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Abstract in English

Carbon nanostructures were discovered at the end of the last century, and despite the
passage of time, they are still a hot topic. Especially carbon nanotubes and graphene are the
objects of both basic research and R&D. A single carbon nanotube or graphene flake has
magnificent mechanical, electrical, and thermal properties compared to conventional materials
such as copper and steel. However, macroscopic objects from carbon nanomaterials do not
retain these unique properties. The connection of carbon nanomaterials with polymers, metals,
or ceramics is one of the solutions to keep some of the nanostructure properties presented by
individual building blocks by facilitating stress or charge transfer. It is commonly believed that
the surface of nanotubes, graphene, and fullerenes is hydrophobic, which unfortunately limits
their application in composites. The most popular answer to this problem is destructive
chemical functionalization by inserting hydrophilic functional groups. Obtaining a hydrophilic
surface of carbon nanomaterial increases its compatibility with other materials, such as
polymers or metals. However, this functionalization often deteriorates the primary structure of

carbon nanomaterials and changes their properties.

The scientific goal of this dissertation was to test the hypothesis that carbon
nanostructures (fullerene Cgo, carbon nanotubes, graphene) may, under certain conditions,
exhibit hydrophilic character and the reason for their hydrophobic surface in the ambient is the
adsorption of aromatic hydrocarbons present in the air. In parallel, the aim was to produce high-
performance composites based on non-functionalized carbon nanostructures and to investigate

their potential applications.

The first part of this work proved that to make the surface of nanocarbon hydrophilic,
and it is enough to subject them to annealing that desorbs surface contaminations. Secondly, a
general mechanism of the observed phenomenon — changing the surface character of carbon
nanostructures from hydrophilic to hydrophobic, was developed using spectroscopic studies
and selected theoretical models. Lastly, to prove that non-functionalized carbon nanostructures
can be interfaced well with polymers and metals, such composites were made and characterized.
Their electrical, mechanical, thermal, and thermoelectric properties were determined, and their

potential application areas were indicated.



Streszczenie w jezyku polskim

Nanostruktury weglowe zostaty odkryte pod koniec poprzedniego wieku i mimo uptywu
lat dalej cieszg si¢ one duzg popularnoscig. W szczegdlnosci nanorurki weglowe, a takze grafen
sg obiektami badan zaréwno podstawowych jak prac badawczo-rozwojowych. Pojedyncza
nanorurka weglowa czy ptatek grafenowy maja niesamowite wlasciwosci mechaniczne,
elektryczne oraz termiczne, przewyzszajace konwencjonalne materialy takie jak miedz i stal.
Jednakze, obiekty makroskopowe wykonane wylacznie z nanomateriatéw weglowych nie
zachowujg tych unikalnych wlasciwosci. Utworzenie kompozytow nanomateriatlow
weglowych z polimerami, metalami lub ceramika to jeden ze sposobow na zachowanie czesci
wlasciwosci charakterystycznych dla nanowegla dzigki usprawnieniu transferu obcigzenia badz
tadunku. Powszechnie uwaza si¢, ze powierzchnia nanorurek, grafenu oraz fulerenow jest
hydrofobowa co niestety limituje ich zastosowanie. Najpopularniejszym rozwigzaniem tego
problemu jest destruktywna funkcjonalizacja chemiczna poprzez wszczepienie hydrofilowych
grup funkcyjnych. Uzyskanie hydrofilowej powierzchni nanomateriatu weglowego zwigksza
jego kompatybilno$¢ z innymi materiatami takimi jak polimery czy metale. Jednakze
funkcjonalizacja ta czesto niszczy pierwotng strukture nanomateriatow weglowych i zmienia

ich wlasciwo$ci.

Celem niniejszej rozprawy bylo przetestowanie hipotezy, ze nanostruktury weglowe
(fuleren Cgo, nanorurki weglowe, grafen) maja w okre§lonych warunkach charakter
hydrofilowy, a przyczyna ich hydrofobowej powierzchni w warunkach naturalnych sa
zaadsorbowane weglowodory aromatyczne na ich powierzchni obecne w powietrzu.
Réwnoleglym, celem bylo wytworzenie wysokiej klasy kompozytow na bazie

niefunkcjonalizowanych nanostruktur weglowych i1 zbadaniu ich potencjalnych zastosowan.

W ramach pierwszej czgsci pracy udowodniono, ze w celu hydrofilizacji powierzchni
nanorurek wystarczy podda¢ je wygrzewaniu aby desorbowa¢ zanieczyszczenia
powierzchniowe. Nastgpnie, opracowano ogolny mechanizm zjawiska zmiany charakteru
powierzchni nanostruktur weglowych z hydrofilowego na hydrofobowy, co potwierdzono
badaniami spektroskopowymi oraz stosujac wybrane modele teoretyczne. Na koniec, by
zweryfikowa¢, ze niefunkcjonalizowane nanomaterialy weglowe moga dobrze przylega¢ do
polimerow 1 metali, wytworzono i1 scharakteryzowano takie kompozyty. Okreslono ich
wlasciwosci elektryczne, mechaniczne, termiczne i termoelektryczne, a takze wskazano

potencjalne obszary ich zastosowan.



Abbreviations

10% Graphene —

Graphene combined with single-walled carbon nanotubes (proportion

1:9 by mass)

10% N-MWCNTs -

N-doped in-house made multi-walled carbon nanotubes combined

with single-walled carbon nanotubes (proportion 1:9 by mass)

10% O-MWCNTs —

Oxidized in-house made multi-walled carbon nanotubes combined

with single-walled carbon nanotubes (proportion 1:9 by mass)

25% Graphene —

Graphene combined with single-walled carbon nanotubes (proportion
1:3 by mass)

25% N-MWCNTSs —

N-doped in-house made multi-walled carbon nanotubes combined

with single-walled carbon nanotubes (proportion 1:3 by mass)

25% O-MWCNTSs —

Oxidized in-house made multi-walled carbon nanotubes combined

with single-walled carbon nanotubes (proportion 1:3 by mass)

50% N-MWCNTs —

N-doped in-house made multi-walled carbon nanotubes combined

with single-walled carbon nanotubes (proportion 1:1 by mass)

50% O-MWCNTSs —

Oxidized in-house made multi-walled carbon nanotubes combined

with single-walled carbon nanotubes (proportion 1:1 by mass)

AFM - Atomic force microscopy
CA — Contact angle
CNTs— Carbon nanotubes
CVD - Chemical vapor deposition
c-CVD - Catalytic chemical vapor deposition
Cu+10% Graphene — Composite of graphene combined with single-walled carbon
nanotubes (proportion 1:9 by mass) with deposited copper
Cu+10% N- Composite of N-doped in-house made multi-walled carbon nanotubes
MWCNTs - combined with single-walled carbon nanotubes (proportion 1:9 by
mass) with deposited copper
Cu+10% O- Composite of oxidized in-house made multi-walled carbon nanotubes
MWCNTs - combined with single-walled carbon nanotubes (proportion 1:9 by
mass) with deposited copper
Cu+25% Graphene — Composite of graphene combined with single-walled carbon

nanotubes (proportion 1:3 by mass) with deposited copper




Cu+25% N-

Composite of N-doped in-house made multi-walled carbon nanotubes

MWCNTs - combined with single-walled carbon nanotubes (proportion 1:3 by
mass) with deposited copper
Cu+25% O- Composite of oxidized in-house made multi-walled carbon nanotubes
MWCNTs - combined with single-walled carbon nanotubes (proportion 1:3 by
mass) with deposited copper
Cu+50% N- Composite of N-doped in-house made multi-walled carbon nanotubes
MWCNTs - combined with single-walled carbon nanotubes (proportion 1:1 by
mass) with deposited copper
Cu+50% O- Composite of oxidized in-house made multi-walled carbon nanotubes
MWCNTs - combined with single-walled carbon nanotubes (proportion 1:1 by
mass) with deposited copper
Cu+MWCNTSs - In-house made multi-walled carbon nanotubes with deposited copper
Cu+NC-MWCNTs - Commercial multi-walled carbon nanotubes with deposited copper
Cu+SWCNTs - Composites of single-walled carbon nanotubes with deposited copper
CxHy — Hydrocarbons
DF — Film from dispersion method (dispersion film)
DFE — Film from dispersion method used as an electrode (dispersion film
electrode)
EB - Emeraldine base
EB+SWCNTs - Composite of emeraldine base with single-walled carbon nanotubes
ES — Emeraldine salt
ES+G+SWCNTs - Composite of emeraldine salt with graphene nanoplatelets 120-150

m?/g combined with single-walled carbon nanotubes (proportion 1:1

by mass)

ES+O-SWCNTs —

Composite of emeraldine salt with oxidized single-walled carbon

nanotubes
ES+SWCNTs - Composite of emeraldine salt with single-walled carbon nanotubes
ES+SWCNTs Composite of emeraldine salt with single-walled carbon nanotubes
unwashed — without washing by H,O
ES+SWCNTs Composite of emeraldine salt with single-walled carbon nanotubes
washed — washed for 1 minute in H,O
FTIR — Fourier-transform infrared spectroscopy




G+SWCNTs 1:1 -

Composite of graphene nanoplatelets 120-150 m?/g with single-walled
carbon nanotubes (proportion 1:1 by mass)

G+SWCNTs 1:3 -

Composite of graphene nanoplatelets 120-150 m?/g with single-walled

carbon nanotubes (proportion 1:3 by mass)

G+SWCNTs 1:9 -

Composite of graphene nanoplatelets 120-150 m?/g with single-walled
carbon nanotubes (proportion 1:9 by mass)

HOPG - Highly oriented pyrolytic graphite
LB — Leucoemeraldine base
LB+SWCNTs - Composite of leucoemeraldine base with single-walled carbon
nanotubes
MWCNTs - In-house made multi-walled carbon nanotubes
NC-MWCNTs - Commercial multi-walled carbon nanotubes
O-SWCNTs - Oxidized single-walled carbon nanotubes
PANI — Polyaniline
PB — Pernigraline base
PB+SWCNTs - Composite of pernigraline base with single-walled carbon nanotubes
PMMA — Poly(methyl methacrylate)
PMMA+SWCNTs - Composites of polymethyl methacrylate and single-walled carbon
nanotubes
PTFE- Polytetrafluoroethylene
SEM — Scanning electron microscopy
SLG — Single layer graphene
SWCNTs - Single-walled carbon nanotubes
WCA - Water contact angle
VFF —  Film from vacuum filtration (vacuum filtration film)
XPS —  X-ray photoelectron spectroscopy




1. Aims and scope

This scientific work aimed to verify the hypothesis “pure nanocarbon surface is wettable
with water and aromatic hydrocarbons are the reason for their apparent hydrophobicity”. The
doctoral dissertation results from initial research, which started in 2017. The results of these
studies were as follows: thermally annealed carbon nanotubes exhibit surprisingly high
wettability with water[1] and deposition and deposition of (at this point unspecific)
hydrocarbons can render the surface apparently hydrophobic[2]. In addition, earlier literature
studies conducted by scientific groups of Prof. Lei Li and Prof. Haitao Liu from the University
of Pittsburgh in the United States discovered that graphene and graphite are also strongly
hydrophilic upon purification. However, to this date, the group of hydrocarbons responsible for
the phenomenon remains unknown in the literature (especially for OD and 1D nanocarbon).
What is more, the mechanism of hydrophobization of nanocarbon surface has not been
proposed. Other research groups observed the analogous impact of impurities on the wettability
of 2D materials such as hexagonal MoS: and BN, supporting the central hypothesis of the thesis.
To understand the mentioned phenomenon, three carbon nanomaterials and one material have
been chosen: 0D fullerene Ceo, 1D — single-walled carbon nanotubes (SWCNTs), 2D — single
layer graphene (SLG), and 3D — highly oriented pyrolytic graphite (to analyze the impact
of a number of graphene layers) (HOPG). Both experimental results and theoretical models

were engaged to fill this research gap.

The second hypothesis of the dissertation is the implication of the first one:
“Functionalization of carbon nanostructure is not always needed to manufacture high-
performance composites with other materials since they can be made hydrophilic by thermal
annealing without change to the structure or composition of the material ”. Without hydrophilic
functional groups on the nanocarbon surface composites should have much better properties,
and it would improve the application potential of the material as thermoelectric generators,

supercapacitors, or membranes.

Part of the dissertation is already published[3—6]. One more article is currently under

preparation for submission to peer-review evaluation.
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2.Introduction

2.1 Nanocarbon materials — overview
2.1.1 History, properties and applications

In 1959, during his now-famous lecture, Richard Feynman said that “there is plenty of
room at the bottom”[7]. This visionary sentence formally started the history of nanoscience
more than sixty years ago. Since this time, the field has developed at an unprecedented pace.
Nowadays, scientists worldwide study this matter in various forms, such as: nanoparticles,
nanorods, nanowires, nanotubes, nanodots, or nanohorns[8]. However, it is not the peculiar
architecture per se that draws attention but the broad spectrum of unique properties these
materials offer. Thanks to appreciable electrical[9], mechanical[9], thermal[10], and optical[11]
characteristics, they are envisioned to succeed in many traditional materials that we currently

use daily.

In 1985, three scientists, Sir Harold Kroto, Robert Curl, and Richard Smalley published
an article about the new allotropic form of carbon — fullerenes[12]. It was a breakthrough that
changed thinking about carbon materials and created a new subgroup — nanocarbon structures.
Moreover, the scientific community appreciated these materials by awarding the Nobel Prize in
chemistry in 1996 for discovering fullerenes. Not long after, Sumio Iijima described carbon
nanotubes (CNTs) in 1991[13] and nowadays, he is recognized as the one who discovered
carbon nanotubes. However, Soviet scientists observed that carbon nanotube structures could
be found in products of the thermal decomposition of carbon monoxide and published the
results in 1952. They did not name the structures and the language of publication was Russian,
thus it had a limited impact on world science[14]. Furthermore, Andre Geim and Konstantin
Novoselov demonstrated graphene to the world in 2004 and received Nobel Prize in physics in
2010 for this achievement[15]. After all these years, many news types of carbon nanostructures
have been discovered, such as: carbon nanoonions[16], carbon quantum dots[17],
nanodiamonds[18], carbon nanohors[19], and carbon nanofibers[20]. However, the most
popular ones are fullerenes (0D material), carbon nanotubes (1D material), and graphene (2D

material) (Figure 1).
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2D

Figure 1 Carbon nanostructures: 0D — fullerene Ceo, 1D — single-walled carbon nanotube, 2D —

single layer graphene.

The total number of publications about one of these three nanomaterials is nearly
400 000 (based on the Scopus database, years 1985-2022, key words "Carbon nanotubes" or
“fullerenes” or "graphene") and this number is still growing. The reasons scientists worldwide
research these low-dimensions materials are mainly their unique properties: mechanical[21],
chemical[22], electrical[23], optical[24], and thermal[25]. For example, Young’s modulus for
individual carbon nanotubes can achieve 810 GPa[26], while for graphene Young’s modulus of
1 TPa was recorded[27]. However, the properties of macroscopic objects from nanocarbon
materials are not appreciable. For example, the electrical properties of such ensembles are much

lower than building blocks[28].

The most popular solution to this problem is adding doping agents (salts, Brensted acids,
base, etc.) and manufacturing composites with other materials like polymers, metals, or
ceramics. It is also possible to combine these two methods. The doping effect is now intensively
researched by scientists worldwide. Many substances can be used as doping agents: amines[29],
inorganic oxygen acids (HC1O4, H2SO4, HNO3)[30] or even guano[31]. As a result of these
intensive works, S. G. Kim et al. synthesized fibers from carbon nanotubes (1D macroscopic
object) doped by chlorosulfonic acid, and their electrical conductivity was 11.2 MS/m, Young
modulus 300 GPA, tensile strength 5GPa, which is the highest published conductivity and is
the important step to achieve better properties than traditional materials: copper, steel, and

silver[32].
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The other strategy is to combine polymer, metal, and ceramics with nanocarbon
structures to create materials with improved properties. This connection allows for making new
kinds of materials. Thanks to the properties of carbon nanotubes or graphene, even small
addition thereof allowed the creation of conductive paths in non-conductive substances such as
concrete[33] or basalt[34]. Furthermore, the use of such materials in composites typically
improves strength. As a consequence, nanocarbon-containing composites have many potential
applications. More description about them is given in the section Composites based on

nanocarbon materials — manufactures methods and properties.

All the mentioned advantages of carbon nanomaterials caused two of them — carbon
nanotubes and graphene - to be produced on an industrial scale. However, nomenclature is
problematic for graphene materials. Many companies sell reduced graphene oxide as graphene
or graphite oxide as graphene oxide because of the lack of standardization[35]. According to
Yano Research Institute Ltd, the production of CNTs was 2255.8 metric tons in 2018[36]. The
main applications of CNTs are as a part of composite materials with polymers (about 60%).
Another two main fields are: energy storage and electronics[37,38]. The primary production
method is chemical vapor deposition and its modifications[39]. The total graphene production
is hard to estimate, but it may be a few hundred tons. The application areas typically overlap
with those of CNTs[40]. However, unlike CNTs, electronics is its main area of application, then

composite materials and energy storage[41].

2.1.2 Oxidized nanocarbon materials

As mentioned in the previous chapter, carbon nanomaterials' main application is
connecting with other materials. Unfortunately, due to the underlying chemistry and physics,
the mentioned compounds usually integrate poorly with nanocarbon, which results in inefficient
energy transfer (thermal, electrical, mechanical). To reduce this problem, functionalization is
commonly conducted, which improves the material compatibility by making it more

hydrophilic due to the introduction of functional groups[42,43].

Partial oxidization of carbon nanostructures is the most typical way of functionalization.
A mixture of two acids HNO3 and H2SO04[44-46], KMnQO4[47], H202[48,49], O3[50], piranha
solution[1], concentrated[51], or fuming nitric acid[52] are a few examples of oxidizing agents
that can be used. The substrates (oxidizing agents and used carbon nanomaterials) and
parameters affect the primary product and its quality[53]. Such treatment may, for instance,

impact the product's electrical conductivity. Oxidized samples had much different conductivity
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values compared to the reference sample, which was made up of unoxidized MWCNTs: As
compared to films made of pristine MWCNTs, the resistance of films made from oxidized
multi-walled carbon nanotubes (O-MWCNTSs) produced using fuming acid was nearly two
times lower. The resistance of films made from O-MWCNTs by piranha solution increased 1.47
times compared to refence sample, and the resistance value for oxidation was 10.34 times (O3
— low concentration)[50] and 12.98 times higher (higher concentration). The qualities of
products are also influenced by reaction time. Various functional groups, including carboxyl,
formyl, hydroxyl, ether, ester (lactones), carbonyl, and acid anhydride, are formed as oxygen
atoms are inserted into the carbon nanostructure throughout the reaction. The effect of the time
parameter on the ratio between different oxygen groups has been demonstrated by Gerber et al.
(Table 1). The amount of carbonyl and hydroxyl groups rapidly increased in the oxidation
reaction's early stages using HNOs (temperature was 120 °C), reaching a maximum after 1 hour
and progressively declining due to additional oxidation to carboxylic groups. The scientists
noticed the development of lactones, acid anhydrides, and carboxylic acid on the surface of the
CNTs after the reaction had been going on for two hours. The final ratio between functional
groups is: 4.17 -COOH: 6.25 -OH: 2.42 (-CO);0: 3.75 >C=0: 1 -COO-[54] after the reaction
(8 hours). The fact that an increase in temperature leads to an increase in the number of oxygen

groups is well known and has been documented in numerous scientific articles[1,44,51,54-56].

Table 1 Evolution of the proportion between functional groups in time. “Ratio ” was calculated

as follows: chosen concertation of groups and ester groups at chosen unite of time [54]

Ratio at 0 Ratio at 1 Ratio at 2 Ratio at 4 Ratio at 8
Groups hours hour hours hours hours

Carbonyl 20.00 90.00 3.75 3.45 3.75

Anhydride 2.00 1.00 1.50 191 2.42

Carboxyl 1.00 1.00 2.38 3.36 4.17

Hydroxyl 10.00 21.00 8.88 5.91 6.25
Ester (from

1.00 1.00 1.00 1.00 1.00

lactones)

In the case of MWCNTs, this reaction also reduces the number of walls while damaging
the nanotube's structure and producing new defects[57,58]. Additionally, the unzipping of the
nanotube and formation of graphene oxide nanoribbons can result from the oxidation of

MWCNTs by a potent oxidizing agent. That phenomenon was seen in MWCNTSs, which were
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oxidized by KMnO4[59], by Kosynkin et al. As a result, numerous publications about "oxidative
unzipping" began to appear[60—63]. The initial step for oxidation is to create structural defects
in the case of an ideal carbon nanotube — without any defects. These defects may be introduced
during the synthesis of CNTs or by oxidizing agents during the oxidation of
nanomaterial[64,65]. Then, oxidation progresses in the vicinity of these defects. According to
Dimiev and coworkers, the ratio of MWCNTs to KMnOy is crucial for both oxidizing and
unzipping nanotubes. MWCNTs/KMnO4 ratios of 1/0.06 and 1/0.12 did not result in a
successful reaction. MWCNT oxidation was accomplished at ratios of 0.5 and 1 of KMnOa.
When the amount of KMnO4 was three times larger than the MWCNTs, oxidative unzipping
was seen[62]. Cataldo and co-workers demonstrated that a solution of HNO3 and H.SO4 may

be used to create graphene oxide nanoribbons from SWCNTs[63].

Interestingly, Brensted acids (H2SO4, HCIO4, and HNO3), when used under mild
conditions and at low concentrations, can also dope CNTs[30]. Sustaining SWCNT film in an
HNO3 solution has been claimed to enhance electrical conductivity. It has been claimed that
submerging SWCNT film in an HNOj solution enhances electrical conductivity. When the film
was submerged in a 69.7% HNO3 azeotropic solution for three hours at room temperature,
Pareth and his co-workers noticed a 33% drop in resistance[66]. Moreover, SWCNT film
resistance was 40% lower than pristine film after 12 M HNO3 60 minutes (room temperature),

according to measurements made by Geng et al.[67].

Nowadays, through oxidation, other carbon nanostructures such as graphene oxide (GO)
flakes are produced using Hummers[68], Hofmann[69], Brodie[70], and Staudenmaier[71]
protocols. Originally, these methods were applied to synthesize oxidized graphite. Later
modifications enabled the exfoliation of graphite oxide to GO[72,73]. Besides the Brodie,
which is based on photocatalyst reaction with organic compounds, most of these methods are
based on aqueous solutions of inorganics acids (H2SO4 and HNO3) and salts (NaCl, KClO4 and
KMnOy4). Beyond doubt, the modified Hummers’ method is the most popular way to synthesize

GO due to its lower cost compared to others.

GO is an electrical insulator, thus, to make its electrical conductor, it is necessary to
remove oxygen groups, which gives reduced graphene oxide (rGO). The reduction can be made
in different ways, such as: thermal annealing[74], microwave[75], chemical reductions (H2[76],
NaBH4[77], N2H4[ 78], Vitamin C[77], etc.). All present methods allow nanomaterial synthesis
with different residual oxygen content and properties. For example, hydrazine (N2H4) not only
reduces GO, but also dopes it, thereby increasing the electrical conductivity of the synthesized
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product. rGO is not graphene because of residue functional groups and high defect numbers
(Figure 2). However, it is possible to improve the quality of rGO by CVD-Assisted
Annealing[79], but it is still low quality compared to graphene synthesized from CVD.
However, the chemical method enables the production of much larger amounts of rGO than
pristine graphene, which explains its popularity.
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Figure 2 Structure of graphene — G, graphene oxide — GO, and reduced graphene oxide — rGO.

To sum up, functionalization affects the primary structure by inserting oxygen functional
groups, which modifies the material's properties. It is conducted to improve the connection

between nanocarbon and other materials as it makes nanocarbon more hydrophilic.

2.2 Wettability of nanomaterials
2.2.1 Contact angle and surface characters

Wettability is one of the most crucial surface parameters, significantly impacting
material physical properties and integration degree with other materials. The contact angle is

defined as the angle where a liquid—vapor interface meets a solid surface (Figure 3).

Figure 3 Schematic diagram of the contact angle (0).

