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Abstract

The building of self-assembled hybrid structures by the combination of carbon
nanotubes (CNTs) and 2D layered nanomaterials (e.g. graphene, and inorganic
graphene analogues) is an emerging area in material science and nanotechnology,
posing considerable fundamental and technical challenges. In parallel, the use of both
hard and soft interfaces for the fabrication of this type of nanocomposites—by the
functionalization of the hard surfaces through the adsorption of surfactants (or other
amphiphilic dispersants)—provides further versatility and tunability in interactions,
hierarchical organization and resulting chemical, electrical, thermal, optical and
mechanical properties. Consequently, innumerous possibilities for applications may
appear, such as in electronics, energy, sensing and catalysis. Considering all the
challenges and possibilities, the scope of this project focused on three main goals: (i)
preparation and non-covalent functionalization of the 1D and 2D nanomaterials; (ii)
design and implementation of the surfactant-mediated assembly of the 3D
nanocomposites, and (iii) proof-of-concept studies regarding the application of the
obtained structures as electrocatalysts for the oxygen reactions (relevant e.g. to fuel
cells), namely the oxygen reduction reaction (ORR) and the oxygen evolution reaction
(OER).

In the first part of this project, the dispersibility of multiwalled carbon nanotubes
(MWNTSs) using gemini surfactants with n-s-n structure (with n being the number of
carbon atoms in the alkyl chain and s the number of carbon atoms in the spacer) was
systematically investigated, varying spacer and tail length of the gemini and comparing
their overall performance with that of single-tailed homologue surfactants. Using a strictly
controlled experimental procedure, dispersibility curves (plots of dispersed MWNT
concentration vs surfactant concentration) were obtained, allowing to determine
quantitative metrics and gain molecular insight on the surfactant features that influence
MWNT dispersibility.

In another work, the dispersibility of 1D CNTs and 2D graphene nanoplatelets
(GnPs) was compared using two different surfactants — sodium cholate and TritonX-100.
Two approaches were considered regarding the 2D nanomaterial dispersions: exfoliation
of GnPs from 3D graphite and exfoliation of commercially available GnPs. One of the
most significant aspects of this study was the obtention of a dispersibility master curve,
implying that the dispersal process is ruled by common features, independently of the
nanomaterial used (1D or 2D). SEM and AFM imaging confirmed that the applied

methodology allowed to obtain well-dispersed MWNTSs and few-layer GnPs. Further, this



study allowed to rationalize the dispersibility of the different carbon nanomaterials in
aqueous surfactant solutions in terms of energy delivered to the system in the exfoliation
process.

With a set of results in the dispersion and functionalization of 1D carbon
nanotubes and 2D graphene nanoplatelets and aiming at the application of these
materials as building blocks for composites, we took a step forward to study the effect of
polymer/surfactant mixtures in CNT dispersibility. Four combinations of non-ionic + ionic
dispersant were selected taking into account the polymer and surfactant charge:
PVP+SDBS, PVP+CTAB, TX-100+PDDA and TX-100+PAS. Interesting features
emerged from the application of these polymer/surfactant mixtures as dispersants for
CNTs, with some systems showing strong synergism in the concentration of nanotubes
dispersed. The separation of the MWNTSs from the initial bundles was evaluated by SEM,
and non-covalent functionalization was confirmed by zeta potential, allowing to select the
most appropriate systems for further application in the building of the composites.

2D nanomaterials of the transition metal dichalcogenide (TMD) family, analogues
to graphene, have been gaining interest in last years, replacing graphene in some
applications. However, systematic studies regarding the preparation of these materials
are still scarce. Therefore, we selected three TMDs, MoS,, WS, and MoSe;, to disperse
with two surfactants, cationic CTAB and anionic SC, that proved to be effective in the
previous studies. The results showed common features with the surfactant-assisted
dispersibility of carbon nanomaterials. Further, both metal and chalcogen of the TMDs
were found to play an important role in dispersibility, depending on the surfactant
concentration. Due to charge effects, the surfactant used influences dramatically the
profile of the dispersibility curves. The dispersed nanosheets were characterized by
Raman spectroscopy and SEM, demonstrating that highly exfoliated and surfactant-
coated particles can be obtained using the developed sonication/centrifugation
methodology.

