO
coatings mainly is influenced by the optimization parameters as follows: side of
the PET substrate (A), interlayer thickness (C), coating thickness (B), and
transfer temperature (E). Going into details, only three of these (C, B, and E) are
appropriate for further investigation. Parameter A (categorizing hydrophobic/
hydrophilic properties of the PET substrate) is inappropriate for further
optimization procedures, because this parameter takes on only two possible
values without intermediates. Since all the ba values in Equation 1 are positive,
hydrophilic side of the PET substrate was chosen for further optimization using

a simplex method.

Simplex optimization.

Based on the results obtained from PB design, initial point in
three-parameter simplex optimization was chosen with start coordinates:
interlayer a thickness 0.50 pm, coating thickness 400 nm, and transfer
temperature 185 °C (Table 19). Coordinates of subsequent simplex points
obtained after iterations are presented in the same table. Their arrangement in

3D space of variables is shown in Fig. 43 a.
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Blackness values after the adhesion test were used as a parameter for the
optimization. When after the iterations, a simplex was transformed into its initial
coordinates, new coordinates were generated at the centers of the tetrahedral
edges. Additionally, a boundary condition T < 185 °C, was applied in the process
of optimization since above 185 °C the PET films begin to develop a yellowish
color. After a complete optimization procedure, optimal coordinates for the
transfer of GO layer were determined as follows: temperature — 185 °C,
thickness of GO coating — 500 nm and thickness of the interlayer — 0,80 pum.
They matched the coordinates of a point 23, obtained in the middle of the
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tetrahedral edge between points 2 and 3. There was no need for further sub-
division of the tetrahedral edges, since in this case, a length of new edge would
be less than the experimental error. SEM images of GO coatings before and after
the adhesion test are presented in Fig. 43 b. One can see that under the optimal
conditions, the quality and adhesion strength of GO coatings should be
considered as good or very good. Although the interlayer material at these
conditions has a minimal impact on the quality parameters, the best results are

achieved using a PEI interlayer.
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Table 19. Simplex coordinates and appropriate blackness values after the adhesion test.

Coordinates Interlayer
Point Interlayer Coating
No thickness thickness Tempe- PEI PVA PEO AA PVP SDS HEC Average
rature (°C)
(nm) (nm)

1 0.50 400 185 6.41+0.22 4.37+£0.43 7.35+0.62 5.92+0.35 3.87+0.54 4.09+0.16 5.12+0.15 5.30+0.24
2 0.70 600 185 4.24+0.98 9.14+1.49 9.66+1.40 9.21+1.24 4.98+0.27 6.11+0.26 8.82+1.49 7.45+0.56
3 0.90 400 185 5.03+1.00 5.44+1.34 8.06+1.37 6.34+0.57 4.1940.59 5.63+0.65 6.97+0.17 5.95+0.53
4 0.70 800 155 6.80+0.18 5.78+0.53 5.74+0.87 7.61+1.40 5.31+0.47 4.97+0.16 4.71+0.74 5.84+0.87
3) 0.50 400 155 3.61+0.88 3.38+0.78 3.48+0.27 3.52+0.24 2.66+0.09 1.50+0.08 3.47+0.36 3.09%0.83
52 0.87 700 175 2.4240.65 3.95+0.36 4.74+0.25 8.95+1.12 5.03+0.40 5.6840.24 3.69+0.08 4.92+0.32
53 0.97 600 175 2.78+£0.98 2.14+0.55 4.55+0.69 5.77+0.69 5.79+0.31 4.27+0.89 3.51+0.29 4.12+0.53
54 0.87 800 160 1.6440.73 1.70+0.33 2.484+0.50 3.95+0.58 3.9840.69 2.49+0.09 3.12+0.30 2.77+0.02
23 0.80 500 185 9.56+1.06 8.70+1.41 9.15+0.99 8.66+1.10 8.43+1.03 9.14+0.96 8.74+1.28 8.91+1.08
24 0.70 700 170 3.48+1.42 6.52+0.90 6.55+1.22 4.47+0.65 2.92+0.35 4.27+0.08 7.57+1.06 5.11+0.64
34 0.80 600 170 6.88+1.15 7.13+1.21 4.48+0.87 7.52+1.38 3.90+0.73 4.87+0.21 5.02+0.41 5.69+0.88
12 0.80 700 175 6.05+0.59 4.17+0.57 4.96+0.82 2.72+0.07 5.70+0.49 5.02+0.94 7.27+0.94 5.13+0.32




CONCLUSIONS

1. The acidic graphene-based catalysts were prepared by functionalization
of TRGO with concentrated sulphuric acid, 4-aminobenzenesulphonic acid or
phosphoric acid. Characterization performed by FTIR, TGA, XPS and EA
methods has confirmed the successful attachment of sulphonic or phosphate
groups on TRGO surface. XRD, SEM analyses were used to show the structural
evolution of TRGO before and after functionalization. BET analysis proved that
all studied samples are predominantly meso- and macroporous materials
(V. = 0). The catalytic test in the transesterification of rapeseed oil with
methanol showed that all samples exhibited some catalytic activity in above
process, however, the best yield of biodiesel was obtained for the sample
functionalized with 4-aminobenzenesulphonic acid (the yield of FAME was up
to 80%).