By studying contact angle, one may monitor the deposition of impurities[80], physical
processes (adsorption of hydrocarbons and other impurities)[81], and chemical reactions
(corrosion, oxidation, reduction)[5,82]. Water is the most popular used liquid to gauge contact
angle because the studied materials are most commonly interfaced with hydrophilic materials.

Figure 4 presents the most popular water contact angle (WCA) notations for a given surface to
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determine its  character[83]:  superhydrophilic, hydrophilic, hydrophobic, and
superhydrophobic. Thus, WCA is the angle between the pure solid surface, water and vapor
without any additional substances in the ideal model. As mentioned previously, in real-life

situations, plenty of factors can affect its value, especially adsorbed surface contaminants.

90°

_150°
100 Superhydrophobic
Superhydrophilic
0° - 180°

Figure 4 Diagram a value of WCA and the surface character.

Contact angle measurements are divided into two groups (Figure 5): static by taking an
image and dynamic by recording the movie. The most commonly used is static contact angle
(Figure 5a) — in literature, it usually could be a simple “contact angle” due to its popularly.
Dynamic allows recording the evolution of contact angle value in time, which might inform us
about surface properties. From advancing (0.qv) and receding contact angle (6rec), it is possible
to calculate the contact angle hysteresis (Onys), which gives us information about the
homogeneity of the surface in terms of topography and chemical composition. It can be

calculated as follow[84]:
9hys = Oaav — Orec
Where:
Onys — contact angle hysteresis
0adv — advancing contact angle
Orec — receding contact angle

Figure 5b depicts how to register advancing and receding WCAs by the tilting base
method. This method is based on gravity force, so the size of the droplet will affect
measurements and the size should be the same or similar. It is also possible to obtain the value

of Baqv more straightforwardly by adding the liquid volume to the deposited drop (Figure 5c¢).
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Removing part of the chosen liquid and reducing the drop size allows us to measure 0. (Figure
5d). Additionally, it is possible to make the contact angle measurement under liquid by creating
vapor bubbles under the liquid (Figure 5e), which may be useful in understanding the

wettability of thin materials[84].

a) b)

Liquid d ) Hiquid
|

Figure 5 a) static contact angle, b) tilting base method, c) measurement method of 0.4y by
addition of liquid, d) determination of 0. by removing the liquid, e) under the liquid method

of measurement contact angle.
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2.2.2 Surface character of nanocarbon materials and other 2D materials

The scientific community considers carbon nanomaterials as hydrophobic:
fullerenes[85], carbon nanotubes[86], and graphite[87], or slightly hydrophilic — graphene[88].
However, there are reports suggesting that their hydrophobicity is caused by airborne
contaminants (hydrocarbons), which may conceal their hydrophilic nature[1,80,89-91]. What
is more, the values measured for these materials can be from superhydrophilic to
superhydrophobic (Table 2). In most references, the researchers do not consider the effect of
roughness on the water contact angle measurements, especially for 0D and 1D materials. The
impact of roughness on WCA will be presented in this work. In the case of 1D materials —
carbon nanotubes, it was demonstrated that after annealing, they are superhydrophilic without
any functionalization and exposition for air[1]. In the case of hexagonal 2D materials, after
synthesis, they are hydrophilic, but they become more and more hydrophobic in the air[5]. In
both cases, authors claimed that airborne contaminants (hydrocarbons) are the reason for
hydrophobization. On the other hand, Kuziel et al. claimed in their works that carbon nanotubes
and graphene flakes have amphipathic nature — oxygen functional groups on the edges of
nanostructures are responsible for hydrophilic behavior in dispersion solution type water/oil

and body (sp? carbon) exhibits hydrophobic nature[92,93].

Table 2 Contact angles of different carbon nanomaterials.

Material Contact angle [°] Ref.
Ceo 95 [85]
Ceo 76+10 [94]
MWCNTSs annealed 0 1]
MWCNTSs aged 40
MWCNTSs long 157
MWCNTSs short
o 140
pristine
[92]
MWCNTSs short
. 133
purified
Oxidized MWCNTSs 108
MWCNTSs 80+4 [95]
MWCNTSs forest 170 [96]
MWCNTSs 91 [97]
MWCNTSs forest 152.340.1 [98]
SWCNTs 161 [92]
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exposition to air.

SWCNTs
SWCNTs annealed
Graphene/water
hydrogel
Graphene/ice
Graphene/Cu
Graphene/Si
Graphene/Au
Graphene/Cu fresh
Graphene/Cu aged
Graphene/Ni fresh
Graphene/Ni aged
Graphene oxide
Reduced graphene
oxide
MoS; fresh
MoS: aged
BN/Ni fresh
BN/Ni aged
Free-standing
graphene (measured
by captive bubble
method)
Graphite exfoliated
Graphite aged

111

10£2

30+5
91+1
88
79
44
80
80
60
53+1.1

97+2

69
91
66
88

4243

64+3
95

20

[97]
[2]

[99]

[100]
[101]

[102]

[103]

[90]

[80]

[104]

[87]

Fresh — contact angle measured immediately after synthesis, aged — contact angle measured after prolonged

Before further analysis of this topic, it is necessary to define what can be found in the
air. Many factors impact the composition of air impurities[105]. The primary cause of them is
human activity, such as: using fossil fuels to heat homes, industrial activity, transportation,
etc.[106,107]. Place, weather, and season affect how much each component is present[108].
The impurities can be classified as inorganic (for example, NH3, H>S, HCI, CS») and organic
compounds (alkanes, alkenes, aromatic compounds, alcohols, ketones, aldehydes, etc.)[108—
110]. For instance, toluene was detected in the air in many placed around the world:

131.3 pg/m® in Athens (Greece, Europe)[111], 177 pg/m® in Memphis (USA, North



America)[112], and 114 pg/m* Xinxiang (China, Asia)[110]. 178 pg/m? in Nairobi (Kenya,
Africa)[109]. Thus, the concentration of airborne contaminants is relatively tiny. Although this
concentration is not small as it can change the wettability of very sensitive surfaces like:
graphene[90], graphite[113], mica[114], molybdenum disulfide[90], and hexagonal boron
nitride[80]. Table 2 presents the WCA of hexagonal 2D materials: HOPG is 64°, SLG is 44°,
and MoS; is 69°. They were exposed to ambient air for around 30 minutes when their WCAs
quickly increased. Ellipsometry revealed that after around 30 minutes, a layer of hydrocarbon
pollutants had accumulated with a thickness of between 0.5 and 0.6 nm[115,116]. The final
WCA values for exposed samples were as follows: 80° for SLG, 91-96° for HOPG, 89°, and
for MoSz. According to the findings, 2D materials are first modestly hydrophilic before turning
hydrophobic due to contamination with airborne hydrocarbons. The Fowkes model calculated
the total surface energy based on the contact angles. The total surface energy was calculated to
decrease with exposure duration as well: HOPG 54.5 mJ/m? —41.1 mJ/m?, SLG 57.5 mJ/m?~
41.5 mJ/m?, and MoS2 54.5 mJ/m? — 46.0 mJ/m?. Interestingly, this drop was also discovered
to be mostly caused by the modification of the polar component of surface energy, which
accounts for the rise in WCA with exposure time (Table 3). The surface energy study revealed
that the airborne hydrocarbon contamination on the surface of 2D materials is driven

thermodynamically by a desire to decrease the overall surface energy.

Table 3 Surface free energy for pure (fresh) surface and after exposition to atmospheric air
(aged), based on data from ref[5]

Surface free energy of  Surface free energy of
Contact angle

a fresh sample an aged sample
Material After Ref.
Fresh ; Non polar Polar Non polar Polar
30 min
[] - [MmJ/m?] [MmJ/m?] [mJ/m?] [mJ/m?]
HOPG 64 91-96 46.5 8.0 41.0 0.1 [90,117]
Single-layer

graphene 44 80 43.5 14.0 37.9 3.6 [117]

(SLG)

MoS; 69 89 49.0 55 454 0.6 [90]

Fresh — contact angle measured immediately after synthesis.
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Li et al. also observed that water slows down the process of adsorption of hydrocarbons
in low-temperature on the surface by adventitious hydrocarbons and does not impact the
electrochemical properties of the material[118]. Moreover, the presence of hydrocarbon
contaminants on the graphene surface has affected the heterogeneous electron transfer rate
(electrochemical property) — the distance between the peaks in the CV curve rose from 59 mV
to 177 mV[118]. Additionally, the capacity of supercapacitors or double-layer capacitors may
come from the atmosphere or a solution. Hurst et al. reported that the capacity of the
supercapacitor from the HOPG electrode was reduced by 70% after being exposed to ambient
air for just ten minutes. Because of exposure to room-temperature ambient air, there was a
noticeable drop in electrical current. The carbon electrodes were also contaminated when they
were exposed to electrolyte solutions and even 'clean' water (such as deionized water from a

Nanopure™ water purification system)[115].

To sum up, hydrocarbon contaminants have a high impact on the wettability of materials
and, due to it, on the electrochemical properties of the nanocarbon surface. Without considering
the presence of these surface impurities, it is unlikely to understand the interaction between

pure solid material and liquid.

As mentioned in the previous section, wettability significantly impacts electrochemical
properties and can be used to monitor surface character evolution caused by environmental
factors, but not only for them. It also influences a variety of other material characteristics:
carrier mobility[119], charge doping[120], and integration with other materials[121,122]. The
doping effect and wetting transparency have considerably impacted thin materials' contact angle
(CA), such as monolayer graphene. Charge doping increases the hydrophilicity of graphene
based on Si/Si03, according to Gou Hong et al. More hydrophilic values for the water contact
angle (WCA) were p-type 60° n-type 78° (WCA for undoped is 88°)[100]. The substrate on
which thin nanomaterial (graphene) is deposited is crucial for CA measurements. The WCA for
a single layer of graphene (SLG) highly depends on the support character. It measured the WCA
value can be: 77° for gold[123], 48° for glass[123], 33° silicon[123], 10° hydrogel[99], and 91°
polydimethylsiloxane[99].

2.2.3 Theoretical models

Many theoretical models have been created recently to clarify material wettability while

considering roughness's effect on CA. Each one begins with the basic Young equation[124],
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which connects the forces in the three phases of the system (Figure 6a): atmosphere (vapor),

selected liquid, and chosen solid phase. The equation is as follows:
¥ =y +y% cos 6 (1)
Where:
0 — contact angle [°]
v*' — solid/liquid interfacial free energy [mJ/m?]
y'— solid surface free energy [mJ/m?]
v — liquid surface free energy [mJ/m?]

As indicated above, an important factor to consider is surface roughness. The
Wenzel[125] and Cassie-Baxter[126] models have been developed to incorporate the influence
of a rough surface for the value of contact angle in order to minimize it. They are currently the
most well-liked and define two different wetting behaviors. Due to air trapped between grooves
on a rough solid surface (Figure 6b), the contact angle measured by Cassie-Baxter (CA) is larger
than the contact angle predicted by the model, creating a hydrophobic (solid/air) surface

composition. The equation of Cassie-Baxter is:
cosBcg = ficosB; + f;cosb,
Ocs —contact angle from Cassie-Baxter model [°]
fi — fraction of air gaps
01 — contact angle of air gaps [°]
f> — fraction of solid surface
0, — measured contact angle from experiments [°]

On the other hand, the Wenzel model makes the assumption that liquid permeates the
grooves (Figure 6¢), and CA may vary depending on the character surface. Compared to what
can be seen from an image of a liquid drop on a solid surface, Wenzel CA for omniphilic
surfaces will be higher and for omniphobic smaller[127]. Wenzel model is described by the

following equation:
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COS Oyyenzer = T COS O,y
Owenzel —contact angle computed by Wenzel model [°]

r — factor roughness is defined as a ratio between the actual surface and the projected

one for solid material
Om —contact angle obtained from experiments [°]

Computing free surface energy is the subsequent necessary step to comprehend surface
behavior. The equation below compares the free surface energy to the polar and dispersion

components.

ytotal — ]/d + yp

Where:

vl total free surface energy [mJ/m?]

v4 — dispersive component of free surface energy [mJ/m?]
P — polar component of free surface energy [mJ/m?]

This knowledge allows us to understand surface behavior better. The polar part is from
the attraction of charge between the particles. The second part of total surface energy results

from the dispersion of electron clouds in the particles on the material's surface.

a) b) c)

Figure 6 Schematic of: a) Drop of liquid interfaces between three faces described by the Young

equation, b) Cassie-Baxter model, c) Wenzel model.

It can be calculated using many theoretical models. But among these, Neumann|128§],
Fowkes[129], and Owens-Wendt (Fowkes extended by Good's equation)[130] are the most
widely used. The first one enables accurate total free surface energy computation. Although it
is similar in composition to Fowkes and Owens-Wendt, it cannot be divided into its dispersive

and polar components. We may understand the wetting behavior of the research surface under
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investigation when we combine the models' results with characterization data obtained by other

methods, such as microscopy and spectroscopy.

2.3 Composites based on nanocarbon materials — manufacturing methods and properties

Many techniques can produce composites based on carbon nanomaterial, but most need
solvents, and according to green chemistry rules, the most preferred solvent is water. Some of
these production methods are based on electrochemistry, for example: electropolymerization
and electrodeposition. As mentioned before, the wettability of the substrate is a crucial
parameter in electrochemical experiments, so one needs to ensure that nanocarbon is
hydrophilic to make high-performance composites (many composite matrices are hydrophilic).
Both materials must have the same surface character to achieve a good degree of integration.
The next chapter will focus on the two types of composites: polymer and nanocarbon, as well

as metal and nanocarbon[131-133].

2.3.1 Composites of carbon nanostructures with polymers

The connection of polymer and nanocarbon has better physical properties (compared to
pristine macroscopic objects from nanocarbon materials), such as electrical conductivity[134],
capacity[135], thermal conductivity[136], mechanical resistance[137], Seebeck
coefficient[138]. What is more, many types of polymers have been used to connect with carbon
nanomaterials, which have attractive properties, and due to them, they can be potentially applied
as the material for: filtration[139], organic electronic[140], coatings for military[141],
thermoelectric generators[138] or in energy storage systems[142]. For filtration, the most
popular is a connection of graphene oxide with hydrophilic polymer to improve the mechanical
properties of composites, ensuring the capability for separation of ions, for example: Mg>" and
Li", organics residues, and heavy metal ions from organic solvents[139]. The connection of
conductive polymer with nanocarbon is very beneficial in the case of application in organic
electronics. For instance, polyaniline (PANI), one of the earliest and most well-liked conductive
polymers[143], is widely used because of its adaptable electrical properties[144,145],
remarkable mechanical strength[146] and simple, inexpensive manufacturing process[147]. In
total, there are three different base types (oxidation states) of PANI: pernigraniline (PB) is
wholly oxidized (purple/red/black), emeraldine (EB) is slightly oxidized (blue/violet), whereas
leucoemeraldine (LB) is completely reduced (yellow/colorless). These PANI forms vary in
terms of their electrical and thermal properties[141,146,151]. However, they all have low
electrical conductivity values[135,143,148]. Only emeraldine salt (ES) conducts well electric
current and can achieve ~ 60 S/cm[149]. Figure 7 presents all described forms of PANI.
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Figure 7 Various forms of PANI (A™ - anion).

R. Wu et al. demonstrated that the composite electrodes from SWCNTs and polyaniline
(PANI) could achieve high electrical conductivity of 4 000 S/cm (4 MS/m) and a Seebeck
coefficient of about ~23 pV/K[134]. Furthermore, such composites can be used to transform
waste heat into electricity. Lu et al. demonstrated that such composites exhibited improved
thermoelectric characteristics. Including conducting polymers into the nanocarbon network
improved the Power Factor values from 65 pW/mK? to 83.2 pW/mK?[150]. Incorporating
tellurium nanorods, a material known for its thermoelectric capabilities, into SWCNTs/PEDOT:

PSS composite gave even better results (104 pW/mK?)[138].

The conductive-polymer composites can also serve as batteries and supercapacitors in
electrical storage devices[137,151,152]. However, in order to increase the practicality of these
applications, methods for creating high-performance composites with conductive polymers on

a wide scale must be developed[153]. Moreover, the PANI-CNTs composites have a
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pseudosupercapacitor behavior, and they can achieve high capacity 1266 F/g (PANI grafted to
carbon nanotubes)[142], (PEDOT/PSS-SWCNT) 110 F/g[154] and PANI-oxidized SWCNTs

707 F/g[155]). The synthesis parameters and, more crucially, the kind of PANI produced

significantly impact the characteristics of the formed PANI-nanocarbon composites[134].

According to reports, PANI/MWCNTs composites' capacitances depend on PANI form: 328
F/g for ES, 217 F/g for LB, and 139 F/g for PB[135]. Additionally, it has been demonstrated

that the recorded electrical performance is significantly impacted by the PANI to nanocarbon

ratio[134].

Many methods of manufacturing polymer-nanocarbon composites have been developed

in recent years and they can be divided into two groups[156,157]:

a)

b)

Modification of nanocarbon with polymers by chemical reaction or mixing two
materials. In the first group, a polymer is connected with the nanocarbon surface by
chemical bonds: amide, ester, ether, carbon-carbon and many more[158]. The
nanocarbon materials can be functionalized, but it is not necessary. In the case of
functionalized materials, the most popular are amide[159] or ester[160] linkage by
condensation. Non-functionalized material can be connected with polymer by
cycloaddition[161] or sonochemical reaction[162]. One another strategy to
synthesis modified material is to connect the monomer directly or by replacing the
functional group with chosen nanocarbon material. The monomer can be
polymerized in many ways, such as well-know from polymer chemistry, for
example: free radical polymerization[163], reduction/oxidation
polymerization[164], and atom transfer radical polymerization[165].

Composites processing without chemical connection of materials. One of the most
important groups of methods is called “solution processing” or wet methods. They
are based on achieving dispersion of nanocarbon or polymer/monomer. The next
step is the formation of composites by: the membrane filtration method[134], dip-
coating, spray-coating[166], spin-coating[167], in situ polymerization[165], and
electropolymerization of dispersion[153] or polymerization onto nanocarbon
electrodes[168]. Another group is based on achieving the powder by milling:
balls[169], twin-roll masticator[170], and high-speed vibration[171]. The next step
is the formation solid state by using high pressure. The powder nanocarbon can also

be mixed with melted polymer and then compressed to create a film or fiber[172].
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Depending on the intended use, the appropriate method is selected. For example, to
achieve a high mechanical resistance composite, the best method is to use a solution and spin it
through a spinneret[32]. To achieve good integration between the parts of composite materials
via dip coating, spin coating and spray-coating, good penetration of the material by the selected
solvent (low contact angle) is essential. Bartholome et al. reported that oxidized CNTs have a
better integration degree with polyvinyl alcohol than pristine non-functionalized CNTs. To
produce these composites, they used water dispersion of CNTs with the addition of surfactant
(sodium dodecyl sulfate) and oxidized CNTs (without any additive). It was claimed that
adsorbed sodium dodecyl sulfate caused worse thermal properties of composites containing
CNTs and polyvinyl alcohol. However, the surfactant was necessary to achieve good dispersion
in water[173]. It was stressed many times that the hydrophilicity of material is crucial for many

electrochemical methods.

2.3.2 Composites of copper and carbon nanostructures

To enhance the electrical and mechanical properties of nanocarbon, one can combine
them with other conductive materials[174,175]. A notable example of a synergistic effect of
such an approach was shown by Subramaniam and co-workers, who demonstrated the
properties of a CNT-Cu composite. The obtained material exhibited two orders of magnitude
higher current carrying capacity[176] than a Cu standard. Numerous instances in the literature
demonstrate the mechanical, electrical, and thermal advantages of contacting Cu with
nanocarbon[177—-180]. There is a vast spectrum of possible applications for such materials,
which spans from supercapacitors[181,182], biosensors[183] to electrical conductors[184].
Composites are particularly promising for overhead transmission lines[ 184] and the automotive
and aerospace industries[116] due to their low weight, high strength, and noteworthy electrical
conductivity. Such a method may have a sustainable quality in addition to boosting the features

of nanocarbon brought about by metal combinations.

There are many ways to produce this type of hybrid material. Depending on the copper
and process character, they can be separated into four groups: powder processing,
electroplating, electrodeposition (ED), and electroless deposition. In the first one, powders of
nanocarbon and copper are mixed by using such techniques as ball/attrition milling[ 185-189],
sonication[180,190,191], isostatic pressing[192,193], stirring[194] or vortex mixing[195], and
then compacted. In this case, the process is straightforward and very scalable, so it can provide
a large amount of composite[184,196]. The second one is electroplating, a well-known

electrochemical process to make coatings on material surfaces. Electroplating is a simple
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method of how these materials can be combined due to the fact that both of them are highly
electrically conductive. In such an approach, two electrodes are employed: anode, the source of
copper, and cathode, the nanocarbon material where the copper will be deposited. Driving
electric current through an electrolyte gives rise to coating nanocarbon substrate with
copper[197]. Alternatively, this goal can also be achieved by employing ED. In this approach,
carbon nanomaterials such as film or coating networks are used as cathodes, while an inert
metal is used as an anode (e.g., platinum). During the electrodeposition, the copper electrolyte
is engaged, and its ions are deposited on the surface of carbon nanostructures as metallic copper.
In four of them: electroplating, electrodeposition and electroless deposition, wettability is a key
parameter that determines the connection between electrode materials and electrolytes (metal

source).

One of the key benefits of these electrochemical approaches is that it is easy to conduct
co-deposition of other metals by including them in the electrolyte solution[184,198,199].
Lastly, the composite can be made without employing an electric current. In electroless
deposition, this can be accomplished by employing appropriate chemical reactions. For
instance, to deposit copper onto carbon nanotubes, CuSO4 aqueous solution can be used as a
copper source, ethylenediaminetetraacetic acid (EDTA, an agent to complex metals ions) and
glyoxylic acid as a reducing species to obtain metallic copper Cu[200]. Figure 8 demonstrates
the strategies described above to produce copper-nanocarbon composites. In opposition to metal
powder, Cu salts are toxic to the natural environment. The accepted upper limit of copper ions
in water for humans is 10 mg/L, but the suggested safe level of Cu*" in water for aquatic life
should be lower than 2-4 ppb[201]. Thus, removing them from industrial wastewater is an

essential task from the point of view of the circular economy and green chemistry.
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a)

Nanocomposite powder
Cu+ NC

Composite
Cu+ NC

Figure 8 Schematics of four described methods of preparation of Cu-nanocarbon composites:

a) powder processing, b) electroplating, c) electrodeposition, and d) electroless deposition.
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3. Methodology

3.1 Materials

Table 4 List of used reagents

Name Purity, Producer
Acetone pure for analysis, Sigma Aldrich, USA
Aniline pure for analysis, Sigma Aldrich, USA
Anthracene >99.0%, Fluka Analytical, USA
Argon 99.9999%, Matheson Gas, USA
Benzene pure for analysis, Sigma Aldrich, USA
Ceo 99.5% purity, Sigma-Aldrich, USA)
Copper foil, 25 pm thick 99.8%, Alfa Aesar, USA
Ethanol pure for analysis, Chempur, Poland

Ethyl cellulose
Graphene nanoplatelets, 5 pm particle size,
surface area 120-150 m?%g
Graphene nanoplatelets, surface area
300 m?/g
HOPG SPI-2 grade 10 x 10 x 1 mm — highly
oriented pyrolytic graphite
Hydrochloric acid (HCI)
Hydrogen
Hydrogen peroxide (H.O2)

Isopropanol
Li2SO.