The work described above allowed to properly select the building blocks to build
the proposed 1D/2D nanocomposites. In a first approach, we combined CNTs with
graphene nanoplatelets, using oppositely charged dispersants to functionalize each
surface. For this, three systems were selected to build two 1D/2D combinations:
MWNTs/TTAB, MWNTs/(PVP+CTAB) and GnPs/SC. Electrostatic attraction was the
driving force for composite assembly. Two building methodologies were studied: (i) a
“bulk” method, where the building blocks were combined by simply mixing the individual
dispersions together, followed by sonication; and (ii) an adapted layer-by-layer method,
where the building blocks were added sequentially in alternate layers. The structural

organization of the obtained materials was evaluated by SEM, Raman and BET analysis,



and studies of the effect of the building methodology and dispersant composition on their
electrocatalytic performance regarding ORR were then thoroughly performed. Although
the materials showed a modest electrocatalytic performance, the comparative study
opens the path for further optimization of the composites as catalysts for the ORR.

The bulk methodology, despite yielding relatively non-organized composites,
revealed to be a cost-effective, simple, and fast procedure to build composite structures
using mild conditions. Therefore, we applied this methodology and substituted graphene
for the TMDs WS, and MoS;, comparing the effect of the metal in the electrocatalytic
performance of the composites. The MoS,/MWNT composite showed reasonable activity
as a catalyst for OER, contrasting with the WS,/MWNT composite, and thus unveiling a
strong role played by the dichalcogenide metal.

Overall, this thesis comprises rigorous and systematic studies on the dispersibility
and non-covalently functionalization of MWNTs, GnPs and TMDs, allowing to make
molecular considerations on the features of the dispersants and the nanomaterials that
influence the ability of the material to be well-exfoliated and well-dispersed. The obtained
dispersions were morphologically characterized by various techniques in terms of the
individualization of the tubes/layers and of the resulting zeta potential of the suspended
particles. Using combinations of oppositely charged 1D and 2D nanomaterials, 3D
composites were built and electrocatalytic studies towards the oxygen reactions were
carried as a proof-of-concept. The strategy pursued and the results obtained allowed us
to establish a methodology to build 3D structures, which can then be explored for the

optimization of electrocatalysts and further applications.

Keywords: Nanocomposites & Hybrid materials; Carbon nanomaterials;
Surfactants & Polymers; Non-covalent functionalization; Exfoliation; Carbon nanotubes;

Graphene & Inorganic graphene analogues; Electrocatalysis






Resumo

A construcao de estruturas automontadas através da combinagédo de nanotubos
de carbono (CNTs) e nanomateriais 2D estratificados (por exemplo, grafeno e analogos
inorganicos de grafeno) € uma area emergente na ciéncia de materiais e
nanotecnologia, apresentando desafios cientificos e técnicos consideraveis.
Paralelamente, o uso de interfaces rigidas e moles para a fabricagéo deste tipo de
nanocompositos - pela funcionalizacdo das superficies duras por adsorcdo de
tensioativos (ou outras moléculas anfifilicas) - permite maior versatilidade nas
interacbes, organizagao hierarquica e, como resultado, nas propriedades quimicas,
elétricas, térmicas, 6ticas e mecanicas dos compdsitos. Consequentemente, inUmeras
possibilidades de aplica¢gdes podem surgir, como em eletrénica, energia, sensores e
catalise. Tendo em conta os desafios e possibilidades em jogo, este trabalho assentou
em trés objetivos fundamentais: (i) preparagédo e funcionalizacdo nao covalente dos
nanomateriais 1D e 2D; (ii) montagem de compdésitos 3D mediada por tensioativos e
polimeros; e (iii) estudos de aplicacao das estruturas obtidas como eletrocatalisadores
para as reacbes de oxigénio (relevantes, por ex., para pilhas de combustivel),
nomeadamente a reagdo de redugido do oxigénio (ORR) e a reagdo de evolugao do
oxigénio (OER).

Na primeira parte do projeto, realizou-se um estudo sistematico da
dispersibilidade de nanotubos de carbono de parede multipla (MWNTs) usando
tensioativos gemini de estrutura n-s-n, variando espacador (s) e comprimento de cadeia
alquilica (n), e comparando o desempenho com o0s seus homélogos monoméricos.
Utilizando um procedimento experimental rigorosamente controlado, foram obtidas
curvas de dispersibilidade (concentragdo de MWNTSs dispersos vs. concentragao de
tensioativo) permitindo a determinagao quantitativa de métricas de dispersibilidade e
uma interpretacdo de base molecular sobre as caracteristicas dos tensioativos que
influenciam a capacidade dos nanotubos em serem bem separados e bem dispersos
€m meio aquoso.