2. The basic graphene-based catalysts were prepared by functionalization of
TRGO with melamine and gaseous ammonia at different conditions. FTIR, TG,
XPS and EA analyses confirmed the successful attachment of nitrogen
functional groups on TRGO surface. XPS analysis showed also the occurrence
of N-C sp?, pyridinic, aminic or pyridone, pyrrolic and graphitic nitrogen in
obtained products. From the BET analysis, it was confirmed that all studied
samples are meso- and macroporous materials (V, = 0). SEM and XRD analyses
were used to demonstrate the structural changes after functionalization of TRGO
surface. The results of catalytic activity test showed that all samples exhibited
some catalytic activity in transesterification process, however, the best yield of
biodiesel was obtained for the sample functionalized with ammonia at 950 °C
for 8 h (the yield of FAME was up to 65%).

3. Graphene-based nanocomposite containing polythiocyanogen (SS/G)
was successfully synthesized by solid-solid reaction. SEM analysis revealed the
formation of the curled structure on the edges of GrO platelets during the
solid-solid reaction between GrO and KSCN. FTIR spectroscopy showed that

the structure of inorganic polymer is somewhat dependent on the preparation
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protocol, nevertheless, polyazomethine chains are present in all cases. The XRD
results evidence the reaction between GrO and KSCN, which leads to the
reduction of GrO and formation of polythiocyanogen, are characterized by the
unique reflection at about 26 = 26.12°. Results of EA and XPS confirmed the
idea that the solid-solid reaction between GrO and KSCN should occur basically
on the edges of GrO nanoplatelets. XPS analysis confirmed also the occurrence
of potassium ions, S-S and C-S bonds, and polyazomethine chains in SS/G
nanocomposite products. TG/DTG curves showed that the products of the solid-
solid reaction demonstrate the enhanced ability to adsorbed water and, possibly,
other small molecules or ions. The set of methods used for the structural
characterization revealed that the product of the solid-solid reaction between
GrO and KSCN contains polymerized units of SCN™ and polyazomethine chains
crosslinked with GrO sheets via S groups.

4, The electrochemical measurements revealed remarkable electrocatalytic
activity of product SS/G-60 in acidic media, which current density
(21.4 mA - cm™®) is 5 times higher compared to that of commercial catalyst. It
was found that the mechanism of ORR in acidic media in the presence of SS/G
nanocomposite material is dependent on the concentration of H* ions. At higher
H* concentrations the process of electrochemical reduction is limited by
adsorption of O.. Meanwhile, at higher pH values (pH > 1.0 + 1.5) the process
is likely to be limited by the diffusion of H* ions.

5. Using a vertical thermal reduction system, three fractions of TRGO with
different physicochemical properties have been prepared from GrO. The process
of fractionation was based on the sedimentation rate dependent on the distance
from the high-temperature reaction zone. The particles in all three TRGO
fractions were different in size and in ability to accumulate an electrostatic
charge. Significant decrease in bulk density of all three TRGO fractions
(0.015 g - cm™® for TRGO1, 0.017 g - cm™ for TRGO2 and 0.014 g - cm for
TRGO3), compared to the pristine graphite and GrO (0.786 g - cm), was
observed. The SEM results also showed the change in morphology of TRGO

fractions. Likewise, the XRD analysis revealed the differences in the structure
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of three TRGO fractions. The particles in TRGO1 were amorphous and
consisted of ca. 5 graphene layers, while certain ordered structure exists in the
case of TRGO2 and TRGO3. The particles in TRGO fractions that travel further
from the reaction zone contained more defects formed via the loss of the
oxygen-containing functional groups at higher temperatures. EA and TG
analysis showed that the TRGO2 and TRGO3 fractions include less oxygen-
containing functional groups in comparison with the ones in TRGO1. Raman
spectra indicated that GrO and all TRGO fractions contain increased amount of
defects compared to that of pristine graphite. The particles of TRGO2 fraction
possess the highest amount of defects as well as the largest BET surface area
(689.5 m? - g't) among the other fractions.

6. Optimization, including the transfer of GO layer on the transparent PET
substrate, has been performed using a two-stage strategy: a Plackett—Burman
experimental design (at the initial stage), and a simplex algorithm (at the final
stage). During the initial stage it was determined, that the quality of GO coatings
mainly is influenced by the optimization parameters as follows: side of the PET
substrate, interlayer thickness, coating thickness, and transfer temperature. The
crucial role of hydrogen bond existing in the interlayer polymer material for the
transfer procedure was also ascertained. It can be supposed that the hydrogen
bonds, formed between GO and polymer molecules in the interlayer, in the case
if these molecules are sufficiently large, play a critical role in the quality of
process of GO transfer. The morphology of GO layer after the transfer is
dependent on the interlayer material. Raman spectra revealed typical changes in
the structure of the single GO layer using different interlayer materials. In
general, the arrangement of GO sheets in the layer and the structure of the single
GO layer can be controlled using appropriate interlayer materials. The final stage
was to find the optimal conditions for the GO transfer procedure. Optimal
conditions were found as follows: temperature — 185 °C, thickness of GO coating
—500 nm and thickness of the interlayer — 0,80 um. GO coatings obtained under

optimal conditions can be characterized by good adhesion to the substrate.
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