Mesitylene
Methanol
Naphthalene
NC7000™ — technical-grade multi-walled
carbon nanotubes
O-xylene
Paraffine

Perchloric acid (HCIO4)
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pure, Acros Organics, USA

99%-+, XG Sciences, USA

pure, XG Sciences, USA

pure, SPI Supplies, USA

35-38%, Chempur, Poland
99.9999%, Matheson Gas, USA
30%, Chempur, Poland
pure for analysis, Chempur, Poland
(monohydrate, +99%, Acros Organics B.V.B.
A., USA)
pure for analysis, Sigma Aldrich, USA
pure for analysis, Sigma Aldrich, USA
reagent grade, Fisher Chemical, USA

Nanocyl, Belgium

pure for analysis, Sigma Aldrich, USA
pure, Polwax, Poland
37% aqueous solution, pure for analysis,

Avantor, Poland



Phosphoric acid (H3PO4) 85%, Chempur, Poland

Potassium permanganate (KMnQOy,) Pure, POCH, Poland
Sulfuric acid (H2SO.) 95%, Chempur, Poland
Toluene pure for analysis, Sigma Aldrich, USA
Tuball™ — single-walled carbon nanotubes 80%+, OCSIiAl, Luxembourg
Urea pure, Sigma Aldrich, USA

3.2 General methodology employed to create macroscopic ensembles from nanocarbon

materials

Synthesis of Ceo is a multi-step reaction with a yield between 50-70%[202]. Thus, it was
decided to use commercial material due to the high quality of such material and relatively low-

cost compared to the costs of synthesis. The same situation was for SWCNTs.
The methods of manufacturing macroscopic objects from nanocarbon were as follows:

a) 0D — Ceo: spray-coating;
b) 1D — single-walled carbon nanotubes;
o filtration method to create VFF (vacuum filtration film);
e dispersion method to obtain DF (dispersion film);
c) 2D —single-layer graphene: in situ synthesis on copper by chemical vapor deposition

(CVD).

Using VFF allows understanding of the interaction between nanocarbon and airborne
contaminants/polymers. However, VFF was unsuitable for application in electrochemical
synthesis composites with polyaniline (PANI) and copper due to too small dimensions. Thus
the DF was cut to small electrodes (DFEs) and used exclusively in electrochemical experiments.
On the other hand, VFF was used to investigate the phenomenon of hydrophobization,
deposition of vaporized hydrocarbons, and synthesis of composites with poly(methyl
methacrylate). Figure 9 presents the employed approaches to create macroscopic objects from

nanocarbon materials.
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Figure 9 Schema of manufacture of macroscopic objects from: a) Ceo, b) SWCNTs, and ¢) SLG.

3.3 Macroscopic objects from nanocarbon materials

3.3.1 Ceo

Ceo coating was applied on microscope glass slides using the spray-coating technique.
10 x 10 mm glass slides (total number 16) were put together next to each other to create an 80
mm x 20 mm rectangle secured on cardboard with double-sided tape. The cardboard was then
placed in a custom-made glovebox to conduct the coating. 100 mg of Cgo was dispersed in 15
mL of a 1:1 by mass solution of toluene and acetone. It was sonicated using a UP200St 200W
Sonicator (Hielscher, Germany) for 30 minutes at 100% amplitude. The heat produced during

the procedure was absorbed using an ice bath. Then, the dispersion was transferred to a spray-
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coating gun. Subsequently, the dispersion was sprayed on glass slides attached to the cardboard

under 2 bars of pressure. Compressed air was employed as the carrier gas.

3.3.2 SWCNTs
3.3.2.1 Purification

Prior to the production of VFFs and DFs, 3 g of SWCNTSs were purified in the air flow
for 1 hour at 500 °C in a tube furnace (air mass flow was 600 sccm). In order to remove
impurities produced during the synthesis of SWCNTs (the finished product includes less than
15% residual of catalyst based on iron), the acquired materials were placed in concentrated HCI1
at boiling point for two hours[203]. The SWCNTs were washed with 400 mL of deionized water
and 250 mL of a 5% NaHCOs3 aqueous solution before filtering using PTFE membranes (¢ =
40 mm, pore size 0.22 um, Ahistrom, Germany). The product was then dried at 115 °C during

the following day to eliminate moisture.

3.3.2.2 Manufacture of VFFs

The filtration method was applied to create the SWCNTs VFF[3]. 80 mL of a 1:1 by
mass solution of toluene/acetone was sonicated with 80 mg of SWCNTs in the ice bath.
Sonication parameters were: 100% amplitude for 30 minutes (UP200St, 200W, Hielscher,
Germany). The mixture was filtrated on a PTFE membrane (¢ = 47 mm, pore size 0.22 pm,

Ahistrom, Germany). After drying, the VFF was separated from the PTFE membrane.

3.3.2.3 Manufacture of DFs

500 mg of SWCNTs, 10 mg of ethyl cellulose (EC as the binder) and an 80 g of
acetone/toluene mixture (1:1 by mass) were mixed and sonicated (Hielscher UP200St,
Germany) at 100% amplitude over an ice bath until uniform dispersion was noticed. The
dispersion was then deposited onto a 90 x 90 mm sheet of Nomex® using the drop-casting
technique[204]. A DF was created after drying, and the EC binder was then eliminated from it

by heat annealing in the air[1].

3.3.2.4 Oxidation of SWCNTs, O-SWCNT VFFs, and O-SWCNT DFs

SWCNTs (Tuball™, OCSiAl, Luxembourg) were oxidized[68,205] using a modified
version of Hummers' technique. Time, temperature, and the quantity of KMnO4 (POCH,
Poland) oxidant were the three changed reaction parameters. Samples were taken for Raman
spectroscopy at the following reaction periods: 0, 10, 20, 30, 40, 50, 60, 120, 180, 240, 300,

and 420 minutes. The three selected reaction temperatures were 0 °C, 18 °C, and 40 °C.
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SWCNTs were exposed to a solution of H>SO4 and H3PO4 and KMnOy at the following mass
ratios: 0 (absence of oxidation agent), 0.15, 0.25, 0.45, 0.95, 1.9, 3.75, and 7.5.

12 mL of 85% H3PO4 and 120 mL of 95% H2SO4 (both from Chempur, Poland) were
combined with 0.2 g of SWCNTs. The mixture was then mechanically stirred (OST Basic
yellow, IKA Works, USA) for 30 minutes at 300 rpm. KMnO4 was dosed continuously during
this time. The times mentioned above, which were counted when the KMnQO4 addition was
finished, are how long the reaction took to complete. The subsequent step was to pour the
mixture into a glass beaker that held 400 mL of distilled water and 20 mL of 30% H>O-.
Following that, the solid material was separated using PTFE membranes (diameter 47 mm, pore
size 0.22 pm; Fisherbrand, Canada) and vacuum filtering. The crude product was purified using
100 mL of 10% HCI, 100 mL of distilled water, and 100 mL of methanol. The resultant material

was dried at 80°C overnight to eliminate moisture.

VFFs were formed using the same procedure as specified above for SWCNTs. The DFs
were created from pristine SWCNTs as described in 3.3.2.3 Manufacture of DFs. For
O-SWCNTs, the method was modified as follows: mass ratio O-SWCNTs and binder (EC) was
set to 1:1, and the components were mixed. The next steps remained the same as the procedure

for SWCNTs|[3].

3.3.3 Single-layer graphene

Single-layer graphene (SLG) was synthesized onto copper foil by chemical vapor
deposition (CVD). The procedure was taken from the literature, and the only modification was:
using 1% CHas in Ar instead of pure CH4 and changing the mass flow of H2[206]. As mentioned,
the carbon source was methane, and the carrier gas was hydrogen and argon. The copper foil
was cut into 70 x 10 mm rectangles. Before synthesis, it was electropolished for 30 seconds in
a prepared solution (urea 5 g, isopropanol 50 mL, H;PO4 250 mL, ethanol 250 mL, deionized
water 500 mL). The current used in the process was 0.5 A, electrodes (anode and cathode) were
copper foils, but only the anode was used for synthesis. Deionized H,O purified the Cu foil and
then it was dried by N». Prepared foil was placed on a quartz boat and put inside of quartz tube.
Then, after the pressure reduction to 45 mTorr, the H, flow and annealing were started. The
flow was 20 sccm, and pressure returned to atmospheric value. The substrate was annealed for
1 hour. The process temperature was 1050 °C. After this, the 1 sccm of 1% CH4 in Ar was
introduced to the tube reactor, and the growth step of graphene started. It lasted for 30 minutes.

The last step was to finish the reaction by cooling it down rapidly to room temperature. The
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flow of gases was flowing until room temperature was established. The gases were supplied by

Matheson Gas (USA).

3.4 Annealing of nanocarbon surface and exfoliation of HOPG

The method was selected based on a literature review[1,5]. Ceo coating's surface was
annealed at 350 °C and atmospheric pressure, with 90 sccm of Ar and 10 sccm of H» flowing
through it for 4 hours (Figure 10). After completion of the annealing, the flow was continued
until achieving room temperature. The tube was purged from the air for 30 minutes prior to
heating. SWCNT VFFs were annealed the same way as SWCNT DFs during removing the
binder[1]. SLG/Cu was annealed in a tube furnace as in the case of Ceo, but different parameters
were used: 350 °C, 2 hours, 100 sccm Ar and 10 sccm Hz. To remove surface contaminants from
HOPG, a few graphene layers have been exfoliated with sticky tape until achieving a pure

homogenous surface.

3.5 Deposition of hydrocarbons

Hydrocarbons were deposited by two saturation techniques: “flow” (SLG/Cu) and
“static” (Ceso, SWCNTs, HOPG). “Flow” used bubbling and flow of carrier gas via solubilized
benzene and PAH powder to transfer hydrocarbons onto the freshly annealed SLG surface
(Figure 10). After the finishing of the deposition, the material was immediately characterized.
This method allows for reducing the impact of environmental factors like airborne
contaminants. The static method was based on placing (immediately after surface purification)
Ce0, SWCNTs, and HOPG samples on the platform from glass slides inside a glass container
filled with chosen hydrocarbon (Figure 11) to let saturated vapors deposit on the nanocarbon

surface.

All glass used in the procedure was first purified by piranha solution at 60 °C for 30
minutes, and after that, the glass was washed with deionized water. The quartz tube was

annealed in air at 750 °C for 4 hours to remove deposited CxHy.
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Figure 10 Setup used for annealing nanocarbon surface and dynamic deposition of
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e N
Glass slides
CxHy Carbon e
material
N
N /

Figure 11 Chamber for static deposition of hydrocarbons.

3.6 Theoretical models
a) According to the Langmuir model, a monolayer of adsorbed molecules from the vapor phase
covers the whole surface of solid material[207]. The Langmuir isotherm was used to compute

the coverage of the adsorbent by monolayer degree:

Kad/pePa
1+Kad/DePA

OLan =
Where:
OLan —coverage degree of adsorbent by monolayer adsorbate

Kadme— adsorption-desorption equilibrium [1/Pa]

pa— partial pressure of adsorbate [Pa]
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b) The Wenzel model reduces the impact of roughness on the contact angle value. As it was

mentioned previously, it assumes that liquid drop permeates the grooves of the rough surface.
cos By, =rcosf,,

Where:

0w — Wenzel contact angle [rad]

r — the ratio of surface area to predicted area — roughness factor

Om — measured contact angle [rad]

c¢) The Fowkes model, which combines the Young, Young-Dupree, and the decomposition of
the total surface energy into two compounds (dispersive (nonpolar) and polar) to calculate

surface energy[129]:

Qe _ (7 + (PR 0F): )
Where:
0 — contact angle
yfl — liquid dispersive (nonpolar) component [mJ/m?]
yg — solid dispersive (nonpolar) component [mJ/m?]
Y} - liquid polar component [mJ/m?]
Y2 — solid polar component [mJ/m?]

3.7 Composites of polymer and nanocarbon — synthesis
3.7.1 Synthesis of the composite of CNTs with poly(methyl methacrylate)

VFFs from SWCNTs and O-SWCNTs were created the same way as it was presented in
previous sections (Section 3.3.2.2 Manufacture of VFFs and Section 3.3.2.4 Oxidation of
SWCNTs, O-SWCNT VFFs, and O-SWCNT DFs). The SWCNT VFF after/before annealing and
coming from O-SWCNTs prepared by Hummers method (time of reaction — 0 minutes,
KMnO4/SWCNTs mass ratio — 7.5 and temperature — 40 °C) were immersed into acetone: 5%
poly(methyl methacrylate) MW 996 000 g-mol™! (PMMA) by A KSV-DCX2 dip-coater (Biolin
Scientific, USA). The coating procedure was as follows: 10 immersions for 5 seconds with

3 seconds breaks for drying the composite.

38



3.7.2 Synthesis of nanocarbon and polyaniline composites

DFs from SWCNTs were previously described in section 3.3.2.3 Manufacture of DFs.
The elaborated methods have been modified to make composites of SWCNTs with graphene
nanoplatelets 120-150 m?/g. The procedure was as follows: SWCNTs were ground for 5 min
before mixing with graphene and adding to organic solvents. 0.5 g of the mixture of SWCNTs
and graphene combined with EC were put into 80 mL of an acetone/toluene solvent (1:1 by
mass) and next, they were sonicated for 30 minutes at 100% amplitude in an ice bath with a
50:1 mass ratio of carbon nanomaterials to EC. Drop casting transferred the created dispersion
from the glass beaker onto a NOMEX® sheet. Due to the limited adherence of the nanocarbon
DF to the polyamide after solvent evaporation, it was delaminated and cut into smaller
electrodes (DFEs): measuring 50 mm by 10 mm, and the binder was removed by annealing.
Three mass ratios—1:9, 1:3, and 1:1—were used for the graphene nanoplatelets and SWCNTs
(G+SWCNTs) composites.

DFEs from O-SWCNTs obtained by the Hummers method (procedure described in
section 3.3.2.4 Oxidation of SWCNTs, O-SWCNT VFFs, and O-SWCNT DFs) were produced in
the same method as was described previously. Prior to the synthesis of the PANI+O-SWCNTs
composites, the parameters of SWCNTSs oxidation (temperature, KMnO4/SWCNTs mass ratio,
reaction time) were selected. Based on the results from section 4.2, two temperatures (0 °C,
18 °C) and three mass ratios (0.15, 0.45, 0.95) were selected and the reaction time was
0 minutes. This selection of parameters made it possible to study the effect of the amount of
oxygen functional groups (In/Ig) on the PANI electropolymerization process. Table 5
summarizes the type and quantity of materials used to synthesize DFs from carbon

nanomaterials.

Table 5 Amount of supplies required to prepare a 90 x 90 mm thin DFs

DFs Graphene SWCNT O-SWCNTs EC
[mg] [mg] [mg] [mg]
SWCNTSs - 500 -
G+SWCNTs 1:9 50 450 -
G+SWCNTs 1:3 125 375 -
G+SWCNTs 1:1 250 250 - 10
O-SWCNTs - - 500
(0 °C, 0.15 ratio)
O-SWCNTs - - 500
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(0 °C, 0.45 ratio)

O-SWCNTs - - 500
(0 °C, 0.95 ratio)

O-SWCNTs - - 500
(18 °C, 0.95 ratio)

SWCNTs — single-walled carbon nanotubes; O-SWCNTs — oxidized SWCNTs; G — graphene nanoplatelets
120-150 m?/g; EC- ethylcellulose

A description of the synthesis of PANI onto nanocarbon DFs is given in Supplement. In
short, two DFs from nanocarbon materials as working and counter electrodes were used for
PANI synthesis on nanocarbon materials. The reference electrode was Ag/AgCl. Aniline was
dissolved in a water solution of HCIO4. The chosen range of electropolymerization (EP) was
[(OV) — (1.2V)]. Figure 12 presents the setup for the synthesis of PANI-SWCNTs composites.
To calculate the theoretical mass of deposited PANI and yield of synthesis, two equations were

employed[208-211]:

Where:

m; — PANI deposited mass on the working electrode calculated from the theoretical model [g]
q — complex impedance [A]

M — aniline molar mass 93.13 [g/mol]

F — Faraday constant: 96500 [A/mol]

z — the number of electrons in reaction (value is 2 for this case)

my,
n=—-100%
mg

Where:
n —yield
m, — purified product mass [mg]

m; — the mass calculated from the previous equation (theoretical) [mg]
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Figure 12 Setup used for electropolymerization of aniline onto nanocarbon materials.

3.8 Synthesis of Cut+nanocarbon composites
3.8.1 Carbon nanomaterials used for the synthesis of composites

Several nanocarbon materials were analyzed, some made internally and the rest obtained
from commercial sources (where mentioned). MWCNTs and O-MWCNTs are the same

materials as in the case of composites with PMMA described above.

SWCNTs (d=1.5 nm; Tuball™, OCSiAl, Luxembourg), NC-MWCNTs (d=10 nm;
NC7000™, Nanocyl, Belgium), and graphene nanoplatelets 300 m*/g (C-300, Sigma-Aldrich,
USA) were employed as commercial materials in work. The company claims that the graphene
substance is a few nanometers thick. The dissertation refers to these substances as SWCNTs,
NC-MWCNTs, and G, respectively. With the exception of SWCNTs, the materials were used
without any post-processing. Due to earlier discovery that the milling procedure boosts the
electrical conductivity of the DFs created from them by inducing suitable

deagglomeration[212], they were ground for 5 minutes.

Multi-walled CNTs (MWCNTs) were synthesized by using catalytic chemical vapor
deposition (c-CVD). The procedure was the same as used in previously published
works[213,214]. A furnace (Horizontal furnace Carbolite HST 12/900) was injected with a
5.5% wt. solution of ferrocene (p.a., Sigma-Aldrich, USA) in toluene (p.a., Chempur, Poland)
at a rate of 5 mL/h while being kept under an argon flow (1.8 nL/min) at 800 °C for 4 hours.
After that, the dosing was stopped, and flow was running until the furnace had room

temperature.
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MWCNTs were oxidized to examine the effects of oxidation. They received treatment
using a 3:1 (V/V) mixture of HNO;3; (65% Chempur, Poland) and H>SO4 (95% Chempur,
Poland). The procedure was carried out for three hours at 140 °C. After the reaction, the system
was cooled to room temperature, and the mixture was filtered through a polytetrafluoroethylene
(PTFE) membrane filter with 0.22 um pore size. To neutralize the pH of the product, it was first
washed with a suitable quantity of 5% NaHCO3 aqueous solution and then with distilled water.

The product was then dried at 115 °C overnight.

3.8.2 Manufacture of nanocarbon DFEs

The same method was used to create composite DFs from two types of nanocarbon
material, as in the case of SWCNT DFs: acetone/toluene (1:1, w/w) were combined with
nanocarbon and ethyl cellulose (EC). With the exception of DFs produced from SWCNTs, for
which it was selected a 50:1 ratio, it was the ratio of nanocarbon/EC 1:1 by mass in all the DFs.
The materials were then sonicated over ice for the required amount of time using a Hielscher
UP200St (Germany) at 100% amplitude. The dispersion was then applied on a Nomex® sheet
(RP PRO, UK), from which dried nanocarbon sheets could be easily removed. Finally, EC was
eliminated by annealing[166]. The DF size was 90 mm x 90 mm. To produce composite DFs
materials, the following parameters were used: 80 mL mixture of acetone/toluene 1:1 mass,
0.5 g (for SWCNTs 0.01 g) ethyl cellulose and 0.5 g nanocarbon material. After delamination
from the substrate, the composite containing 50% Graphene was corrugated and the surface was
not homogeneous (holes in DFs). Due to the poor mechanical properties of the composite, they
were not suitable for further research. Table 6 presents details about the preparations of DFs.
Nanocarbon DFs were sliced into a rectangular electrodes (DFEs) form with dimensions 10 mm

wide by 25 mm long for each electrochemical experiment.

Table 6 Information about preparation DFs for DFEs

Short Name Materials used for DFs formation
SWCNTs Single-walled carbon nanotubes
NC-MWCNTSs Commercial multi-walled carbon nanotubes
MWCNTSs In-house made multi-walled carbon nanotubes

Oxidized in-house made multi-walled carbon nanotubes combined
10% O-MWCNTSs o )
with single-walled carbon nanotubes proportion 1:9 by mass
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Oxidized in-house made multi-walled carbon nanotubes combined
25% O-MWCNTSs L )
with single-walled carbon nanotubes proportion 1:3 by mass

Oxidized in-house made multi-walled carbon nanotubes combined
50% O-MWCNTSs o
with single-walled carbon nanotubes 1:1 by mass

N-doped in-house made multi-walled carbon nanotubes combined
10% N-MWCNTs S )
with single-walled carbon nanotubes proportion 1:9 by mass

N-doped in-house made multi-walled carbon nanotubes combined
25% N-MWCNTSs S )
with single-walled carbon nanotubes proportion 1:3 by mass

N-doped in-house made multi-walled carbon nanotubes combined
50% N-MWCNTSs o ;
with single-walled carbon nanotubes proportion 1:1 by mass

Graphene combined with single-walled carbon nanotubes proportion

10% Graphene
1:9 by mass
Graphene combined with single-walled carbon nanotubes proportion
25% Graphene
1:3 by mass
Graphene combined with single-walled carbon nanotubes proportion
50% Graphene

1:1 by mass

3.8.3 Electrodeposition of copper onto nanocarbon DFEs

A synthetic Cu electrodeposition bath containing 40 g of Cu (0.63 mol/dm* Cu) and
100 g of H2SO4 per 1 L (1.02 mol/dm® H>SO4) was used to evaluate the electrochemical
behavior of nanocarbon DFEs. The study also employed actual industrial process effluent. The
Inductively Coupled Plasma - Optical Emission Spectrometer (ICP-OES) method was used to

calculate the quantitative and qualitative composition of wastewater.

All electrochemical studies were conducted using a three-electrode cell with electrodes
facing one another. The counter electrode was a platinum sheet with an order of magnitude
larger surface area than the nanocarbon DFE sample employed as the working electrode. The
nanocarbon DFE was 5 cm away from the platinum electrode. The stated current density values
were estimated using the observed submerged geometrical area following the experiment

utilizing the nanocarbon DFE sample that had been immersed about 1.5 cm into the fluid. The
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reference electrode was a normal calomel electrode (SCE) positioned close to the nanocarbon
DFE surface. As seen in the diagram below (Figure 13), the electrodes were attached to an
IviumStat 24-bit CompactStat potentiostat (Ivium Technologies, Netherlands). The equilibrated
open circuit potential of the electrodes was set to E = 0 V vs. SCE for cathodic polarization
studies after the cathode's potential stabilized for 60 seconds. The voltage (E) was then swept
at a rate of 20 mV/s from 0 V to -1 V. Cu was applied to the nanocarbon DFE by galvanostatic

deposition, or chronoamperometry.

A modest amount of Cu was added to the nanocarbon DFE by a galvanostatic deposition
pulse as distinct nuclei in order to examine variations in the surface activity of nanocarbon DFE.
The deposition took place for 1 second at 0 V vs. SCE. All of the nanocarbon DFEs, both with
and without the binder, were subjected to testing. Longer plating studies were also done to
verify the application potential. It used the following parameters to recover Cu from
wastewater: deposition voltage of -0.1 V vs. SCE for 3600 s. Six nanocarbon DFEs — SWCNTs,
NC-MWCNTs, MWCNTs, 25% O-MWCNTs, 25% N-MWCNTs, and 25% Graphene — were
employed in these investigations. All electrochemical operations were carried out a room

temperature.

Potentiostat

Lo—

Reference —— I

electrode (SCE) \

Nanocarbon ---------- 4
film (cathode)

Platinum (anode) -------
Waste water --------

Figure 13 Three-electrode arrangement for Cu electrodeposition in a schematic. Reproduced
with permission from ref. [4] © 2021 Grzegorz Stando, Pyry-Mikko Hannula, Bogumita
Kumanek, Mari Lundstrom, Dawid Janas. Published by Elsevier B.V.
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3.9 Characterization of materials
3.9.1 Cs0, SWCNTs, and SLG — powder and macroscopic objects

Surface morphology was examined using a scanning electron microscope (SEM) (SEM-

JEOL-6390LV, Jeol, Japan) at 15 kV acceleration voltage and a 5000x magnification.

Roughness was defined using an atomic force microscope (AFM; Asylum MFP3D,
Oxford Instruments, UK). At least four separate areas were subjected to tapping mode AFM

scans. A minimum of two scans were taken from each location.

The Horiba Raman/AFM/TERS system (Horiba, UK) was used to create the Raman
spectra. In each sample, the mapping mode acquired 50 spectra from 50 locations. 5 seconds
were allotted for the exposure, the accumulation number was 10, and the gratings used were
1800 g/mm for the 437 nm laser and 2400 g/mm for the 638 nm laser. The software provided
by the vendor was used to calculate the intensity ratio between the selected peaks (D, G, 2D,
Ag(2), He(7), etc.). SLG required a laser at 473 nm and a power of 2.5 mW, while samples of
Cso and SWCNTSs required a laser at 638 nm and a power of 2.4 mW. SLG was transferred from
copper foil to a SiO»/Si wafer (Addison Engineering, USA) prior to measurements using a wet
technique published in the literature[206]. Poly(methyl methacrylate, MW 996 000 g-mol
Aldrich) was spin-coated on top of SLG/Cu foil. The bottom side of graphene and copper were
then eliminated by etching for 5 hours in a 0.1 M solution of aqueous ammonium persulfate
(98%, Sigma-Aldrich). The PMMA-coated SLG was then transferred to a water bath using a
microscope slide. After that, it was dried on a Si wafer. The PMMA was overnight dispersed in

an acetone bath after drying. The samples were then dried and prepared for Raman analysis.

ESCALAB 250Xi XPS apparatus (Thermo Fisher, USA) was used to collect
experimental samples' spectra. Cso samples were treated for 30 seconds by flood gun before
collecting to surface charge compensation. Collection parameters were: 9-10~° Pa pressure in
the analysis chamber, 10 scans in each chosen area, step size 0.1 eV, Al Ko (1486.6 eV) source

gun, and plot size 650 um. XPS was calibrated using pure silver wire.

By using a Bruker VERTEX-70LS FTIR (spectral range) with an accessory permitting
attenuated total reflectance (ATR) measurements, FTIR spectra in the 4000-600 cm™ range
were acquired. Nitrogen was used to purge the device for 30 minutes prior to spectrum
recording. A total of 64 scans with a resolution of 4 cm™! were performed on each sample.

Software from the vendor was utilized for analysis and to take the bands out of the backdrop.
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In order to measure contact angles, both "side-view" and "top-view" methods were used:

e Side-view method

VCA Optima XE (AST products, USA) recorded the images of 2 pL drops placed on
nanocarbon materials at a temperature of 20-22 °C and an average humidity of 30%. Each
liquid under test had its specific syringe. After five seconds of deposition onto the surface, a
picture of the contact angle was captured. Contact angles were calculated using vendor-supplied

software, and their average value was based on 4—10 measurements.
e Top-view method

The drop had a 5 pL. volume. Images were taken using a specially constructed setup that
included a lifter, the smartphone camera (Samsung S10 mini, Korea), and a selfie stick
(SPIGEN S540W, USA) with a Bluetooth controller. Like the "side-view" technique, the
average temperature and average humidity were: 22 °C and 30%. The drop was applied to a
solid surface using an automatic pipette (Thermofisher, USA) that can dispense amounts of

1 to 10 puL. The values of the contact angle were calculated as follows[215].
Regarding omniphilic:
a) A specially constructed apparatus measured the drop's radius.

b) The following equation was used to calculate the drop's height:

1 3,1
gnh +gnrcaph—V=0

Where:

V — a volume of a drop [cm?]

h — drop height [cm]

reap — radius of spherical cap [cm]

c¢) The following equation was used to compute the contact angle (0):

0 =2tan"!

Teap
For omniphobic:

a) The h from the definition of spherical cap volume was calculated using the whole radius.
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b) Equation below between the radius of the drop area (tcap), the full radius, and the height of

the drop was used to compute the recap:
Tép = 2rh — h?

c¢) 0 was calculated as follows:

O =2tan" !

Teap

The two liquids: water and diiodomethane, were used to obtain contact angle values. Two
ways of measuring contact angles were calibrated: “top-view” and “side-view.” Both provided
consistent WCA for polytetrafluoroethylene (PTFE), HOPG and SLG/Cu (Table 7). The top
view technique enables collecting photos of drops on SLG/Cu samples as soon as annealing or
deposition of CyHy is complete (less than 5 seconds), avoiding the need to carry samples
unnecessarily to the contact angle goniometer. The reduction of airborne contaminant exposure
time was essential: WCA values for SLG/Cu samples exposed for 5 and 15 seconds,
respectively, are around 42° and 51°. Thus, top-view techniques reduced the time from 15
seconds to under 5 seconds, which is crucial for SLG/Cu measurements. Other materials: Ceo,
SWCNTs and HOPG the measured method did not have such a strong impact on WCA values
after annealing or exfoliation (HOPG). Hydrophobization of materials was much slower than

in the case of SLG/Cu.

Table 7 Measured WCA values by both methods

Material Side-view WCA [] Top-view WCA [‘]

PTFE 109.3+£3.9 109.0£1.0

HOPG - aged 90.7+2.1 90.4+1.4

HOPG - exfoliated 63.5+3.9 63.0+1.3

HOPG - 30 minutes of benzene vapor 82.5+4.1 82.2+4.8

deposition
SLG/Cu - 15 seconds air exposed 51.1+4 .4 51.5+£3.9
Ceo CcOating annealed 0.0+0.0 0.0+0.0
SWCNTs annealed 0.0.+0.0 0+0.0
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3.9.2 O-SWCNTs — powder, VFF, and DFs

Raman spectroscopy (Renishaw, Germany) was used to monitor the evolution of the
intensity of peaks typical of nanocarbon materials and indicative of the chemical state of the
SWCNT surface as the reaction progressed. To confirm the homogeneity of oxidation, the
samples were assessed at 10 random locations using the following parameters: laser power of
5%, wavenumber 100-3000 cm’', magnification 20x, exposure time of 10 s, and

3 accumulations.

To describe the morphology of the products of SWCNTSs oxidation (powder and DFs)
high-resolution scanning electron microscopy (HR SEM, SUPRA 35 ZEISS, Germany) was

employed. At 8 kV, the materials were examined.

Using a Keithley 2182A source meter (USA), the electrical conductivity of the reaction
products' thin O-SWCNT DFs was measured using the 4-probe method. 100 mA of current was

used during the measurement.

A specially constructed setup outfitted with a CMOS camera (Thorlabs, USA) was used
to measure the water contact angles of VFFs. A camera image was captured after the 10 pL of
demineralized water was applied to the chosen sample. During the measurements, the
temperature was 21 °C, and the humidity was 53%. The contact angle plugin in Image] was

utilized for the analysis.

A custom-made constructed thermopower setup (LBR CAMSEEB, Lublin, Poland) was
used to determine Seebeck coefficients. The sample was heated from 25 °C to 100 °C while
maintaining a 5 °C temperature difference between its hot and cold sides and a 5 °C temperature
step between measurements. Due to resistance readings from a nanovoltmeter, the software

calculated the value of the Seebeck coefficients.

ESCALAB 250Xi XPS apparatus (Thermo Fisher, USA) was used to collect
experimental samples' spectra. Cso samples were treated for 30 seconds by flood gun before
collecting to surface charge compensation. Collection parameters were: 9-10~° Pa pressure in
the analysis chamber, 10 scans in each chosen area, step size 0.1 eV, Al Ka (1486.6 eV) source
gun, and plot size 650 um. XPS was calibrated using pure silver wire. Thermo Scientific
Avantage software analyzed all spectra — to determine the bonds present on them. The
components were fitted with the sum of Gauss (30%) and Lorentz (70%) functions. The

background was created and subtracted by an automatic function (based on Shirley).
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3.9.3 Characterization of polymer-nanocarbon composites

The surface area of the nanocarbon DFs was estimated using the Langmuir and
Brunauer-Emmett-Teller (BET) models based on the results of nitrogen adsorption/desorption
isotherms (ASAP 2420, Micromeritics, USA). The research was commissioned from the Center

for Advanced Technologies of the Adam Mickiewicz University in Poland.

The values of water contact angles (WCA) for VFFs, DFs and composites were
measured using a custom-made setup equipped with a CMOS camera (Thorlabs, USA). The
same as in the case of O-SWCNTs described in section 3.9.2 O-SWCNTs — powder, VFF, and
DFs.

The materials were examined by a Raman spectrometer (made by Renishaw, Germany).
The spectrometer's specifications were as follows: incoming light's wavelength was 514 nm;
laser power was 5% (2.5 mW); exposure time was 10 s; accumulations were 4, and
magnification was 20 times. The measurements were taken at three random locations to ensure
the statistical significance of the collected data. By dividing the intensity of the D peak (sp’
carbon atoms) by the intensity of the G peak (sp? carbon atoms) in the Raman spectrum, Ip/Ig

for CNTs was calculated[216,217].

Scanning Electron Microscopy (SEM) combined with a dispersion X-ray energy
detector (SEM+EDX) was used to examine the morphology of the samples for the reasons listed
below: Working distance is 8 to 9 cm, and the current intensity is 5 kV. The magnifications that
were used were 500x and 1000x, respectively. The analysis was commissioned from the Aalto

University in Finland.

The PerkinElmer L160000A Fourier transform infrared spectrophotometer with
attenuated total reflectance (Waltham, USA) was used to evaluate the composite samples. The
wavelength range used for the spectra recording was 300 cm™ to 4000 cm™'. The analysis was

commissioned from the Aalto University in Finland.

The ESCALAB 250Xi XPS instrument (Thermo Fisher, USA) was utilized to examine
the chemical composition of the material's surface using X-ray photoelectron spectroscopy
(XPS). Under 8.2 10~ of lower pressure, scans were obtained. The gun type and plot size were
the same as used in the section (3.9.1 Cso, SWCNTs, and SLG — powder and macroscopic
objects). Five scans of the selected chemical elements were acquired at an energy pass of 50 eV

(step size 0.100 eV). In the case of survey spectra, two scans were recorded. The generated data

49



were deconvoluted using Thermo Scientific Avantage software the same way as in the case of
previous chapters: peaks shapes Gauss (30%) and Lorentz (70%) functions and the background

by an automatic function (based on Shirley).

The mechanical tester ADMET eXpert series (ADMET, USA) was used to measure
mechanical properties at a 10 mm per minute extension speed. The measurement samples were
40 x 10 mm in size, with the thickness varying depending on the type of composite being

examined.

The 4-probe approach was used to measure the electrical properties using a Keithley
2182A source meter (Keithley, USA). The sample area was measured with an electronic caliper,
and the thickness was determined with a micrometric screw. The measurements were made at

least five times for each sample due to the thickness fluctuation.

With infrared thermography, the steady-state approach was used to measure thermal
conductivity by IR thermal camera (FLIR ETS 320, Wilsonville, USA). The sample was
measured by recording the temperature profile throughout its length as a direct current with
predetermined parameters passed through it, the sample's temperature was measured as a
function of its length, and it was modeled using the equation:

_ U-1-05L
TYw-d (T, -T,)

Where:

K — thermal conductivity [W/mK]

U — voltage [V]

I — current [A]

L — sample length [m]

w — sample width [m]

t — sample thickness [m]

Tm — the temperature in the middle of the sample (higher than either of the sample's ends) [K]

T, — the temperature on the end of the sample [K]
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A custom-made vacuum chamber was used for the measurements to eliminate environmental

influences that would otherwise lead to heat convection to the environment.

Seebeck coefficients of synthesized composites were determined the same way as for

O-SWCNTs.
The relation presented below was used to calculate the power factor:
Power Factor = a’c
Where:
a — Seebeck coefficient [V/K]
o — electrical conductivity [S/m]

The figure of Merit (zT) was computed by the equation:

a’o

zT = —T
K

Where:

zT — Figure of Merit [-]

o — Seebeck coefficient [V/K]

o — electrical conductivity [S/m]
K — thermal conductivity [W/m-K]

Using custom-made a designed Swagelok-type symmetrical coin cell configuration with
three electrodes, as explained in ref.[218,219], the capacity of the supercapacitor was
determined. Briefly stated, the reference electrode was Ag/AgCl (Accumet 13-620-53, Fisher,
USA), the WE and CE were made of nanocarbon-based materials, the compression fittings were
made of perfluoroalkoxy alkane with stainless steel flat ends, and the springs and coins were
made of stainless steel. In an aqueous solution of 0.1 M Li2SO4, the CV ranged from 0 to 0.4 V
vs. Ag/AgCl, a sweep of 50 mV/s, and an equilibrium duration of 60 s. The electrochemical
data were analyzed with Gamry's Echem Analyst program. The following equation was used to

determine capacitance:
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t2

C=man ),

dv
i(t) dt;dt = -

Where:

C — capacitance [F/g]

w — the mass of the electrode [g]
V — potential [V]

1— current [A]

t — time of the CV [seconds]

tl — initial time of the process

t2 — end time of the process

3.9.4 Characterization of synthesized copper-nanocarbon composites

The microstructure of the investigated nanocarbon DFEs was examined using scanning
electron microscopy (SEM; JEOL JSM-7500FA). The materials were examined at a
magnification of 2,200x for nanocarbon-Cu composites and 16,000x for powder samples under
a 15 kV acceleration voltage. The surface composition of nanocarbon-Cu materials was
examined using Energy-Dispersive X-ray Spectroscopy (EDX, JEOL JED-2300 Analysis

Station) at a 15 kV acceleration voltage.

The parent nanocarbon materials' and the thin DFEs generated from them were
evaluated using Raman spectroscopy (Renishaw, Germany). This technique was used to
measure all of the powder and DFE samples. The following measurement parameters were
used: a laser with a 514 nm wavelength, 5% power, a 20x objective, and a 10-second exposure
time. To achieve statistical significance and reduce background noise, measurements were made

at numerous locations on a sample at various accumulations.

The electrical conductivity of the DFEs was measured the same way as for DFs from

SWCNTs and O-SWCNTs.

A specially constructed set-up using a CMOS camera (Thorlabs, USA) was used to
measure water contact angles (WCA). Each time, 10 puL of water was placed on the DFE
surface, and the contact angle value was calculated using an image taken with a camera with a

macro lens. For WCA measurements, several droplets were put onto each type of DFE.
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To determine the chemical composition of industrial wastewater, Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) was conducted (Perkin Elmer Optima 7100
DV, USA).
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4. Results and Discussion

4.1 Hydrophobic or Hydrophilic? — understanding the wettability of nanocarbon

materials and the phenomenon of their hydrophobization in the air
4.1.1 Investigation of the surface nature of nanocarbon structures

First, the water contact angles (WCAs) have been used to determine the surface
character of the thin macroscopic objects made from Cso, SWCNTs, SLG/Cu, and HOPG
(Figure 14). Ceo (138.340.8°) and HOPG before exfoliation (exposed to airborne contaminants
for more than 3 months) (96.9+2.9°) were hydrophobic in contrast with SLG/Cu's slightly
hydrophilic character before annealing (also it was exposed to airborne contaminants for more
than 3 months) (82.9+1.5°) nature. Figure 14 presents the WCA values for the top (facing air
during drop casting, 81.3+£3.5°) and bottom (facing the filter during drop casting, 109.7+5.8°)
sides of the VFF from SWCNTs.

However, the two sides have varied roughness, which is the cause of the non-identical
WCA value. According to the further examination performed by SEM and AFM (Figure 15),
the top side is smoother. Top and bottom Wenzel roughness factors (r) are 1.11+0.01 and
1.49+0.08, respectively. After taking this issue into account, it can be concluded that both sides
have comparable WCA of ca. 90°. All materials have hydrophilic or even superhydrophilic
characteristics once the surface contaminants are removed by thermal annealing: Cso and
SWCNTs (both sides) 0°, SLG 41.8+2.1° (compared to 42.0+1.3° measured immediately after
synthesis) and HOPG 63.8+2.1° (after exfoliation). As it is less rough, the top side of SWCNTs’

VFF was chosen for additional investigation.
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Figure 14 WCA measurements before (a) and after (b) the surface purification process: Ceo and
SLG/Cu were annealed in an atmosphere mixture of hydrogen and argon, SWCNT VFF were

annealed in air, and HOPG was exfoliated.



a) Top of SWNCTs VFF b) Bottom of SWNCTs VFF

Figure 15 The WCA was measured on the top and bottom sides of the SWCNT VFF, surface

analysis using scanning electron microscopy and atomic force microscopy.

Raman mapping was used to examine the surface of nanocarbon materials. Most
significant peaks for Ceo (Hg(7), Ag(2), and Hg(7))[85], SWCNTs (RBM, D, G, 2D), and SLG
(D, G, 2D)[216] were detected. No noticeable changes in peak intensity were observed after the
annealing for Ceo, SWCNTs and SLG/Cu. The proportion of bands from the 1460 cm
pentagonal pinch mode (Ag(2)) to 1416 cm™ and 1564 cm™ asymmetrical modes (Hg(7) and
Hg(8)) found at the Ceo determine the impact of annealing[85,220]. The ratio of Ag(2)/Hg(7) =
0.18+0.01 and Ag(2)/Hg(8) = 0.17£0.01 for Ceo before and after annealing is the same (Figure
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16a). Regarding SWCNTs, RBM, 2D, G, and D peaks were unaffected by the treatment (Figure
16b). Prior to annealing, In/ISWN™ were 0.10+0.01 and after annealing, they were 0.10+0.02.
Because there was no D peak in the spectra, the annealing procedure did no structural damage
in SLG (Ip/Ic>¢ = 0) and Ip/IcC were 1.88+0.07 and 1.87+0.06, respectively, which also
proves no interference in graphene structures (Figure 16c). Examples of Ceo, SWCNTs, and

SLG Raman spectra are shown in Figure 16.
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Figure 16 Raman spectra of a surface before and after annealing of Ceo, SWCNTs, and SLG.

XPS spectroscopy was used to investigate the potential change in the chemical
composition of the surface of macroscopic objects from carbon nanostructures before and after
the annealing process (Figure 17). Additionally, XPS spectra of C¢o and SWCNTs powders were
used to check if there was any functionalization during the manufacturing of macroscopic
objects. The C1s spectra of Ceo coating before annealing had a different shape from Ceo powder
— form 284.6 to 289 eV spectrum had higher intensity (Figure 17a), which was caused by the
presence of the bands from adsorbed hydrocarbons (toluene and acetone): C-C/C-H (284.8 eV)

and C=0 (288.5 eV)[221]. These organic solvents were used to manufacture Ceo coating on
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glass. After annealing, the spectra are nearly the same as pristine powder material, thus strongly
suggesting that organic solvents are removed from the surface of Cso during the annealing.
Regarding Ols spectra, it is visible that one single band at 532 eV from C=0 (the chemical
bonds are most likely from acetone molecules), adsorbed water and oxygen (Figure 17b, d and
)[221-223]. Thus it was hypothesized that similar intensity of Ols for Ce¢o before and after
annealing is caused by adsorbed water and oxygen form air, which replaces C=0O from acetone.
Furthermore, the recorded XPS spectrum of Ceo powder was similar as observed by other

scientists for non-functionalized material[224].

Cls spectra for SWCNTs (Figure 17¢) before/after annealing and powder demonstrated
that carbon nanomaterials were not damaged during film manufacture and annealing, which
proves that lack of functionalization might cause the hydrophilization. The increasing intensity
of the band in 532 eV (Figure 17d) was caused by the nanocarbon surface's adsorption of H,O
and O»[221-223]. Results are coherent with the previous research, which demonstrated a lack

of oxygen functional groups, which might be responsible for hydrophilization[1,3].

SLG/Cu Cls scan (Figure 17¢) also presented a lack of significant change of chemical
composition (no functionalization) and was similar to results recorded by other scientists. They
showed a lack of insertion of oxygen functional groups onto the non-functionalized surface of
SLG during the annealing process[116]. O1s scan of SLG/Cu (Figure 17f) presents the impact
of support on XPS spectra as the band at 530.6 eV likely comes from CuO[225]. Copper as a
hydrophilic material (measured WCA before graphene synthesis was 32.6+4.8°) definitely can
easily adsorb water from the air[226], so the observed band increase at 532 eV may be due to
the presence of Cu and give wrong conclusions as to the causes of the presence of water.
Considering this statement, it was decided not to analyze the Ols scan in the case of SLG/Cu

due to a potential misunderstanding of the results.

In light of the above interpretation, it was concluded that the nanocarbon materials do

not undergo chemical functionalization during annealing.
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Figure 17 XPS spectra: Cgo coatings before/after annealing and Cgo powder used to manufacture
coating — a) Cls scan and b) Ols scan, SWCNTs VFFs before/after annealing and SWCNTs
powder used to create it — ¢) Cls scan and d) Ols scan, SLG/Cu before/after annealing — ) Cls

scan and f) Ols scan.
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4.1.2 Phenomenon of hydrophobization of nanocarbon surface
4.1.2.1 Impact of deposited hydrocarbons and airborne contaminants

Literature has shown that in the cases of the 1D material (SWCNTSs), the 2D material
(SLG), and the 3D material (HOPG), the hydrophobicity of carbon materials is caused by
airborne pollutants (hydrocarbons)[1,2,116]. However, all papers for 1D materials have not
considered the effect of roughness, the calculation of surface energy from theoretical models
has not been conducted, and the observed phenomenon has not been fully explained. As a
consequence, the mechanism of the phenomenon has not been proposed, and it is not known

what kinds of hydrocarbons are responsible for this effect.

Thus, the analysis began with depositing two chemical compounds: cyclohexane
(carbon atoms with hybridization sp*) and benzene (sp? carbon atoms), on macroscopic objects:
a) Ce0, b) SWCNTs, ¢) SLG/Cu, and d) HOPG by vapor deposition to define the hydrocarbons
that generate this phenomenon. The vapor pressure of these two CxHy is the same, which makes
them perfect for defining which hydrocarbon is more preferred[227]. As the results show,
investigated carbon nanomaterials favor the deposition of aromatic structures, which makes
them more hydrophobic (Figure 18), according to the results. After one day of saturation,
cyclohexane did not affect the WCA of the 0D nanomaterial (Cso). On the other hand, after 20
minutes, the benzene responded by raising the WCA value. Benzene caused a quicker transition
in the surface character to hydrophobic for 1D, 2D, and 3D than cyclohexane did. It was noted
that it takes 15 minutes to notice a more hydrophobic surface while using HOPG (3D material).

This phenomenon will be described later part.
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Figure 18 WCAs values of samples: a) Ceo, b) SWCNTs, ¢) SLG/Cu, and d) HOPG, which were
exposed to cyclohexane (sp’) and benzene (sp?) vapors (for the specified time), which have a

similar vapor pressure.

According to the aforementioned observations, aromatic structures are preferred by
carbon surfaces over sp® carbons. It is probably the result of favored interactions between the
sp? carbon lattice and benzene's m-orbital system[228]. Additional aromatic compounds,
including polycyclic aromatic hydrocarbons (PAHs) such as naphthalene, anthracene, and
pyrene, as well as methyl derivatives of benzene (toluene, o-xylene, and mesitylene), were
employed to purposefully contaminate the nanocarbon surfaces (Ceo, SWCNTs, SLG/Cu,
HOPG) in order to understand this interaction better. The coverage of various substances was
calculated on the graphene surface using the Langmuir isotherm model, and the results show

that each could cover the surface and form a monolayer (Table 8).

61



Table 8 Information from the literature was used to calculate the graphene surface's cover
degree. During the experiments, the ambient temperature was 293 K (20 °C) and the

atmospheric pressure was 1008 hPa

Adsorption
pPa Kadipe
CxHy OLan to the Ref.
[Pa] (20 °C)
surface
Benzene 9619 9.8-10% 1 Parallel
[229]
Toluene 2828 4.0-10%6 1 Parallel
Naphthalene 12 3.0-10Y 1 Parallel [230,231]

p4 — vapor pressure, Kqip.— equilibrium constant between adsorption and desorption on the graphene surface,

Oran— Langmuir cover degree of surface, adsorption on the surface — parallel or perpendicular

Due to the superhydrophilic surface of Cso, SWCNTs, and strongly hydrophilic copper
foil (base for SLG, WCA®" = 32.6+4.8°), the Wenzel model was more suitable than Cassie-
Baxter because it assumed that the water droplet should penetrate the rough surface[1,232].
AFM scans (Figure 19) were registered to measure the roughness. Wenzel roughness factor (r)
reached the following values: 1% = 1.39, SWENTs = 1 11, SLO/Cu = 1,00, and rHOPC = 1.01.
Therefore, roughness has a sizable impact on WCA for 0D and 1D materials (r >1), so the
Wenzel model was used to reduce this impact. The results of roughness measurements for
SLG/Cu and HOPG were coherent with research conducted by Kozbial et al.[233], who used
similar materials. In the case of C¢o and SWCNTs, no information was found about the impact
of roughness on wettability in the literature about macroscopic objects made from the same
materials and methods used in this dissertation. The surface roughness effect was not taken into
account in the analysis data for SLG/Cu and HOPG since, according to the Wenzel model, it

had no discernible influence on the WCA values of these samples.
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Figure 19 AFM surface scans which were obtained to a computer for: a) Ceso, b) SWCNTs,
¢) SLG/Cu, and d) HOPG.

Only benzene and its methyl derivatives caused the change of WCA of Ceo coating (one
day of exposition of Ceo coatings to PAH vapor did not affect their WCA). After 6 hours of
exposure, it was discovered that depending on the number of methyl groups in the benzene ring,
the wettability in the case of benzene derivatives affects the substrate differently (Figures 20a
and b). Due to the hydrophobic nature of these groups and the geometry of 1D materials,
SWCNTs become more hydrophobic as the number of methyl groups in the benzene ring
increases (Figures 21a and b). The cylindrical shape of the SWCNTs might cause better
exposure of the hydrophobic groups to water. What is more, it caused the surface of a
macroscopic object to be rough because of agglomerations of carbon nanostructures. On the
other hand, for SLG/Cu and HOPG, the presence of CxHy with methyl groups generally resulted
in declining WCA compared to benzene (Figures 21c and d). Although the number of methyl
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groups in the benzene ring had no discernible influence on WCA, the final value for SLG/Cu
was 80+5° and HOPG was 90+5°. These findings imply that steric hindrance between the methyl
groups onto the graphene surface may be in charge of the various behaviors. The hydrophobicity
of 1D, 2D, and 3D materials decreases as the number of aromatic rings in the hydrocarbon
molecules increases (Figures 22a, b, ¢, and d). The basic trends were unaffected by corrections
based on the Wenzel model (Figures 20b, 21b and 22b). These observations are explained later

in the section concerning surface free energy.

a) C,, (measured) b) C¢, (Wenzel model)
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Figure 20 a) WCA for Ceo samples CxHy without considering the impact of roughness, b) WCA

computed from Wenzel model after 6 hours of deposition of specified compounds.
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Figure 21 Evolution of the WCA value during exposure to methyl derivatives of benzene for:

a) SWCNTSs measured during experiments, b) SWCNTs recalculated using the Wenzel model,

¢) SLG/Cu, and d) HOPG.
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Figure 22 Evolution of the WCA value during exposure to PAHs for: a) SWCNT measured
during experiments, b) SWCNTs recalculated using Wenzel model, ¢) SLG/Cu, and d) HOPG.

Aromatic hydrocarbons do not have any impact on Raman spectra — bands from Cgo had
a similar intensity to that of Ceo coating after annealing (Figure 23). Therefore, XPS
measurements were conducted to understand what caused the hydrophobization of the
nanocarbon surface when it is saturated with vapor aromatic hydrocarbons. For Cls scans of
Ceo coatings (Figure 24a), the differences between the annealed coating and coatings with
mesitylene were minor. For benzene and toluene, bands between 285 eV and 286 eV were
observed to increase. WCAs after 6 hours of saturation vapor CxHy were still hydrophilic, which
suggests that the adsorption process has not finished and during the transport, it might be
adsorbed undefined airborne contaminates. On the other hand, after 6h Ceso coating with
deposited mesitylene was almost superhydrophobic (149.0+£1.0°). Ols analysis (Figure 24b)
demonstrated decreasing the intensity of the band at 532.5 eV from C=0, H>O and O caused
by the CxHy deposit. Thus, the Ceo surface preferred mesitylene (1,3,5-trimethylbenzene) over

benzene derivatives with fewer methyl groups in the aromatic ring. Cls and Ols scan spectra
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of Ceo coating before annealing are different from those presented in Figure 24, and the reason
is the presence of adsorption acetone on the surface, which caused the change in spectrum

shape.
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Figure 23 Ceo's Raman spectra with CxHy deposits: Ceo coating after annealing, Ceo coating
exposed to vapor benzene (Ceo coating ex. to ben.), Ceo coating exposed to vapor toluene (Ceso
coating ex. to tol.), Ceo coating exposed to vapor xylene (Ceso coating ex. to xyl.), Ceo coating

exposed to vapor mesitylene (Ceo coating ex. to mes.).
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Figure 24 XPS spectra of Ceo coatings with deposited CxHy on their surface after 6 hours of
exposition to vapor: reference material — coating after annealing, Ceo coating exposed to vapor
benzene (Ceso coating ex. to ben.), Ceo coating exposed to vapor toluene (Cego coating ex. to tol.),

and Ceo coating exposed to vapor mesitylene (Ceo coating ex. to mes.).

Then, SWCNTs samples with CxHy deposits were analyzed by Raman spectroscopy

(Figure 25a) and the results were correlated with the electrical conductivity of these materials
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(Figure 25b). Only in the case of mesitylene, the growth of Ip/Ig was observed in the Raman
spectrum. Ip/Ig increased from 0.10 to 0.15 compared to pristine SWCNTSs, but it is within the
measurement error. Other hydrocarbons did not have a tangible impact on the intensity of the
D band. Moreover, any CxHy deposited had no statistically important impact on the electrical
conductivity of the SWCNTs VFFs (Figure 25b) either. Figure 26 presents the XPS spectra of
chosen samples of SWCNTs and SLG/Cu with deposited aromatic hydrocarbons. Aromatic
hydrocarbons did not influence the spectra of SWCNTs for Cls (Figure 26a), but they replaced
adsorbed water — decreasing the intensity of the 532 eV band in the Ols spectra (Figure 26b).
A slight change in the SLG/Cu spectra was observed, except for the SLG/Cu sample with the
embedded spectrum of SLG with deposited mesitylene, where the intensity growth was noted

in the range 284.6 — 286 e¢V. C-H bonds might cause this growth (Figure 26c¢).

To summarize this section, the Ceo surface preferred benzene methyl derivatives with
more alkyl groups than other arenes. It results that the Ceo surface is quicker becoming
hydrophobic using vapor xylene and mesitylene for deposition onto the surface than toluene.
The SWCNTs and SLG/Cu did not have any preferences in the case of aromatic hydrocarbon

chemical structure.
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Figure 25 SWCNTs after deposition of CxHy: a) Ip/Ig calculated from Raman spectra and b)

electrical conductivity normalized to pristine material.

Pristine — SWCNT VFF after annealing, Benzene — SWCNTsVFF after annealing exposed to
benzene vapor, Toluene — SWCNT VFF after annealing exposed to toluene vapor, o-Xylene —
SWCNT VFF after annealing exposed to o-xylene vapor, Mesitylene — SWCNT VFF after
annealing exposed to mesitylene vapor, Naphthalene — SWCNT VFF after annealing exposed
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to naphthalene vapor, Anthracene — SWCNT VFF after annealing exposed to anthracene vapor,

Pyrene — SWCNT VFF after annealing exposed to pyrene vapor.
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Figure 26 XPS spectra of chosen samples of SWCNTs with deposited CxHy a) Cls Scan and
b) Ols Scan; SLG/Cu with deposited CxHy c) a) Cls Scan and d) Ols Scan.

The reactions of the annealed samples to prolonged atmospheric air exposure were also
investigated (Figure 27). The Ceo (0D) coating retained its superhydrophilic properties in air
after annealing. The WCA rose for SWCNTs (1D), SLG (2D), and HOPG (3D) materials. For
SWCNTs, the WCA value peaked at roughly 50° after reaching its maximum value of 50.7+2.5°
after a week of air exposure. The highest value of WCA was seen for 2D and 3D carbon
materials after one day, and afterward, there was a minor decline. According to Salim et al.,
minor fluctuations in the WCA may result from the dynamic replacement of surface pollutants,

such as when greater molecular weight molecules replace lower molecular hydrocarbons[81].
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In conclusion, it was found that the hydrophilic-to-hydrophobic transition of OD and 1D
nanomaterials occurred significantly more slowly than in the cases of flat and smooth 2D and
3D. It suggests that the geometry, surface area, and roughness of macroscopic objects from
carbon materials may be involved. 0D and 1D objects tend to create an aggregation, which

causes the roughness of surface macroscopic objects and high surface area[234,235].
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Figure 27 Measured evolution of WCA for carbon materials as a function of time of exposition
to air a) and b) WCA computed by Wenzel model. Ceo coat. bef. ann. — Cgo coating before
annealing exposed to atmospheric air for more than three months after manufactured coating,
Ceo coat. aft. ann. — Ceo coating after annealing and then exposed to air, SWCNTs VFF bef. ann.
— SWCNTs VFF before annealing exposed to atmospheric air for more than three months after
manufactured VFF, SWCNTs VFF aft. ann. - SWCNTs VFF after annealing and then exposed
to air, SLG/Cu bef. ann. — SLG/Cu before annealing, SLG/Cu aft. ann. — SLG/Cu after
annealing and then exposed to air, HOPG bef. exf. - HOPG exposed to atmospheric air for more
than three months after exfoliation, HOPG aft. exf. - HOPG after exfoliation and then exposed

to air.

4.1.2.1 Mechanism of the phenomenon of hydrophobization of nanocarbon surface

For Cso and SWCNTs, ATR-FTIR results (Figure 28) present the following bands from
adsorbed hydrocarbons before annealing: 1, 2, and 3 — C-H saturated (CH3 and CH> groups) at
2904 cm™ and 2972 cm™ (Ceéo and SWCNTSs), and 4, C=C aromatic/unsaturated at 3004 cm’!
(SWCNTs). The spectra of the annealed samples did not contain these bands. Also seen were
the distinctive water bands (3100-3500 cm™). In conclusion, the evidence strongly suggests that

the surface of an annealed nanocarbon (sp? carbon) initially absorbs water from the air before
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it is replaced with hydrocarbons. The delayed variation of WCA in the case of HOPG exposed
to benzene vapor is similarly explained by ATR-FTIR data (Figure 29). It was previously
reported by Z. Li et al. that the surface contamination of the HOPG surface by airborne
hydrocarbons is affected by both temperature and humidity[118]. It still detected H>O peaks on
the surface of HOPG 10 min after benzene vapor exposure. The peak vanished, though, after
treating the air samples for a further 15 minutes. Furthermore, the peaks are substantially
weaker in the spectra of HOPG treated with 15 minutes of saturation benzene vapor. The water
is thus replaced by benzene on the graphite surface between 10 and 15 minutes. The speed of
the process and the solubility of benzene (other used hydrocarbons are insoluble) in water are
the causes of this peculiar behavior[236]. Additionally, the XPS Ols scan revealed the
mechanism of the hydrophilic-to-hydrophobic transition for nanocarbon materials. In the case
of Ceo coating before annealing, it was observed high band from the band at 532 eV, C=0
(acetone), H>O, and O,. The molecules were adsorbed during the process of manufacturing
coating. After annealing, the data revealed an intensifying peak at around 532.5 eV from
absorbed water (Figure 30). The strength of this peak waned after a month. It is hypothesized
that water was initially adsorbable from the air after hydrocarbons subsequently replaced
annealing. As was mentioned before, the presence of Cu has a significant impact on the spectra
of SLG/Cu, so it was decided to use the HOPG as a model of the graphene surface. It was
observed that the peak from the water had disappeared after 1 month of exposition of HOPG
after exfoliation to air. The XPS data are coherent with ATR-FTIR spectra. The results of the
XPS Ols scan for HOPG are also coherent with those recorded by Z. Li et al.[118], but this
dissertation presents the mechanism of the observed phenomenon of hydrophobization
nanocarbon surface. The adsorption of water onto the nanocarbon surface is the first step of the
phenomenon and the hydrocarbons are replacing the water and causing the hydrophobicity of

the surface.
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Figure 28 FTIR spectra of Cso and SWCNT samples: before/after annealing and exposed to air

after annealing for 1 month.
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Figure 29 ATR — FTIR spectra of HOPG samples under various circumstances. HOPG bef. exf.
— HOPG before exfoliation, HOPG aft. exf. — HOPG after exfoliation, 10 min benzene —
samples exposed to benzene vapor for 10 minutes, 15 min benzene — samples exposed to

benzene vapor for 15 minutes, 10 min ben.+15 min air — samples exposed to benzene vapor for

10 minutes and then 15 minutes to atmospheric air.
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Figure 30 XPS Ols scans of a) Cso, b) SWCNTs, and ¢) HOPG.

Nanocarbon materials' surface-free energies were estimated to further understand the
mechanism. Although several theoretical models for the calculation of surface free energy have
been created, Neumann[128], Fowkes[129], and Owens-Wendt (Fowkes expanded by Good's
equation)[130] are the three that are most widely used. The Fowkes and Owens-Wendt models
provide dispersive and polar components, whereas the Neumann model enables calculating
total surface free energy. The wetting behavior of the surfaces utilized in this work can be
completely comprehended when the data from the models are combined with those from
microscopy and spectroscopy. The surface free energy derived by the Fowkes model[129] is
depicted in Figure 31 (data for the model are in Tables 9 and 10). The computation's output
consistently shows a decrease in the polar component of the total surface free energy (y?) caused
by deposited surface impurities. Additionally, it was observed that the dispersion part is reduced
in the case of SLG/Cu, but the reduction in value y? is considerably greater. For all Cso and
SWNCTs samples, the dispersion part (non-polar part) value is constant. Ceo 30.6 mJ/m?
(22.6 mJ/m? from the Wenzel model), SWCNTs 30.6 mJ/m? (27.7 mJ/m? from the Wenzel
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model), and SLG 18.7 mJ/m? are all substantially more polar than the uncontaminated surface.
The y? did not change for Ceo after one day of exposure to the air, when the highest value of
WCA was seen, but for SWCNTs and SLG, the values considerably were reduced. Wenzel's
values were as follow: 30.6 mJ/m? — 17.4 mJ/m? (Wenzel 27.7 mJ/m?> — 16.6 mJ/m?) and
18.7 mJ/m? — 6.0 mJ/m>. The drop in y? was caused by all hydrocarbons. Only for SLG/Cu
samples did the dispersion part's value decrease. For various nanomaterials, the y? depends on
the quantity of methyl groups in the benzene ring. The effect on 0D carbon is unclear. Increasing
the methyl groups caused a clear increase of y? in the case of 1D carbon. The number of methyl
groups does not affect the y? of 2D carbon. As mentioned previously, increasing the number of
aromatic rings in the CxHy compound caused weaker hydrophobization of nanocarbon surface.
Furthermore, nanocarbons with pyrene deposit has the highest value of polar energy. To explain
this, thin coatings of the corresponding pure hydrocarbons on glass were created, and their
contact angles were measured (Table 10). Naphthalene and anthracene have similar surface free
energies, totaling 51.2 mJ/m? and 51.6 mJ/m?, respectively, with polar parts of 0.4 mJ/m? and
0.8 mJ/m?, respectively. On the other hand, the y? value for pyrene is substantially greater at 2.3
mJ/m?, with a total surface energy of 53.1 mJ/m>. Because pyrene is substantially more polar
than the other selected PAHs, samples containing it are more hydrophilic than others. For all
carbon nanomaterials, the free surface energy of benzene and naphthalene was found to be the
lowest. They are among the most prevalent air contaminants[109]. XPS and FTIR studies, on
the other hand, demonstrated that the alkyl group was present on the surface of nanocarbon
materials that were exposed to air. Benzene and toluene are frequently the principal pollutants
in these reports on the composition of air pollutants in industrialized and urban
areas[109,110,112,237]. Other aromatic structures frequently have concentrations even 100
times smaller than theirs. All of these data leads to the conclusion that benzene and its alkyl
derivatives are most likely the cause of hydrophobicity in common carbon materials, and the
WCA value of nanocarbon materials relies on the composition of airborne contaminants.

Figure 32 presents the proposed mechanism due to the results of this scientific work.
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Figure 31 Surface free energy of prepared samples: WCAs of a) Ceo measured from
experiments, b) Ceo coatings computed using contact angle calculated from the Wenzel model,
¢) SWCNTs VFFs measured from experiments, d) SWCNTs VFFs computed using contact

angle calculated from the Wenzel model and e) SLG/Cu foil measured from experiments.
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Table 9 Selected liquids and their surface free energy

Liquid v [mI/m?] Yy [mJim?] Y, [mI/im?] Ref.
Diiodomethane
50.8 0.0 50.8 [238]
(DIM)
Water 72.8 51.0 21.8 [238]

Table 10 Information utilized by the Fowkes model to calculate the free surface energy

Material Medium Exposition time  6;water 6; DIM r 0w water 06, DIM
Before annealing 138.3£0.8  0.0+0.0 122.1£0.5 43.8+0.0
After annealing
Air (about 15 0.0+0.0  0.0+0.0 43.8+0.0 43.8+0.0
seconds)
1 day 0.0£0.0  0.0+0.0 43.8+0.0 43.8+0.0
Benzene 360 minutes 67.0£3.9  0.0+0.0 73.4+2.7 43.8+0.0
Ce Toluene 360 minutes  53.1484 0.0+0.0 139  60.946.9 43.840.0
0-Xylene 360 minutes 102.8+9.0  0.0+0.0 98.8+6.3 43.8+0.0
Mesitylene 360 minutes 149.0+1.0  0.0+0.0 127.6+£0.5 43.8+0.0
Naphthalene 360 minutes 0.0+0.0  0.0+0.0 43.8+0.0 43.8+0.0
Anthracene 360 minutes 0.0+£0.0  0.0+0.0 43.8£0.0 43.8+0.0
Pyrene 360 minutes 0.0£0.0  0.0+0.0 43.8+0.0 43.8+0.0
Before annealing 81.3£3.5  0.0+0.0 81.8+3.1 43.8+0.0
After annealing
Air (about 15 0.0£0.0  0.0+0.0 25.6+0.0 25.6+0.0
seconds)
1 day 42.742.4  0.0+0.0 48.4+1.9 25.6+0.0
ST Benzene 30 minutes 89.3£5.7  0.0£0.0 89.0+£5.1  25.6+0.0
Toluene 30 minutes 109.8+5.8  0.0+0.0 111 107.3+5.1 25.6+0.0
0-Xylene 30 minutes 119.8+8.6  0.0+0.0 116.0+7.4 25.6+0.0
Mesitylene 30 minutes 135.5£5.6  0.0+0.0 129.4+4.6  25.6+0.0
Naphthalene 1020 minutes ~ 103.7+7.5 0.0+£0.0 101.3+6.7 25.6+0.0
Anthracene 1020 minutes 72.3£4.0  0.0+0.0 73.9£3.5 25.6+0.0
Pyrene 1020 minutes 43.5¢1.6  0.0+0.0 49.0£1.3  25.6%0.0
After annealing
) (about 5 41.842.1 16.6£1.0 41.842.1 16.6+1.0
SLG/Cu Air 1.00
seconds)
1 day 71.5£2.0 34.2+2.2 71.5€2.0 34.2+2.2
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Benzene 60 minutes 83.8+2.4 44.0+£2.7 83.8+2.4 44.0+£2.7

Toluene 60 minutes 77.1£2.8  39.4+3.1 77.142.8  39.4+3.1

0-Xylene 60 minutes 78.7£1.8 38.5+2.1 78.7£1.8 38.5+2.1

Mesitylene 60 minutes 74.3+£2.5 37.4+1.3 74.3+£2.5 37.4+1.3

Naphthalene 60 minutes 90.0+£0.3 52.9+4.1 90.0+0.3 52.9+4.1

Anthracene 60 minutes 90.7+£6.8  53.7+4.1 90.7+£6.8  53.7+4.1

Pyrene 60 minutes 712449 32.9+1.5 71.2+49 32.5£1.5
Naphthalene - - 105.1+3.5 0.0+0.0 - - -
Anthracene - - 101.5£2.6  0.0+0.0 - - -
Pyrene - - 77.4+1.9  0.0+0.0 - - -

0y — static contact angle, r — Wenzel roughness factor, 0,, — Wenzel contact angle. The exposition time of vapor

CH, was selected by choosing the highest WCA value for samples.
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Figure 32 Mechanism of the phenomenon of hydrophobization of nanocarbon surface.

4.2. Oxidation of SWCNTs — synthesis, characterization and properties of DFs from
O-SWCNTs

The next step was to synthesize functionalized nanomaterials to compare them with non-
functionalized ones. Due to the good mechanical properties of the as-obtained SWCNTs
VFF/DFs and lack of support (free-standing), they were chosen for functionalization to
eliminate the impact of support, which would be present in case of Ceo and SLG/Cu. The
Hummers method was employed to oxidize the material. The impact of the oxidation conditions
on the SWCNTs was measured using the Ip/Ig ratio measured using Raman spectroscopy. The
amount of sp>-hybridized carbon atoms and other defects is reflected in the intensity of the D
band[239]. As a result of the increased defect content, one may anticipate an increase in the
Ip/lG ratio as oxidation advances. For three reaction temperatures 0 °C, 18 °C, and 40 °C, the
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evolution of the D peak intensity was examined (Figure 33a). The KMnO4+/SWCNT mass ratio
was maintained constant (7.5:1) throughout these studies. The strong crystallinity of pure
SWCNT material was demonstrated by its low Ip/Ig value of 0.015+0.001 (Figure 33a). When
oxidizing conditions were applied to the SWCNTs, a significant rise in the Ip/Ig ratios was seen
after finishing the dosing of KMnOs (time of reaction t=0 min). While the treatment was at
0 °C the Ip/Ig ratio increased to just 0.069+0.012, but when the temperature was raised (the rest
of the parameters were constant) to 18 °C — Ip/lg was 0.624+0.061 and 40 °C, Ip/lg —
0.853+0.034. An analysis of the kinetics revealed two different treatment routes for reactions
that took place while the mixture was being cooled (0 °C) compared to 18 °C and 40 °C. In the
first instance, the reaction continued steadily for the first 60 minutes before gradually slowing
down compared to higher temperatures. The Ip/Ig ratio reached a value of 0.58+0.07 after 420
minutes at 0 °C, demonstrating a high level of disorder had been introduced to the SWCNTs. It
is interesting to note that the procedure behaved differently for the treatments at higher

temperatures.

At temperatures of 18 °C and 40 °C, the Ip/Ig ratio rapidly rose after finishing dosing,
and then the Ip/Ig decreased value (Figure 33). After achieving the minimum Ip/Ig ratio grew
again and was stable at a certain level. The degree of disorder in the system may initially
diminish if the conversion rate of these CNTs species to CO; is faster than the rate of
incorporation of the oxygen functional groups into the entire population of SWCNTs[64]. When
these small-diameter SWCNTs were removed, only a rise in the Ip/Ig ratio was seen, a sign of
the larger-diameter species' gradual functionalization. Relatively broad error bars on the Ip/Ig
quotient values also served as a good indicator of the polydispersity of the SWCNTs used in the
investigation. It is possible that the oxidation of the different SWCNT types did not proceed at
the same rate since the material had a somewhat wide diameter distribution of 0.75 nm to
3 nm[240]. The final value of Ip/Ig for 18 °C and 40 °C after 420 minutes of oxidation SWCNTs
achieved is as follows 0.73+0.10 and 0.90+0.05.

It was chosen to investigate how various ratios of KMnO4 to SWCNTs impact the
oxidation course to better understand the oxidation process via the Hummers method (Figure
33b). The notation of t=0 min indicates that the reaction was quenched immediately after the
introduction of the oxidant was complete. At this point, the actual reaction time was 30 minutes
because KMnQO4 was injected gradually in each case over the course of 30 minutes. Detailed
information about the procedure of SWCNTs oxidation is provided in section 3.3.2.4 Oxidation

of SWCNTs, O-SWCNTs VFFs, and O-SWCNTs DFs. The kinetics of the process would be too
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quick at 40 °C, hence the temperatures of 0 °C and 18 °C were used for this analysis. According
to expectation, the more oxidant present, the more disorder was introduced into the material. At
0 °C, the amount of KMnOj4 had a negligible effect on the chemical modification. When the
temperature was 0 °C and the ratio KMnO4+/SWCNTs=7.5, the Ip/Ig ratios only went up from
0.015+0.001 (pure SWCNTs) to 0.069+0.012. Therefore, although the oxidant was present in
large quantities, it could not be effectively utilized when the process's time was short (t=0 min)
and the temperature was low. On the other hand, even for the short reaction time, a rapid kinetics
rise was seen when the process temperature was raised to 18 °C. A significant number of
functional groups containing oxygen were linked to the side walls of SWCNTs once the ratio
of KMnO4/SWCNTs=1.9 was attained (In/Ic=0.102+0.033). After this, the reaction advanced
quickly before stabilizing at Ip/1=0.624+0.006 for KMnO4+/SWCNTs=7.5.
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Figure 33 Results of investigation of the effect of SWCNT oxidation on the Ip/Ig ratio of the
final product as a function of (a) time (KMnO4+/SWCNTs=7.5), and (b) KMnO4+/SWCNT ratio
(t=0 min). Reproduced with permission from ref. [3] Copyright © 2022, Nature Publishing
Group.
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Figure 34 displays a Raman spectrum of the product produced under these
circumstances (KMnO4/SWCNTs=7.5, T=18 °C, t=0 min). The D and G peaks both exhibit
significant broadening after oxidation. Bond heterogeneity and phonon lifespan shortening
affect functional group grafting for the G band[241]. The FWHMs of the D and G bands
increased significantly for highly functionalized SWCNTs to the point where these features
began to converge. Additionally, the treatment had an impact on the G band, which had
previously been split into G- and G+ components as a result of a symmetry breaking of the
C-C bond stretching brought on by the influence of SWCNTs curvature[242]. These two
features could no longer be recognized after oxidation, as in the earlier reported oxidation of

SWCNTSs[243].
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Figure 34 Comparison of Raman spectra substrate and product of oxidation SWCNTs in
specified conditions. Reproduced with permission from ref. [3] Copyright © 2022, Nature
Publishing Group.

Additionally, it was found that the G band maximum's location changed toward higher
wavenumbers by as much as 10 nm. First, the simple interaction of SWCNTs with Brensted
acids causes the nanocarbon to be p-doped[30]. Mineral acids utilized in the study, such as
H>SO4 and H3POs, have the ability to remove electrons from the system, lowering its Fermi
level[244]. Second, the presence of oxygen-containing functional groups like carboxyl and
hydroxyl on the surface of SWCNTs reduces the electron density even more as a result of their
ability to pull electrons[62,245]. Either of these modifications can explain the change
mentioned above. As a result of the presence of oxygen in the air, SWCNTs are already p-doped,
and the amount of the observed shift is significant[246]. Finally, the appearance of the D+D'

characteristic from a two-phonon interband transition made possible by a high defect
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concentration[216,241] was a sign of the material's significant functionalization (Figure 35). As
can be seen for the samples made at 40 °C, as the D+D' peak's intensity increased, the 2D band's

intensity steadily dropped as a result of damage to the SWCNT side wall.
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Figure 35 For pure SWCNTs and the end products of oxidation carried out under the prescribed
conditions, the evolution of 2D and D+D' characteristics. Reproduced with permission from

ref. [3] Copyright © 2022, Nature Publishing Group.

The alterations to the material's microstructure were shown using SEM (Figure 36).
Once more, the sample processed at 40 °C was examined because this was the temperature
where oxidation was most active. The SWCNT DFs were made of bundles of SWCNTs
organized isotropically since horizontal alignment is not brought about by the ensemble
production technique utilized, drop casting. The micrograph (Figure 36a) shows voids, which
reduce the material's ability to transfer charge. However, the structure was significantly
densified as soon as the SWCNT DFs came into contact with the extremely oxidizing and acidic
media (Figure 36b). It was previously reported that porous CNTs films or fibers may condense
when subjected to HCI, H2SO4, or HNO3[247]. In addition to doping, the material's electrical
conductivity rises as the individual CNTs and their bundles are packed closer together[248].
Additionally, the SWCNT DF's structure had become partially covered after 30 minutes of
oxidation, which was not visible in the micrograph made after a longer oxidation period of
420 min (Figure 36¢). It confirms our earlier theory that a portion of the substance (presumably
defective and small-diameter SWCNTs) was initially highly oxidized. The more stable
SWCNTs experienced gradual functionalization while these species were eliminated as the

treatment continued.
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Figure 36 SEM micrographs for: parent material (pure SWCNTSs) and oxidized products under
chosen conditions. Reproduced with permission from ref.[3] Copyright © 2022, Nature
Publishing Group.

After analysis of the SWCNT-based powders, their macroscopic networks were
examined. Figure 37 shows the calculated In/IG ratios for DFs formed from oxidized SWCNTs
at various KMnO4/SWCNTs ratios at 0 °C and 18 °C based on obtained Raman spectra. Similar
to the base SWCNT powder utilized to create SWCNT networks, the level of disorder in the
SWCNT ensembles rose with the amount of oxidant (Figure 36b). At 0 °C, the Ip/Ig ratio grew
from 0.01540.001 to just 0.108+0.018 at the KMnO4+/SWCNTs ratio of 7.5. however, at 18 °C,
the Ip/lg ratio increased to as high as 0.57440.006. This result was anticipated because the
higher the oxidation temperature, the more dynamic the insertion of functional groups into the
SWCNTs. As one might expect, due to the effect of temperature on functional groups and EC
(removing sp® carbon), the reported values for the DFs are slightly lower than for the obtained

oxidized SWCNTs material utilized to manufacture the DFs. The employed high-temperature
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annealing, which removes the EC binder, could also separate some functional groups from the

SWCNT side wall[249], lowering the Ip/Ig ratios.

untreated
0.1 0°C
T . a0

0 2 4 6 8
KMnO,/SWCNT ratio [-]
Figure 37 The impact of SWCNT oxidation on the Ip/Ig ratio of the DFs made from oxidized

SWCNTs determined by Raman spectroscopy as a function of the KMnO4/SWCNT ratio (t=0
min). Reproduced with permission from ref.[3] Copyright © 2022, Nature Publishing Group.

In addition, efforts were made to relate the conductivity of the material to the degree of
structural disorder. Electrical conductivity was measured for samples of oxidized SWCNTs
obtained at 0 °C and 18 °C (Figure 38). SWCNTs were submerged in the reaction mixture, and
this resulted in a significant improvement in electrical conductivity. Due to the doping action
of Brensted acids (H2SOs and H3PO4)[30], electrical conductivity values for low
KMnO4/SWCNTs ratios were greatly enhanced. The conductivity of the pure SWCNTs DFs
was 283+32 S/cm, but it increased to 1321+95 and 1369+84 S/cm for the treatments at 18 °C
and 0 °C. The addition of more KMnO4 oxidants introduced disorder, which resulted in a rapid

decline in the electrical conductivity of SWCNTs DFs.
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Figure 38 The impact of SWCNT oxidation on the electrical conductivity of the DFs made from
oxidized SWCNTs as a function of the KMnO4/SWCNT ratio (t=0 min). Reproduced with
permission from ref. [3] Copyright © 2022, Nature Publishing Group.

The conditions for functionalization initiation were harsh as highly pure material was
challenging to oxidize, however once defects were produced, as previously mentioned, the
functionalization advanced. According to prior research, the unprocessed SWCNTs employed
in this work easily tolerate oxidation even when exposed to concentrated HNO3. The modified
Hummers method's conditions were potent enough to affect the substance. According to
research by Maciejewska et al., a defect (the conversion of methyl groups to formyl groups in
(8,0) SWCNTs) can be oxidized with 0.62 eV. With the addition of 0.26 eV, the carboxyl group
is formed. On the other hand, a far larger energy of 4.39 eV is required to directly implant this
group into the CNT. Defect oxidation is therefore preferred over the creation of new ones[64].
According to the results above, adding a small amount of KMnO4 did not significantly
deteriorate the electrical conductivity. The functionalization, however, accelerated with more
KMnOys, which reduced the SWCNTs DFs' electrical conductivity. The electrical conductivity
of the SWCNTSs DFs only declined below the initial value for KMnO4/SWCNTs ratios > 2. Due
to the increased kinetics of the reaction, the oxidation was more dynamic when the reaction was

conducted at 18 °C, as was expected.

Furthermore, the charge transport properties of the composite DFs made of oxidized
SWCNTs and EC were investigated. It is interesting to note that the material's electrical
conductivity dropped dramatically to 0.036+0.008 S/cm (4 orders of magnitude less than pure
SWCNTs) when treated at a high temperature of 40 °C and a high ratio of KMnO4 to SWCNTs

(7.5). The Seebeck coefficient of this specimen was characterized, revealing significant
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alterations to the electrical nature (Figure 39), reaching a very high absolute value of over
-200 uV/K at 90 °C. Compared to the initial material, which had a Seebeck coefficient of about
48 uV/K, the changes seem significant. The change of sign also implies that electrons are now
the main form of transport throughout the substance. The Seebeck coefficients of these
materials were somewhat reduced to roughly 15 uV/K by simple immersion of SWCNTs in
H>SO4/H3POs solution or brief exposure to oxidizing conditions (0 min, 0 °C,
KMnO4+/SWCNTs=7.5). As previously indicated, mineral acids dope the system to alter its
Fermi level, impacting charge carriers' mobility and density. While this makes the materials
more electrically conductive, an excessive carrier density has a negative impact on the Seebeck
coefficient[250]. In conclusion, the thermoelectric characterization findings show that the
modified Hummers method can be used to choose the right oxidation conditions in order to

modify the electronic properties of SWCNT DFs.
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Figure 39 Seebeck coefficient of the SWCNT materials discussed in the text. Reproduced with
permission from ref. [3] Copyright © 2022, Nature Publishing Group.

Finally, studies were carried out to evaluate this processing method's effect on the
material's wettability. Previously, it was mentioned that annealing CNTs free-standing
macroscopic object causes the desorption of impurities from the surface, which makes them
hydrophilic[1,2]. As a result, it would be impossible to evaluate annealed DFs made from
oxidized SWCNTs to determine the effect of oxidation because they would all be extremely
hydrophilic. Additionally, some of the functional groups on the surface may be removed during
the annealing process[245]. Considering each of these points, the filtration method was applied

to create VFFs free from EC, thereby eliminating the need to anneal the material.
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The effect of certain oxidation factors on the material's static WCA (y) is shown in
Figure 40. At 0 °C and at KMnO4+/SWCNT mass ratio of 7.5, the impact of reaction time was
first investigated (Figure 40a). Raman spectra of O-SWCNTs results demonstrated that the
radical decrease of WCA value from 71° (SWCNTs) to 27° (Figure 40a) was caused by
increasing concentration of sp carbon (Figure 33). Even at quick reaction times and 0 °C, WCA
was reduced to 48°, demonstrating that the reaction is still in motion. Not many functional
groups can be further integrated into the SWCNTs lattice because of the modest treatment
conditions. Since KMnOy is ineffectively used during the 0 °C processing, it can be inferred
that no more reactive oxygen species are available to alter the SWCNTs. What is more, as
anticipated, an increase in the KMnO4/SWCNTs ratio speeds up the oxidation process and
increases the hydrophilicity of the VFFs (Figure 40b). Two conclusions can be drawn. Firstly,
the WCA is unaffected by the immersion of SWCNTs VFFs in the acid mixture lacking the
KMnOs oxidant. Secondly, equivalent WCA values to those obtained when the treatment is
carried out at 0 °C for a lengthy period of 720 minutes (29° versus 27°) may be achieved at high
KMnOs concentrations but with rapid reaction times. It is likely that using the modified
Hummers approach would allow O-SWCNT VFFs to achieve a coherent final WCA value of
ca. 28°. The effect of temperature on the WCA of the SWCNTs networks is compared in Figure
40c. Almost identical WCA values show this for the treatments at 18 °C and 40 °C (when the
error bars are considered), thus maximum hydrophilicity was achieved for these nanomaterials.
The modified Hummers method allows modeling the nature of the SWCNT surface by
oxidation but at the expense of electrical conductivity and damage/destruction of the initial

nanostructure.

If we correspond these results to non-functionalized materials, the WCA value of
O-SWCNTs are higher than WCA annealed SWCNTs. However, the WCA of annealed
SWCNTs increases due to the adsorption of hydrocarbons from the environment. The
functionalization caused a loss of initial electrical properties. However, it is possible that after
functionalization, the surface is resistant to the phenomenon of hydrophobization due to the
presence of functional groups. The insertion of oxygen groups might prevent the creation of a
hydrophobic CxHy monolayer by interfering in n-m stacking between the nanocarbon surface
and aromatic hydrocarbons[251]. It might explain the observation of other scientists about
dispersion in aqueous solutions of oxidized nanocarbon materials[173] that they were stable

and did not need additional surfactants.
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Figure 40 WCA as a function of (a) time (T=0 °C, KMnO4/SWCNT=7.5), (b) KMnO4s/SWCNT
ratio (T=18 °C, t=0 min), and (c) temperature (KMnO4/SWCNT=7.5, t=0 min). Reproduced
with permission from ref. [3] Copyright © 2022, Nature Publishing Group.
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4.3 Composites — synthesis and properties
4.3.1 Introduction

This chapter will present the application of the phenomenon of hydrophilization of
nanocarbon surfaces to manufacture high-performance composites based on nanocarbon
materials. Three types of composites were made by connecting nanocarbon materials with:
poly(methyl methacrylate) (PMMA), different kinds of polyaniline (PANI), and copper. In the
case of PMMA, the VFFs from SWCNTs and O-SWCNTs were applied to understand the
impact of adsorbed hydrocarbons on the nanocarbon surface and functionalization on

manufacturing the composites.

The next part is devoted to the synthesis of PANI by electropolymerization onto DFEs
from DFs: SWCNTs, O-SWCNTs and composites of SWCNTs with graphene nanoplatelets. It
presents the role of wettability on electrochemical properties and the impact of PANI form on
the physicochemical properties of composites. What is more, the role of the doping effect in the
potential application of these materials as parts for supercapacitors and thermoelectric

generators is presented.

Finally, the phenomenon was applied to synthesize composite nanocarbon materials
with copper via electrodeposition and recovery of Cu from industrial wastewater. DFEs from
pure CNTs: SWCNTs, synthesized multi-walled carbon nanotubes (MWCNTSs), and
commercial multi-walled carbon nanotubes (NC-MWCNTs) were used to deposit copper onto
the nanocarbon surface. Additionally, composites: 10% O-MWCNTs, 25% O-MWCNTs, 50%
O-MWCNTs, 10% N-MWCNTs, 25% N-MWCNTs, 50% N-MWCNTs, 10% Graphene and
25% Graphene were manufactured to investigate the effect of connection two nanocarbon
structures on wettability and electrochemical properties. The results of the research work were
the establishment of a method of selective copper recovery from industrial wastewater via

electrodeposition onto nanocarbon DFEs.

4.3.2 Composites polymers and nanocarbon materials
4.3.2.1 Composites of nanocarbon with polymers containing hydrophilic groups

The impact of surface contaminants was measured by comparing the mass of deposit of
poly(methyl methacrylate) PMMA on SWCNTs without annealing (growth of mass was
72%+2%) and annealed SWCNTs VFF (347%+15%). Without adsorbed hydrocarbon, the

integration degree between nanocarbon and polymers molecules enhanced very much, leading
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to 3.36 times higher deposition (by mass) of PMMA onto annealed SWCNTs VFF, compared
with the starting material. SEM micrographs (Figure 41) did not demonstrate any
morphological changes caused by annealing, thus the thin layer of hydrocarbons caused the
lower integration degree between SWCNTs and chosen polymer before removing CxHy from
SWCNTs surface. For O-SWCNTs (oxidation parameters: time of reaction — 0 minutes,
KMnO4+/SWCNTs mass ratio — 7.5 and temperature — 40 °C), mass growth due to PMMA
adsorption was 22%=+3% (Figure 42).

Figure 43 presents the mechanical test curves for synthesized materials. The fracture
point of annealed SWCNTs VFFs was 3.99+0.01 MPa, and the Young modulus was
45.54+5.40 MPa. The oxidization of SWCNTs negatively affected the properties of pristine
material. The fracture point for O-SWCNTSs was less than 12.2 kPa+10.5 kPa (Young modulus
0.00122 MPa) - the VFFs broke soon after starting the mechanical tests. It might be caused by
destroying the material's initial morphology and creating many defects (oxidation parameters:
40°C, 0 minutes, and 7.5 ratio KMnO4/SWCNTs). The presence of chosen polymer - PMMA
increased the mechanical properties in both cases: PMMA+SWCNTs Young modulus
45.54+5.40 MPa — 102.41+5.91 MPa and fracture point 3.99+0.01 MPa— 5.89+0.03 MPa for,
analogously for PMMA+O-SWCNTs 61.56+2.41 MPa and 0.74+0.07 MPa. Figure 41 also
presents the SEM images of pristine VFFs and composites with PMMA, and we can see that
PMMA creates the layer on the VFF surface in both cases. This layer interconnecting SWCNTs
is a reason for the enhancement of mechanical properties.[252,253] Thus, the surface impurities
were the main barrier between achieving high-quality composite and inserting functional
groups onto nanocarbon to reduce material properties (Figure 43). Highly O-SWCNTs have a
much lower affinity to PMMA than SWCNTSs, which suggests that besides functional groups,
the quality of CNTs (number of structure defects) greatly impacts adsorption ability[251].
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Figure 41 SEM micrographs: a) SWCNTs before annealing — SWCNT VFF before annealing,
b) SWCNTs after annealing — SWCNT VFF after annealing, ¢c) PMMA+SWCNTs —
a composite of PMMA and SWCNT VFF after annealing, d) O-SWCNTs — VFF from oxidized
SWCNTs, ¢) PMMA+O-SWCNTs — a composite of PMMA with O-SWCNT VFF.
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Figure 42 Mass growth of PMMA after dip-coating onto VFFs: SWCNTs before annealing —
SWCNT VFF before annealing, SWCNTs after annealing — SWCNT VFF after annealing,
O-SWCNTs — VFF from oxidized SWCNTs.
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Figure 43 Mechanical tests of SWOCNTs, PMMA+SWCNTs, O-SWCNTs and
PMMA+O-SWCNTs.

4.3.2.2 Composites of nanocarbon with conductive polymers

4.3.2.2.1 Characterization of chosen DFs from nanocarbon materials and synthesis of PANI
The surface area of 723 m?/g (calculated by BET model) or 1013 m*/g (by Langmuir),
the electrical conductivity of 1075.3+54.0 S/cm, and superhydrophilic character after annealing
(WCA 0°) were all highly promising properties of manufactured SWCNT DFs. All of them
allow applying the DFs as electrochemical applications. The high porosity of the materials
(mostly micropores and mesopores) (Figure 44) is what caused the well-developed surface

area[254]. Because of m-m stacking, such porosity encourages the adsorption of organic
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molecules, particularly those with aromatic rings, when exposed to environmental conditions
or when removed from a solution[228]. To capitalize on this observation, an attempt was made
to create nanocarbon composites with conjugated polymers containing such groups. High
surface area helps the initial step of the PANI electropolymerization (EP) process when the
adsorption of aromatic water-soluble amine (aniline) happens on the surface of the nanocarbon.

Simultaneously, the superhydrophilicity of the annealed DFEs provides good interaction with

the electrolyte.
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Figure 44 Results of N> adsorption and deposition experiments on SWCNT DFs: a) isotherm,

b) pore area, and c) pore volume.

These characteristics aided in the electrochemical polymerization of PANI on
nanocarbon DFEs. The objective was to evaluate whether a change in the nanocarbon DFEs'
structure may impact the PANI deposition process. Due to the interaction between the electrons
from the aromatic ring and the electrons delocalized in the nanocarbon surface at the start of
polymerization, aniline was physically adsorbed on the SWCNT surface[151,255-257]. The
electrical charge was then moved from the carbon nanostructures to the aniline, where EP and

PANI chains formed, coating the nanocarbon surface in the process. Cyclic voltammetry (CV)
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curves of polymerization aniline onto SWCNTs are shown in Figure 45. The chosen range [(0
V)- (1.2 V)] vs. Ag/AgCl allows to synthesize PANI onto SWCNTs with a yield of 88% (Figure
45a), and its content in composite was 60%. Due to the transport of the sample and the loss of
deposited PANI caused by washing in demineralized water, the yield of the purification
procedure was reduced|[144,258]. Annealing was essential in the synthesis process since the
PANI mass percent in the composite was decreased to 15% when the surface contaminants and
dielectric binder (ethyl cellulose) were presented in DFE (Figure 45b). To prepare different
types of PANI, the electrode potential was altered. The same number of oxidation and reduction
cycles were used to produce emeraldine. The potential voltage was initially set to 0.4 V vs.
Ag/AgCl, increased to 1.2 V vs. Ag/AgCl (oxidation voltage), and subsequently decreased to
0V vs. Ag/AgCl (the reduction voltage). Thus, to create the emeraldine form (base/salt)
(EB/ES), the final cycle must be terminated at 0 V vs. Ag/AgCl. Leucoemeraldine base (LB)
was prepared on the working electrode by setting the electrode potential to 0 V vs. Ag/AgCl for
2 s. The electrode voltage was set to 1.2 V vs. Ag/AgCl for 2 s to oxidize the polymer in order
to produce pernigraline base (PB) on the working electrode. The composites of PANI and
SWCNTs during the process of EP (condition for emeraldine) gradually become more
hydrophobic (Figure 45¢) and it might be the reason why the CV curves have high resistance
during the process — integration between electrode and electrolyte is weakening. WCA for
composites after 50 cycles of EP is 55.1£4.9°, which is similar to the reported value of

emeraldine salt with HCI (WCA = 50+10° in pH range 0-1)[259].
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Figure 45 CV curves of aniline electropolymerizing process onto SWCNTs DFEs. Using
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Grzegorz Stando, Pawel Stando, Mika Sahlam, Mari Lundstrom, Haitao Liu Dawid Janas.

Published by Elsevier B.V.

The same range was used for GFSWCNTs DFEs to compare their electrochemical
properties with SWCNTs DFE. In comparison to 1:3 (51.2+0.5 mg) and 1:9 (46.1£0.5 mg), the
ratio of 1:1 (graphene/SWCNTs) produced the most substantial amount of PANI deposit
(143.4+0.5 mg). Compared to DFEs made from various ratios of graphene/SWCNTs, those
made from composites with a graphene/SWCNTs ratio of 1:9 had a much lower electric current
density (Figure 46). The composites with the 1:3 ratio could not be produced because of an
unidentified surface process that interfered with the synthesis. In order to do additional research,

a G+tSWCNTs (1:1) composite was used.

Additionally, four types of O-SWCNT DFEs were used to investigate the impact of

functionalized groups on electropolymerization. SWCNTs were oxidized under various

94



conditions to study the effects of destructive chemical functionalization: KMnO4/SWCNTs
ratio 0.95 at 18 °C; 0.95, 0.45, and 0.15 at 0 °C. Along with the peaks at around 0.6 V vs.
Ag/AgCl from the synthesis of PANI (Figure 47) also showed peaks at this location from the
oxidation and reduction of oxygen functional groups on SWCNTs[260] (OP2 and RP2 in Figure
47). As mentioned in the section about oxidation SWCNTSs, the Ip/Ig ratio of O-SWCNTs shows
the development of the oxidation process of the CNTs, and the rise in PANI mass on electrodes
was correlated. The growth was seen to be 50% for Ip/I**>!¥C = 0.102+0.032, 55% for
Ip/I*9>0C = 0.033+0.014, 154% for In/Ig***"¢ = 0.020+£0.001 and 159% for Ip/Ig*1>0C =
0.017£0.004. Ip/Ig was 0.018+0.002 for SWCNTs that were not functionalized. Functional
groups were thus detrimental to the electropolymerization process. Oxygen groups and
structural defects hindered the earliest synthesis stages, reducing the material's electrical

conductivity and interfering with -m monomer stacking onto SWCNTs.
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Figure 46 CV curves of PANI electropolymerized onto G+SWCNTs with mass ratios: a) 1:9,
b) 1:3, and c) 1:1. Reproduced with permission from ref. [6]© 2023 Grzegorz Stando, Pawet
Stando, Mika Sahlam, Mari Lundstrom, Haitao Liu Dawid Janas. Published by Elsevier B.V.
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Figure 47 CV graphs of O-SWCNTs synthesized in different parameters, Ip/Ig was as follows:
a) In/Ig*> 18°C = 0.102+0.032, b) Ip/I**> ¢ = 0.033+0.014, ¢) In/Ic** **C = 0.020+0.001,
d) In/Ic*!> 9°C = 0.017+0.004. Reproduced with permission from ref. [6]© 2023 Grzegorz
Stando, Pawel Stando, Mika Sahlam, Mari Lundstrom, Haitao Liu Dawid Janas. Published by
Elsevier B.V.

4.3.2.2.2 Characterization of PANI+SWCNTs composites

After 50 CV cycles of EP, three types of PANI were synthesized on SWCNTs DFEs,
and the Raman spectra of each are shown in Figure 48a. These spectra were normalized to the
maximum intensity of the 2D peak. The type of PANI greatly influenced the Raman spectra's
shape. In the Raman spectra, PB and ES were not discernible (Figure 48a). Small bands near
the D peak (associated with the polymer's oxidized unit at 1320-1400 cm™)
[-CeH4-N=CcH4=N-CsHs-]1)[261] were evident. From 0.018+0.002 (SWCNTs) to 0.114+0.034
(ES+SWCNTs) and 0.3254+0.002 (PB+SWCNTs), the I/l ratio increased. The G+/G- ratio
was altered by both types of PANI, and the G peak's location shifted (1 cm™ for PB and 2 cm™
for ES), indicating a doping effect[216]. The LB-related signals, on the other hand, were strong
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and covered the spectrum's D and G peaks from SWCNTs. The reduced form of
[-CeHs-NH-CHs-NH-CgHs—]n is presented also on the spectrum (bands 995 cm™!, 1193 cm™,
and 1616 cm™). The salt was manufactured on the surface of SWCNTs, according to the XPS
examination of ES+SWCNTs. In the N1s scan, -NH- (at 399 eV) and =N- (at 400.3 eV) from
the reduced and oxidized units, respectively, were seen (Figure 48b; the ratio of -NH-/=N-
intensity was 1.17:1). In addition, the nitrogen was present as the organic salt N+ (401.8 eV).
The findings showed that 54% of the nitrogen bands detected were in this form[262,263]. C12p
(Figure 48c) demonstrated chlorine was present as the counter ion, C1O4 anion (209.6 eV)[264],
to the positively charged polymer. The XPS survey spectrum demonstrated the effective
synthesis of composites, which exclusively revealed the four chemical elements carbon,
oxygen, nitrogen, and chlorine (Figure 49). The PANI chain's approximately 1:1 ratio between
an oxidized and reduced unit showed how emeraldine was prepared. All findings supported the
findings in Figure 50 and demonstrated that the methods used allowed for the selective
deposition of all forms of PANI on the nanocarbon surface[265,266]. The following chemical
bonds were detected by the Cls and Ols scans (Figure 50): C=0, C=C, C-H, C-C, C-O, C-N,
C=N, H-O, CI-0, and O=C-0[263,267,268]. Thus, the results of the N1s and CI2p scans, as
well as the Cls and Ols scans, were in agreement. All of the observed linkages demonstrated

that the ES with the C1O4 anion was created on the surface of the nanocarbon.

After 20 cycles of EP, electrical conductivity measurements were used to support the
characterization of composites. The results are shown in Figure 49d, where LB and EB reduced
the conductivity due to their non-conductive nature from 1075 S/cm to roughly 200 S/cm[143].
Because PB also functions as an insulator, its addition to SWCNTSs resulted in a less pronounced
reduction in conductivity, which came to 832.2+30.5 S/cm. It was hypothesized that "-N=N-"
bonds, which display "n-n" interactions with the nanocarbon surface, might be the source of the
less significant decrease in conductivity[151]. It is interesting to note that ES+SWCNTs
composite had extremely high conductivity - 3031.2+113.5 S/cm - but this decreased to
1473.1£82.6 S/cm as a result of the partial elimination of HC1O4 by deionized water. This value,
however, was still greater than that of the unprocessed SWCNT DFEs, both after annealing
(1075.3£54.0 S/cm) and immersion in HCIO4 solution (1345.5+13.4 S/cm, Figure 49d). Both
PANI and SWCNTs can be doped with HC1O4, according to the literature[30,269]. The obtained
results demonstrated that the addition of HCIO4 to the composites increased their electrical
conductivity. Emeraldine was dielectric in the absence of the doping agent, which reduced the

conductivity of the composite. Additionally, research demonstrated that ES interacted with the
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SWCNTs network rather than just pure PANI. The combination of Breonstead acid and PANI
that forms the ES increases charge propagation through the SWCNT network (Figure 51)[256].
Additionally, the time of washing in demineralized water was selected to achieve the desired
value for the material, reducing the amount of doping agents: 3031+113.5 S/cm (unwashed
ES+SWCNTs), 1473.1+82.6 S/cm (washed 1 min, "washed" ES+SWCNTs), and 213+11.4
S/cm (washed 5 min, EB+SWCNTs). After a year of storage, it was discovered that the electrical
conductivity of the composites made of ES+SWCNTs and EB+SWCNTs was unchanged.
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Figure 48 a) PANI+SWCNTs composites normalized to 2D, b) XPS spectrum in range N1s scan
20 cycles of EP ES+SWCNTs, c¢) XPS CI2p scan of 20 EP cycles ES+SWCNTs composites,
d) electrical conductivity of the synthesized composites. Reproduced with permission from ref.
[6]© 2023 Grzegorz Stando, Pawet Stando, Mika Sahlam, Mari Lundstrém, Haitao Liu Dawid
Janas. Published by Elsevier B.V.
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Figure 49 20 cycles of EP XPS survey. Reproduced with permission from ref. [6]© 2023
Grzegorz Stando, Pawel Stando, Mika Sahlam, Mari Lundstrom, Haitao Liu Dawid Janas.
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Figure 50 ES+SWCNTs XPS Cls (A) and Ols (B) scans following 20 cycles of EP of PANI.

Reproduced with permission from ref. [6] © 2023 Grzegorz Stando, Pawel Stando, Mika
Sahlam, Mari Lundstrém, Haitao Liu Dawid Janas. Published by Elsevier B.V.
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Figure 51 Proposition of SWCNTs and ES interactions. Reproduced with permission from ref.
[6] © 2023 Grzegorz Stando, Pawet Stando, Mika Sahlam, Mari Lundstrom, Haitao Liu Dawid
Janas. Published by Elsevier B.V.

The findings for the characteristics of ES+O-SWCNT composites revealed that the
electrical conductivity decreased when the Ip/Ig of nanocarbon material grew (Figure 52). This
result was in line with the findings of reduced PANI mass resulting from more structural defects.
As a result, electrical conductivity was reduced compared to composites based on SWCNTs
due to lower PANI salt content and DFEs with higher electrical conductivity values made from

more oxidized CNTs[3].
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Figure 52 Raman spectroscopic analysis of the evolution of electrical conductivity as a function
of Ipn/Ig ratio. Reproduced with permission from ref. [6] © 2023 Grzegorz Stando, Pawel
Stando, Mika Sahlam, Mari Lundstrom, Haitao Liu Dawid Janas. Published by Elsevier B.V.

The best outcomes in terms of prospective applications came from ES+SWCNTs.
Investigations were done into how the amount of ES affected the form and characteristics of
composites that contained nanocarbon. The Raman spectra (Figure 53), in which the bands
associated with PANI were not found, were unaffected by the amount of ES on the surface of
the SWCNTs, indicating that the ES coating did not interfere with the vibration of the
SWCNTs[29,270].
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Figure 53 ES+SWCNTs composites Raman spectra. Reproduced with permission from ref. [6]

© 2023 Grzegorz Stando, Pawel Stando, Mika Sahlam, Mari Lundstrém, Haitao Liu Dawid
Janas. Published by Elsevier B.V.
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However, the reduced [-CsHs4-NH-CsHs-NH-CsHs-]n and oxidized [-CsHs4-N=CsHs=N-
CsHa-]n bands of the graphene-containing material ES+G+SWCNTs were discernible (Figure
54a). The band at 1193 cm™ (from N,N'-diphenyl-p-phenylenediamine, reduced unit) and
1320 cm™! (from N,N'-diphenyl-p-phenylenediimine, oxidized unit) were found in the spectrum
after 5 cycles of EP. After another 15 cycles of EP, three new bands were observed at
1168 cm™, 1480 cm!, and 1525 cm™!. The width of the G peak was the same for the composites
after 5 and 20 cycles of EP, which suggested that the amount of ES was too small to disturb the
vibration of SWCNTs. However, after 50 cycles of EP, the bands from ES dominated because
the mass of PANI was 50.9% of the total mass of composites, which was not observed for 50
cycles of EP ES+SWCNTs with a similar ratio ES to nanocarbon. The interaction of 1D and 2D
carbon nanomaterials with ES disrupted the SWCNT network's vibration, causing the formation

of PANI's visible bands.

The Fourier-transform infrared spectroscopy (FTIR), as seen in Figures 54b and c,
provided a thorough characterization of ES that was not feasible using Raman spectroscopy. As
with SWCNTs DFE:s, the spectra of high-quality, pristine nanocarbon materials typically do not
show many IR bands due to their structure[271]. Thus, the PANI reaction product caused all of
the composites' identified IR bands. The following peaks were observed (Figure 54b and ¢): C-
H in aromatic connection 683 cm! and 742 cm! (out-of-plane bend), C-N 1018 cm™,
1055 cm™!, and 1128 cm™!, C=C 1485 cm™ and 1600 cm™, N-H 1568 cm™! (bending), C=C 3002
cm! (stretching), N-H 3113 cm™!, and 3194 cm! (both are from stretching)[74]. The outcomes
for the ES+G+SWCNTs samples were comparable. In order to deposit aniline onto nanocarbon
DFEs, aniline was then polymerized[265,272]. The mass of ES in the composite did not directly
correlate with the enhanced intensity of the chemical bonds such as: C-N, C=C, N-H, and C-H
from ES. The best improvement was seen for 20 cycles of EP ES+SWCNTs in the case of
electrical conductivity (Figure 54d) (SWCNT concentration was 60% of the composite mass,
ratio 2:3 ES/SWCNTs by mass). Wu et al.'s research showed that a 2:3 ES/SWCNTs ratio was
ideal for enhancing electrical conductivity[134]. The amount of ES was insufficient at 5 cycles
of EP to generate conductive pathways in the composites. On the other hand, the matrix
included an excessive amount of low-conductivity polymer for 50 cycles of EP. Due to the
variable morphology of the material, ES+G+SWCNTs needed 50 cycles of EP to generate

enough new connection routes to increase the charge transfer.
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Figure 54 a) ES+G+SWCNTs composites, FTIR spectra of composites: b) ES+SWCNTs and
¢) ES+G+SWCNTs , where 1 — C-H in aromatic connection 683 cm™ and 742 cm™! (out-of-
plane bend), 2 — C-N 1018 cm!, 1055 cm™!, and 1128 cm™, 3 — C=C 1485 cm™ and 1600 cm™,
4 —N-H 1568 cm™ (bending), 5 — C=C 3002 cm™ (stretching), 6 — N-H 3113 cm™!, and 3194
cm’! (both are from stretching), d) Effect of ES concentration on composites' electrical
conductivity. Reproduced with permission from ref. [6] © 2023 Grzegorz Stando, Pawet

Stando, Mika Sahlam, Mari Lundstrom, Haitao Liu Dawid Janas. Published by Elsevier B.V.

SEM micrographs (Figure 55a) show that after 5 cycles EP, the surfaces of SWCNTs
and ES+SWCNTs were comparable, indicating that either the polymer was used insufficiently
or the process took place uniformly on the surface. The surface got rougher as the number of
CV cycles grew to 20 and 50, showing that PANI was produced unevenly on the DFEs. Similar
outcomes were seen for composites made of G+tSWCNTs (Figure 55b), however in this
instance, the graphene nanoplatelet agglomerations could be seen on the surface. The two
nanocarbon DFEs' different shapes most likely contributed to the increased roughness. The
mechanism of the EP process[151], in which the composites were not one solid block but rather

an accumulation of SWCNTs (and agglomerates of graphene in the case of G+SWCNTs),
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situated in various regions, caused the roughness of the materials to change. In order to increase
electrical conductivity, the polymer first filled in the spaces between the nanocarbon structures
by forming new conductive channels. PANI agglomerates started to develop as the reaction

went on, causing an uneven distribution on the surface.
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It was examined how the amount of ES in the composites affected their mechanical
characteristics (Figure 56). Young modulus was found to be 45.53+5.40 MPa, and SWCNT
DFEs were elastic in a narrow range of elongation from 0% to 0.7%. The DFE ruptured at 8%
strain (fracture point: 3.99+0.01 MPa), and deformation took on a plastic character. Even while
the Young modulus (20.76+0.76 MPa) and fracture point (1.27+0.01 MPa) values were lower,
the material became more elastic across a wider range (to 6% strain) after the addition of
graphene[273]. Young modulus increased to 102.41+5.91 MPa for 5 cycles of EP and
121.65+11.62 MPa for 20 cycles of EP due to the presence of ES in the SWCNTSs network,
while the fracture point was 5.89+0.03 MPa for 5 cycles of EP and 5.56+0.01 MPa for 20. The
material demonstrated an ultimate strength of 8.44+0.02 MPa after 5 cycles of EP. Regression
of the characteristics caused by more cycles of EP resulted in a change in the Young modulus
from 45.53+5.40 MPa to 31.6742.33 MPa and a change in the fracture point from
1.2740.01 MPa to 0.93+0.01 MPa. The outcomes matched those of the electrical and SEM
analyses. The elevated ES content of the composites for 50 cycles of EP caused the composites’

structure to deteriorate.

Due to graphene nanoplates populating the gaps in the SWCNT network and changing
the deformation character from elastic to plastic in the presence of ES, the characteristics of
G+SWCNTs deteriorated. The Young modulus values dropped to 8.50+0.04 MPa and
14.08+0.05 MPa after 5 and 20 cycles of EP, respectively. This value climbed to
25.2849.00 MPa after 50 cycles of EP. For 5 cycles of EP, the required strain rose from 8% to
28%, for 20 cycles of EP, from 22% to 3%, and for 50 cycles, of EP, from 3% to 2%. In only
20 cycles of EP, it was observed the increased of fracture point to 2.71+0.01 MPa. Moreover,
the ultimate strength of all ES+G+SWCNT composites and ES+SWCNTs after 50 cycles of EP
differed from the fracture point (ductile materials). For PANI composites including MWCNTs,
a higher Young modulus of 9.0+0.2 GPa/(g/cm?) was reported, although with a lower stated
strength of 239 MPa/(g/cm?)[151]. The top results of synthesized composites (Table 11) were
3.4+0.2 GPa/(g/cm?) and 279+0.67 MPa/(g/cm?). Compared to those examined in this research,
the reported synthesized composites were more elastic and less resistant to stretching. As a
result, ES enhanced the mechanical attributes of SWCNT DFEs. However, it transformed the
deformation character of G+SWCNT composites from elastic to plastic, adversely affecting all

research properties. Each composite showed an improvement in tensile strength.

106



a) b)

= SWCNTs

——ES+SWCNTs 5 cycles
ES+SWCNTs 20 cycles
8 ES+SWCNTs 50 cycles

[—— G+SWCNTs
ES+G+SWCNTs 5 cycles
ES+G+SWCNTSs 20 cycles
ES+G+SWCNTs 50 cycles

Stress [MPa]

-
o
1

0.5

0.0
0.00

T T T T T
0.05 0.15 0.20 0.25 0.30

Strain [-]

T T T T
0.10 0.15 0.05 0.10

Strain [-]

0.20 0.35

Figure 56 Stretching composites' stress evolution curves for a) ES+SWCNTs and b)
ES+G+SWCNTs. Reproduced with permission from ref. [6]© 2023 Grzegorz Stando, Pawet
Stando, Mika Sahlam, Mari Lundstroém, Haitao Liu Dawid Janas. Published by Elsevier B.V.

Table 11 Measured mechanical properties of composites

Young
Ultimate strength Fracture point
Sample modulus (MPa/(g/em?)] [MPa/(g/em?)]
[GPa/(g/cm3)]
SWCNTs 2.14£0.25 187.76x£0.47 187.76+0.47 at 0.08 strain
(pristine) at 0.08 strain
ES+SWCNTs 3.39+0.20 279.01+0.66 194.714£0.99 at 0.18 strain
(5 cycles of EP) at 0.13 strain
ES+SWCNTs 3.16+0.30 144.60+0.52 144.60£0.47 at 0.10 strain
(20 cycles of EP) at 0.10 strain
ES+SWCNTs 0.75+0.06 31.43+0.23 22.14+0.24 at 0.08 strain
(50 cycles of EP) at 0.06 strain
G+SWCNTs 0.86+0.03 52.37+£0.47 52.37+0.47 at 0.06 strain
(pristine) at 0.06 strain
ES+G+SWCNTs 0.26+0.01 35.28+0.47 18.09+0.30 at 0.31 strain
(5 cycles of EP) at 0.28 strain
ES+G+SWCNTSs 0.32+0.01 64.80+0.22 60.76+0.22 at 0.22 strain
(20 cycles of EP) at 0.22 strain
ES+G+SWCNTs 0.48+0.17 19.45+0.19 10.58+0.19 at 0.03 strain

(50 cycles of EP)

at 0.02 strain
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4.3.2.2.3 Potential applications of synthesized materials

As was already indicated, the synthesized composites had good electrical
characteristics. Therefore double-layer capacitors constructed specifically for testing their use
as supercapacitors were made. Figure 57 presents a CV analysis. SWCNTs have pseudo-
supercapacitor properties, which allow them to be used as energy storage material[274]. The
capacity Swagelok-type coin cell setup model from SWCNTs had a voltage range of 0-0.4 V
and a 9.940.6 F/g capacity (Figure 57a). A capacitance of 3.4+0.1 F/g was found for the
PB+SWCNT supercapacitor (Figure 57b). As was previously said, the connection between the
PB and SWCNTs did not increase the electrical conductivity, which reduced capacity.
ES+SWCNTs composites had capacities of 249.84+0.1 F/g and 103.0+0.1 F/g, respectively,
following 5 and 20 cycles of EP (Figures 57¢c, d and e). The composites were thinner after five
cycles (0.020+0.003 nm) than after twenty (0.050+0.005 nm). The electrolyte can penetrate the
electrodes more easily thanks to the thinner layer, which also increases ion transport[275].
Additionally, as mentioned previously, material after 5 cycles of EP is more hydrophilic
(11.3+2.3°) than after 20 cycles of EP (37.64+2.4°), which explains lower capacity — smaller
electrode penetration. Xia et al. observed that the increasing sweep value changed the CV curve
shape (starting from 10mV/s) and increased the resistance of PANI-CNTs
composites[276,277]. Yoon et al. also noted that when a normal three-electrode electrochemical
cell setup was used, ES produced the best results from all oxidation states of PANI. However,
due to variations in measurement technique, the difference between ES and pernigraline base
was less significant (250 F/g for ES to 120 F/g for PB using MWCNTs, and a scan rate of 50
mV/s)[135]. The doping eftect of the ES+SWCNT DFEs, which strengthened the electrical
connection between ES and SWCNTs and led to a significantly greater conductivity and
capacity than PB+SWCNTs, was responsible for the good electrical characteristics of
ES+SWCNTs.
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Figure 57 CV curves were employed for measuring: a) supercapacitor made of SWCNT DFEs;
b) PB+SWCNTs for five cycles; ¢) ES+SWCNTs for five cycles; and d) ES+SWCNTs for
twenty cycles, f) Capacities of manufactured supercapacitors. a), b), ¢) and d) were reproduced

with permission from ref. [6]© 2023 Grzegorz Stando, Pawel Stando, Mika Sahlam, Mari

Lundstrém, Haitao Liu Dawid Janas. Published by Elsevier B.V.
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Figure 58a shows the calculated zT at 30 °C for various kinds of composites. Each of
the PANI forms had a different effect on the thermoelectric properties. It was found that only
ES had a slightly positive influence on the thermoelectric properties at low-temperature zT
(73.8+20.0)- 108 (SWCNTs) — (102.5+14.2)-10°% (ES+SWCNTs unwashed). It was mainly due
to the increased electrical conductivity of ES*SWCNTs composites and a small decrease in the
Seebeck coefficient, which was reported for Brensted acid by Kumanek et al.[270]. Therefore,
the amount of doping agent did not significantly impact the Seebeck coefficient value and
composites’ thermal properties. After the incorporation of sufficient doping agents, the value of
Seebeck did not significantly decrease. Thus, the impact of the amount of doping agent was not
negligible on the Seebeck coefficient (o) after a certain concentration. Before reaching this
concentration maxima, the increase of the doping agent caused a decrease in a. Other scientific
groups observed similar behavior for PEDOT-based materials, where reaching a certain dopant
amount, the substance changed the electrical conductivity, but not a[278,279]. Teh et al. showed
that in the presence of ES, the thermal conductivity remained unchanged, and the LB value
slightly increased[280]. PB lowered the electrical conductivity by approx. 20%. Moreover, it
increased the thermal conductivity of the composite to 868.8+48.7 W/mK from 601.64+41.7
W/mK and was the primary reason for the reduced zT value. It is the most stable form of PANI
and has the best thermal properties, so this was a reason for the improvement of conductivity
[280-284]. LB also increased the thermal transfer, but the observed increase was much smaller
by 680+41.9 W/mK. Moreover, the value of other properties decreased due to the dielectric
character of this form. The addition of ES diminished the thermoelectrical properties. In the
case of composites based on G+SWCNTs, the zT value reduced from (4.08+0.48)-10° to
(2.37£0.69)-10°. The studied composites with three substances exhibited a much smaller

potential for application as a material for thermogenerators than ES+SWCNTs.

The impact of temperature on the physical properties of SWCNTs and ES+SWCNTs
unwashed was also examined. A significant improvement in the Power Factor occurred (Figure
58b). The highest value was determined at 90 °C for ES+SWCNTs unwashed (at diagrams
ES+SWCNTs): Power Factor 107.6+5.9 — 223.8+16.7 uW/mK?. Heating of the samples
improved the thermoelectric properties of the composite due to increased a and stable high
electrical conductivity. However, the electrical resistance and o of SWCNTs DFE increased
during heating, which was typical behavior for metallic character materials. This type of

behavior was reported for DFs of CNTs by Kumanek et al.[270].
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Figure 58 a) zT for nanomaterials produced at 30 °C and b) temperature effects on the values

of Power Factor.

4.3.3 Cu+nanocarbon composites
4.3.3.1 Short introduction to the synthesis of copper and nanocarbon composites

This chapter presented the application of the observed phenomenon of hydrophobization
on air nanocarbon surface to the selective recovery of copper from industrial wastewater by
electrodeposition. The different kind of carbon nanotubes (single-walled and multi-walled) was
used to create DFEs from pure CNTs and composites DFEs composed of two types of
nanocarbon material. Firstly, it established parameters for electrodeposition copper using the
synthetic solution, and the DFEs were selected for Cu recovery. In the end, the chosen DFEs

were used for the selective recovery of copper from wastewater.

4.3.3.2 Characterization of carbon nanomaterials and DFEs from them

Figure 59 presents the micrographs of the nanocarbon powders which were utilized to
manufacture DFEs. The obtained micrographs clearly show that the diameter values of
commercial nanomaterials (1.6£0.4 nm for SWCNTs and 9.0£2.0 nm for NC-MWCNTs -
according to manufacturer information) are significantly less than those of in-house
manufactured MWCNTs (115+34 nm). The diameter distribution of in-house produced
MWCNTs reduced to 93+23 nm for O-MWCNTs after the oxidation reaction, which suggests
that the functionalization procedure was successful[57]. Additionally, the diameter of
N-MWCNTs was also lower (7618 nm) than the diameter of MWCNTs produced under the

same conditions without pyrazine. The longitudinal and radial growth of the material is
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constrained because the synthesis of heteroatom-implanted MWCNTs typically occurs at a
significantly slower rate than that of non-doped material[285,286]. The microstructure of

graphene flakes also conforms to the topology predicted for such materials.

Raman spectroscopy examined the nanomaterials' structural perfection (Figure 60). By
comparing the intensity of the defect-induced D-band, which is centered at about 1350 cm™!
(sp® carbon atoms), to the intensity of the feature of graphitic vibrations G, which is positioned
at around 1580 cm™! (sp? carbon atoms), it was possible to determine the crystallinity of the
carbon lattice. The Ip/Ig ratios of the nanocarbon powders utilized to create DFs are first
examined. Only SWCNTs showed a low D peak intensity (In/Ic=0.022) among all the assessed
raw materials, demonstrating their high quality. CNTs materials' Ip/I ratios ranged from 0.276
to 1.292, showing high content of surface functional groups and various defects[287].
Compared to commercial technical-grade MWCNTs (NC-MWCNTs Ip/Ic=1.292+0.045),
MWCNTs made in-house had a substantially lower level of contamination and distortion to the

sp? carbon lattice (In/Ig=0.276+0.030).

The MWCNTs oxidation was successful, as shown by the acquired Raman spectra. After
the treatment, the Ip/lc for O-MWCNTs material increased from 0.276+0.030 to
0.434+0.019[239]. It was established that the nitrogen-doped (N-MWCNTs) D band intensity
is almost twice as high as that for pristine MWCNTs produced under the same circumstances:
0.518+0.012 vs. 0.276+0.03. The Ip/lg ratio of 0.620+0.006 in graphene nanoplatelets also
demonstrated the presence of several unrelated species on its surface. Additionally, its Iop/Ic

ratio of 0.540+0.071 was noted, indicating the material's multilayer nature[288].
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O-MWCNTs h " —— 1 um| Graphene

Figure 59 SEM micrographs of chosen nanocarbon, which was used to produce DFs
Reproduced with permission from ref. [4] © 2021 Grzegorz Stando, Pyry-Mikko Hannula,
Bogumita Kumanek, Mari Lundstrom, Dawid Janas. Published by Elsevier B.V.
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Figure 60 Ip/lg calculated from Raman spectra of carbon nanomaterials. Reproduced with
permission from ref. [4] © 2021 Grzegorz Stando, Pyry-Mikko Hannula,Bogumita Kumanek,
Mari Lundstrom, Dawid Janas. Published by Elsevier B.V.

The study of nanocarbon DFs generated from the aforementioned raw materials using
Raman spectroscopy is shown in Figure 61 (both before and after the binder was removed).

After annealing, the Ip/Ig ratios for the neat CNT materials (SWCNTs, NC-MWCNTs, and
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MWCNTs) somewhat dropped. It is because annealing removes amorphous carbon, EC, and
other forms of carbon, which lessens the intensity of the defect-induced D peak. However, the
In/lg ratios were significantly decreased when O-MWCNT materials were momentarily
subjected to the effects of high temperature. In comparison to, a low concentration of
O-MWCNTs (10%, Ip/I=0.018+0.001 — Ip/Ig=0.010+0.001) in the composite with SWCNTs,
the effect was more pronounced at a high content of O-MWCNTs (50%, In/Ig=0.032+0.001 —
In/16=0.017+0.001). During annealing, the most oxidized functionalized groups are detached,
which would ultimately increase the material's average degree of structural perfection after
annealing[ 189], which could be the cause of the drop in Ip/Ig at high O-MWCNT content. The
In/lc ratios for the N-doped samples were constant throughout annealing (10%,
Ip/I6=0.017+0.003 — Ip/Ic=0.013+0.003; 25%, Ip/Ic=0.014+£0.002 — Ip/Ic=0.013+0.003;
50%, Ip/Ig=0.015+£0.001 — Ip/I=0.013+0.001). Last but not least, the Ip/Ig ratios in the
instance of mixing SWCNTs with graphene were unaffected by the thermal processing when
the uncertainty values were taken into account. The signals from high-quality SWCNTs always
predominate the spectra when they are used to create composites with other nanocarbon types,
according to the analysis of the entire dataset. The resultant Ip/Ig ratio is low even though
SWCNTs are mixed with materials that have high Ip/Ig ratios (e.g., 0.434, 0.518, and 0.620 for
O-MWCNTs, N-MWCNTs, and graphene, respectively). Even when up to 1:1 w/w of
functionalized nanocarbon is added to the SWCNTs matrix, it almost never rises above 0.02.
Only a portion of the CNTs population is excited by resonant Raman scattering, which could
bias data interpretation [289]. Because more SWCNTs are tuned to the chosen laser wavelength
in this work, it appears that the signal intensity coming from SWCNTs surpasses that from

MWCNTs.
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Figure 61 Nanocarbon DFs' Ip/Ig ratios before (without asterisk) and after (marked by an
asterisk) removing the binder. Reproduced with permission from ref. [4] © 2021 Grzegorz
Stando, Pyry-Mikko Hannula, Bogumita Kumanek, Mari Lundstrém, Dawid Janas. Published
by Elsevier B.V.

The suitable surface chemistry of the substrate, which ensures compatibility with the
aqueous plating solution, is one of the crucial criteria for the electrodeposition process. The
possibility of effectively plating Cu[290,291] onto the typically naturally hydrophobic
nanocarbon DFEs increases with decreasing water contact angle (y) values. The surface of the
DFEs made from parent nanocarbon materials that contain the binder is comparatively
hydrophobic (y>90 degrees) (Figure 62). However, a drastic reduction in WCA was noticed for
these samples after binder removal by annealing and exposure to atmospheric air for one day
(SWCNTs: yVihEC=113 6+5.6° — yWithow EC =39 346 6°, NC-MWCNTs: yVHEC =111.6+4.8° —
yVithout EC =7 91 7° and MWCNTs: y"hEC =95 4248 20 — yWithoutEC — 9 012 4°) It was brought
on by the thermal desorption of environmental contaminants, which hide the quasi-hydrophilic
properties of the CNT surface[213,292]. The hydrophobic nature of the composite materials
based on the SWCNT matrix, which contains N-MWCNTs, O-MWCNTs, and graphene, is also
reduced (from about 70—80°). These filler materials have a higher disorder level than average,
increasing their hydrophilicity. All of these materials have a WCA of up to about 20° after
annealing. The observed values fall about in the middle of those of the MWCNT fillers and the

SWCNT matrix, from which these composite materials are made[293,294].
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Figure 62 Value of WCAs before/after purification and removing EC from nanocarbon DFEs.
Darker is the value before annealing, and lighter and marked with an asterisk is after annealing
— WCA was measured after a one-day exposition of atmospheric air. Reproduced with
permission from ref. [4] © 2021 Grzegorz Stando, Pyry-Mikko Hannula, Bogumita Kumanek,
Mari Lundstrom, Dawid Janas. Published by Elsevier B.V.

The electrochemical activity of nanocarbon DFEs is directly influenced by their
electrical conductivity (Figure 63). The literature demonstrates that the pre-processing of the
material and the presence of a binder or doping agents are important elements to take into
account[212,214,295]. The high-quality SWCNT DFEs' electrical conductivity (1064.0+£69.0
S/cm) was shown to be the greatest of all manufactured DFEs. On the other hand, technical
grade (NC-MWCNTs) or in-house manufactured (MWCNTs). Samples had low electrical
conductivity, measuring 36.8+0.5 S/cm for NC-MWCNTs and 123.9+18.3 S/cm for MWCNTs,
respectively. The MWCNTs' profusion of defects brought this on and their fundamentally worse
electrical conductivity than SWCNTs[296]. When O-MWCNTs, N-MWCNTs, or graphene,
were combined with SWCNTs to create composite materials, and the electrical conductivity of
the resulting hybrids was, on average, 6 times lower (by 5.4, 7.4, and 6.2 times, respectively).
The Raman spectroscopy-detected considerable defect content in the mixed nanocarbon types
can be used to explain the decline in electrical conductivity. Charge scattering is more
noticeable because more defects are present, which raises the resistance. Unfortunately, due to
the poor mechanical integrity of the DFEs made from O-MWCNTs,
N-MWCNTs, or graphene, could not evaluate the electrical conductivity of DFEs generated

purely from these materials. How the binder's removal affected the nanocarbon ensembles'
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electrical conductivity was researched. SWCNTs, NC-MWCNTs, and MWCNTs' electrical
conductivity did not appear to be affected by the annealing of the material, which was consistent
with Raman spectroscopic characterization that showed no structural changes during thermal
treatment[212,295]. Although, following annealing, the electrical conductivity of all SWCNT
composites containing O-MWCNTs, N-MWCNTs, and graphene almost doubled (25%
N-MWCNTs, o"houtEC=99 343 3 S/cm — "o EC =148.7+8.5 S/cm or 50% O-MWCNTs,
o%ith EC=82 74153 S/cm — o%ithout € —166.8423.3 S/cm). After introducing O- and N-
functionalities into these nanocarbon materials, the surface chemistry of CNTs becomes
significantly more compatible with the EC structure. Therefore, it stands to reason that modified
CNTs (O-MWCNTs and N-MWCNTs) interact particularly well with oxygen-rich EC binders.
It could therefore result in the encapsulation of O-MWCNTs and N-MWCNTs by a dielectric
binder, impeding the material's electrical conductivity. Consequently, the electrical conductivity
increases because new percolation channels are created when the EC is eliminated by annealing.
The Raman spectroscopy identified an abundance of defects in the graphene base material,
which can be used to explain how SWCNTs/graphene composites have increased electrical

conductivity after annealing, promoting their removal.
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Figure 63 Before (without asterisk) and after (with asterisk) the binder was removed, the
electrical conductivity values of nanocarbon DFEs. Reproduced with permission from ref. [4]
© 2021 Grzegorz Stando, Pyry-Mikko Hannula, Bogumita Kumanek, Mari Lundstrém, Dawid
Janas. Published by Elsevier B.V.
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4.3.3.3 Electrodeposition of copper and recovery copper from industrial wastewaters

Cathodic polarization curves were recorded for all samples in synthetic Cu electrolyte
(Figure 64). The results showed typical characteristics of Cu electrodeposition from a high-
concentration solution with some notable differences in deposition kinetics between various
samples. Two distinctive sets of behaviors can be observed in all curves: (I) slow deposition
kinetics for all samples containing binder and samples consisting purely of unfunctionalized
MWCNTs and (II) fast deposition kinetics for all binder-free samples, including pure SWCNTs

and their composites with functionalized MWCNTs.
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Figure 64 Cathodic polarization curves for (a) SWCNT DFEs, (b) composites O-MWCNT
DFEs, (¢) composites N-MWCNT, and (d) composites Graphene. Reproduced with permission
from ref. [4] © 2021 Grzegorz Stando, Pyry-Mikko Hannula, Bogumita Kumanek, Mari
Lundstrom,Dawid Janas. Published by Elsevier B.V.

The pulse electrodeposition of Cu particles from the artificial electrolyte was researched

in order to further evaluate the performance of various nanocarbon DFE materials. This
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experiment used a single deposition pulse lasting 1 second at 0.0 V vs. SCE to electrodeposit
copper onto the samples. In order to compare samples with various compositions as well as the
impact of the binder on the initial nuclei developing in the early phases of Cu deposition, modest
overvoltage was used for Cu deposition. The parent materials were looked at first (Figure 65).
The outcomes demonstrated that clean SWCNTs are the best substrate for the pulse
electrodeposition technique. The DFE's surface was covered in uniformly spaced round Cu
clusters with a diameter of around 2 pm. The Cu deposition was also noticeable when the
SWCNTs contained a binder (Figure 65), but the particles' size, shape, and distribution were
less even. Thus, it was discovered that removing the binder was advantageous for the deposition

of uniformly dispersed Cu nuclei, supporting the findings of the cathodic polarization studies.

Cu + NC-MWCNTs F—— 10 um | Cu + MWCNTs

Figure 65 SEM micrographs of deposited copper onto SWCNTs, SWCNTs+EC, NC-
MWCNTs, and MWCNTs. Reproduced with permission from ref. [4] © 2021 Grzegorz Stando,

Pyry-Mikko Hannula, Bogumila Kumanek, Mari Lundstrom, Dawid Janas. Published by
Elsevier B.V.

On the other hand, when MWCNTs were employed, only scarce Cu clusters could be
observed on the surface. The reason why the electrodeposition of Cu was inferior on these types
of DFEs can be ascribed to the low electrical conductivity values and poor crystallinity (high
Ip/IG ratio, as shown in Figure 61 and electrical conductivity in Figure 63). NC-MWCNTs and
MWCNTs have an order of magnitude lower electrical conductivity than SWCNTs and are
characterized by an abundance of defects. Consequently, the DFEs made from them are more

challenging to polarize, as shown in Figure 64, leading to reduced Cu deposition kinetics.
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Hence, only a negligible amount of Cu on the surface could be observed after the deposition.
Furthermore, the inhomogeneous distribution of Cu can be seen because Cu deposition is
preferred for the defects which are prevalent in these materials. The next step was to determine
how adding functionalized MWCNTs to the SWCNT matrix will impact the material's capacity
to deposit copper (Figures 66 and 67). It has been demonstrated in the past that adding oxygen-
containing functionalities to the surface of CNT DFEs enhances the electrochemical response
for metal electrodeposition because these functional groups are more reactive than other
functional groups, which results in a more uniform distribution of smaller metal nuclei[297]. A
similar general pattern could be seen in this study to some extent, with smaller Cu nuclei up to
25% O-MWCNTs produced by increasing the proportion of functionalized MWCNTs while
decreasing the proportion of SWCNTs. Only tiny Cu deposits with a maximum diameter of a
few microns could be seen equally dispersed across the sample surface at 10% to 25% of
O-MWCNTs (Figure 66). More oxidized MWCNTs produce sparsely distributed, 10 pm -sized
Cu nuclei, which are identical to the pure MWCNT material. The outcomes are consistent with
polarization investigations, which demonstrate that the deposition slope was comparable for
samples containing only SWCNTs and for those comprising 10% and 25% O-MWCNTs. On
the other hand, the cathodic slope clearly decreases at 50% O-MWCNTs, which is most likely
due to the significant amount of less conductive MWCNTs that adversely affect polarization.
As a result, compared to pure SWCNTs material, minor additions of functionalized CNTs were
advantageous for depositing evenly distributed tiny Cu nuclei. The outcomes show that a
simpler method can be used in place of oxidizing the bulk SWCNTs material. Here, the
SWCNTs matrix 1s simply admixed with a few oxidized CNTs to speed up the process.
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Cu + 10% O-MWCNTs

X

Figure 66 SEM micrographs of Cu deposit onto composites made from O-MWCNTs and
SWCNTs. Reproduced with permission from ref. [4] © 2021 Grzegorz Stando, Pyry-Mikko
Hannula, Bogumita Kumanek, Mari Lundstrém, Dawid Janas. Published by Elsevier B.V.

Including N-MWCNT and graphene fillers in composite DFEs at a level of 25% in the
SWCNT matrix did not encourage uniform Cu deposition (Figure 67). Both of these composite
DFE types had scant deposition, extremely variable particle size and distribution, and no

discernible pattern in the size of the Cu nuclei.
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Cu + 25% Graphene

Figure 67 SEM micrographs of Cu deposited onto N-MWCNTs and Graphene composites.
Reproduced with permission from ref. [4] © 2021 Grzegorz Stando, Pyry-Mikko Hannula,
Bogumita Kumanek, Mari Lundstrom, Dawid Janas. Published by Elsevier B.V.

Difterent types of DFEs were chosen for 1-hour electrodeposition at -0.1 V vs. SCE to
investigate the viability of the nanocarbon composite DFEs for copper deposition from a real
wastewater solution. This electrodeposition potential was chosen because it cannot deposit the
less noble elements from the solution at a lower electrodeposition potential. It is thus possible
to selectively deposit only Cu on the DFEs surface. Wastewater contains 100x less copper
(428 ppm) than synthetic copper electrolytes. SEM micrographs display the morphology of the
Cu particles that were deposited on different kinds of nanocarbon sheets (Figure 68). Copper
deposits on DFEs have the following sizes: SWCNTs (1.5+£0.3 um), MWCNTs (4.3+£0.5 pm),
and 25% graphene (1.1+0.3 pm). The size distribution of the remaining materials was too
uneven for a precise estimation of this value. As previously mentioned, the size of the Cu
deposits generally follows the same pattern, with larger particles visible on the MWCNTs DFE.
The lack of deposits on the NC-MWCNTs DFE was probably caused by its low conductivity,
which could not allow deposition at such a high overvoltage. But the uniform size and
distribution of the Cu deposits on the SWCNTs DFEs seemed hopeful, so it was analyzed more
thoroughly.

122



::’ ’ﬁl
" o ad we X S ; L i g b M @S S
Cu+SWCNTs UM |Cu+MWCNTs

b LS50S

o g A ; L R
7 $ 3 Y.
¢ 8 o> X 0 q
. v ~ - -
» " J J 1 \ N

» » 2 » » ‘ ] ." e.

o . " o ! . o .
5 ’ i . | B

— 10 pm |25% N-MWCNTs — 10 um |25% Graphene

Figure 68 SEM micrographs of recovered copper deposit via electrodeposition on DFEs from
nanocarbon materials. Reproduced with permission from ref. [4] © 2021 Grzegorz Stando,
Pyry-Mikko Hannula, Bogumila Kumanek, Mari Lundstrom, Dawid Janas. Published by
Elsevier B.V.

The deposited particles' EDX mapping and spectrum analysis (Figure 69) showed that
they were entirely composed of copper (>45 mass percent), with no other metallic components
(Table 12). Additionally, oxygen (10 wt%) was found in the Cu-related regions, proving that
these species are either partially oxidized or have oxygen-containing surface deposits. However,
the absence of any other elements in the spectrum than carbon shows that, in addition to the Cu
deposition being successful from a complex mixture of components, the process also exhibits
selectivity when the right circumstances are applied. Findings demonstrate the suggested that
the strategy for integration of Cu and nanocarbon selectivity and the ability to produce high-
quality composites from waste materials is correct. Once more, hydrophilization was a key
factor, allowing the improvement of the electrochemical properties using DFEs from
nanocarbon materials. Hence, it is possible to obtain even better results by conducting thermal
annealing rather than a chemical modification in the case of electrochemical applications

(Figures 62, 63 and 64).
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Figure 69 Cu-SWCNT composite EDX mapping in (a) and quantitative analysis in (b).
Reproduced with permission from ref. [4] © 2021 Grzegorz Stando, Pyry-Mikko Hannula,
Bogumita Kumanek, Mari Lundstrém, Dawid Janas. Published by Elsevier B.V.

Table 12 Composition of used wastewaters for recovery copper via electrodeposition
Reproduced with permission from ref. [4] © 2021 Grzegorz Stando, Pyry-Mikko Hannula,
Bogumita Kumanek, Mari Lundstrém, Dawid Janas. Published by Elsevier B.V.

Soluti Mg Al Fe Ni Cu Zn As Sb Pb
oWION gl [mgil] [mg/] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm
Synthetic 40.0 x

solution - - - - 106 - - - -
Industrial

process 6600 1400 12500 13 428 100 52 - 45
wastewater
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5. Conclusions and outlook

Under specific conditions, i.e., in the absence of hydrocarbons, carbon nanostructures
exhibit a strongly hydrophilic character. The small molecular aromatic hydrocarbons with alkyl
groups greatly increase their hydrophobicity. The mechanism of this phenomenon seems to be
as follows: polar nanocarbon surface adsorbs water from the air, which is then gradually
replaced by methyl-benzene derivatives. Next, higher molecular weight might remove low-
molecular aromatic CxHy and more polar aromatics compounds like pyrene. It could explain
the decrease of the WCA in time for SLG/Cu and HOPG after achieving the maximum WCA
value in the first minutes of the process. As a result, the WCA value of these materials highly
depends on air composition and will evolve in time due to environmental factors. The n-n
stacking interactions stabilize the connection between nanocarbon material and hydrocarbon,
impeding integration with other materials like metals or polymers. The results of the thesis show
that by removing the surface impurities, the connection between nanocarbon and hydrophilic
materials may be enhanced. Therefore, the most popular method for hydrophilization of
nanocarbon material — destructive chemical functionalization- appears unnecessary for all
cases. Such processing causing the insertion of hydrophilic groups creates many defects in
carbon nanostructures, which reduces its properties, for example, electrical conductivity. The
composites manufactured from highly-functionalized carbon nanostructures have much worse
electrical and mechanical properties than composites based on annealed non-functionalized

nanocarbon materials.

This strategy allowed the creation of high-performance composites with polymers and
metals. Furthermore, DFEs made from SWCNTs after annealing selectively recovered copper
from industrial wastewater, wherein copper concentration was negligible in contrast to other
metal ions. Moreover, other promising potential applications of synthesized composites were
presented: as thermoelectric generators and supercapacitors. Future works should focus on
investigating the phenomenon's application to real-life applications and finding new ways of
surface purification. It gives new opportunities to create new generations of high-performance
composites, free from the burden of destructive functionalization, which might be vital to
achieving ambitious goals of the circle economy to establish groundbreaking green

technologies.

The results of these scientific works should significantly impact two fields of science:

chemistry and materials science, but it is hard to define directly how. In 2013, groups of Prof.
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Liu and Lei from the University of Pittsburgh presented to the world how strong hydrophilic
can be graphene and graphite, which unexpectedly started research on the effect of adsorbed
airborne hydrocarbons on the wettability of 2D materials such as hexagonal MoS, and BN.
Perhaps the same phenomenon is also valid for other 0D and 1D materials. Many factors have

an impact on surface character, but contaminants are the major ones.

Moreover, it creates a question about the definition of hydrophilicity because

nanocarbon material might be considered hydrophobic or hydrophilic depending on chosen

criteria. As it was presented, nanocarbon materials create very stable connections with
hydrocarbons. In nearly all applications, these two components are present together, so should
they be considered one material in terms of wettability? As water is first adsorbed onto the
nanocarbon surface (further replaced by hydrocarbons), is the surface hydrophilic, lipophilic,
or maybe amphiphilic? If we use an ideal model, where it is only water, pure air and nanocarbon
surface, the WCA value would be so low that the material could be defined as hydrophilic.
However, it is nearly impossible to achieve such a condition in real life. To sum up, new models
and ways of thinking must be developed to better understand the gained knowledge during the

last years and upgrade the surface character definition for the benefit of researchers.
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7. Supplement

Synthesis of PANI-SWCNTs composites

The procedure of synthesis of different PANI oxidation states and the chosen range was
taken from the Pawet Stando Bachelor thesis, which title was “Study of synthesis of nanocarbon
polyaniline composites by electropolymerizing.” The whole thesis is available in the archives

of the chemical department.

PANI was electropolymerized using cyclic voltammetry (CV) onto nanocarbon films
immediately submerged in the synthetic solution after electrode preparation to minimize
exposure to airborne hydrocarbons[1]. The reaction setup included an Ag/AgCl reference
electrode (ET069/ET072, eDAQ, Australia), a potentiostat (Ossial, T2006B1-EU, Holland), a
nitrogen dispenser, a working electrode (SWCNTs or G+SWCNTs. O-SWCNTs film), a counter
electrode (corresponding nanocarbon film, the same kind as the working electrode). A glass
panel isolated each electrode to guarantee that there were no connections. The synthesized PANI
solution contained 1.5 M aniline and 1.7 M HCIOs. A solution was prepared and then purged
with argon gas for 10 minutes. The electrodes were then dipped into the synthesis solution for
nanocomposites. The samples were washed with deionized water (AFS-16, Merck Millipore,
Germany) for 1 minute after the reaction was finished in order to get rid of the reaction's
byproducts and solution. By increasing the washing duration to five minutes, emeraldine-based
(EB) nanocomposites were created. ClO4™ ions were only partially eliminated from the
nanocomposite of ES and SWCNTs (ES+SWCNTs washed) in the case of the samples that were
washed for one minute. The final step was drying the product at 40 °C until it reached a
consistent mass, which was then determined using an analytical scale (VWR Digital Analytical
Balance, VWR, USA). A voltage range was [0 V) - (1.2 V) vs. Ag/AgCl] was used, and the
initial voltage was 0.0 V and 0.4 V, respectively. The operation was carried out using the

specified sweep values (50 mV/s) and cycle counts (5, 20, and 50).
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