Numa outra parte do trabalho, efetuaram-se estudos comparativos da
dispersibilidade de nanotubos de carbono,1D, e nanoplaquetas de grafeno (GnPs), 2D,
usando dois tensioativos - colato de sédio e TritonX-100. Duas abordagens foram
adotadas relativamente as dispersdes dos nanomateriais 2D: exfoliagdo de GnPs a
partir de grafite e exfoliacdo de GnPs adquiridos comercialmente. Um dos aspetos mais
significativos deste estudo foi a obtencdo de uma curva genérica de dispersibilidade,

implicando caracteristicas comuns no processo de dispersao, independentemente do



nanomaterial utilizado (1D ou 2D). As imagens SEM e AFM confirmaram que a
metodologia aplicada permitiu obter MWNTs bem dispersos e GnPs de poucas
camadas. Além disso, este estudo permitiu racionalizar a dispersibilidade dos diferentes
nanomateriais de carbono em solugcdes aquosas de tensioativo em termos de energia
fornecida ao sistema no processo de exfoliacao.

Com base no conjunto de resultados na dispersdao e funcionalizagao de
nanotubos de carbono e nanoplaquetas de grafeno, e visando a aplicacdo desses
materiais como blocos de construgdo para compdsitos, partiu-se para o estudo do efeito
de misturas polimero/tensioativo em dispersées de MWNTs. Quatro combinagdes de
dispersantes nao iénico + idnico foram selecionadas, tendo em consideragcio a carga
do polimero e do tensioativo: PVP+SDBS, PVP+CTAB, TX-100+PDDA e TX-100+PAS.
A aplicacdo destas misturas de polimero/tensioativo como dispersantes para MWNTs
revelou efeitos interessantes, tendo alguns sistemas apresentado forte sinergismo
relativamente a concentracdo maxima de nanotubos dispersos. A separacdo dos
MWNTs dos aglomerados iniciais foi avaliada por SEM, e a funcionalizagdo nao
covalente foi confirmada por potencial zeta, permitindo a posterior aplicacdo desses
sistemas para a construcdo dos compdsitos.

Os nanomateriais 2D da familia dos dicalcogenetos de metais de transi¢ao
(TMD), anélogos ao grafeno, tém sido alvo de enorme interesse nos ultimos anos,
substituindo o grafeno em algumas aplicagdes. No entanto, estudos sistematicos sobre
a preparacao desses materiais na sua forma individualizada (ou com poucas camadas)
encontram-se escassamente reportados. Para colmatar esta lacuna, foram
selecionados trés TMDs, MoS;, WS, e MoSe;, para dispersar com dois tensioativos,
CTAB, catidnico, e SC, anionico, os quais se haviam mostrado eficazes nos trabalhos
anteriores. Os resultados obtidos neste estudo revelaram efeitos semelhantes aos
observados na dispersao de nanomateriais de carbono assistida por tensioativos. O
metal e calcogénio do TMD mostraram ter influéncia na dispersibilidade, dependendo
da concentracao de tensioativo. As dispersdes de TMDs obtidas foram caracterizadas,
demonstrando que nanomateriais altamente exfoliados (e nao-covalentemente
funcionalizados) podem ser eficazmente obtidos através da metodologia de
sonicagao/centrifugagéo desenvolvida.

O trabalho descrito permitiu selecionar adequadamente os blocos de construcao
para fabricar nanocompésitos 1D/2D. Numa primeira abordagem, foram combinados
MWNTs com GnPs, usando dispersantes de carga oposta para funcionalizar cada
superficie, sendo as interagdes eletrostaticas a forga motriz para automontagem da
estrutura compdésita. Para isso, trés sistemas de nanomateriais funcionalizados nao-

covalentemente foram selecionados para construir duas combinagdes 1D/2D:



MWNT/TTAB, MWNT/(PVP+CTAB) e GnP/SC. Duas metodologias de construgéo foram
estudadas: (i) um método bulk, em que os blocos de construgdo foram combinados
através da mistura das dispersées individuais e, posteriormente, se aplicou sonicacao;
e (i) um método de camada-a-camada adaptado, onde os blocos de construgédo foram
adicionados sequencialmente em camadas alternadas. A organizagdo estrutural dos
materiais obtidos foi avaliada por SEM, Raman e BET, e os efeitos da metodologia de
construcdo e composicdo do dispersante no desempenho eletrocatalitico dos
compositos foram estudados como uma prova de conceito. Apesar de apresentarem um
desempenho modesto como catalisadores da reagao de reducao de oxigénio, o estudo
comparativo entre os materiais fabricados abre caminho para uma maior otimizagao dos
compasitos para aplicacoes nesta area.

A metodologia bulk, apesar de originar compdsitos com estrutura nao
organizada, revelou-se simples, rapida e econdmica para construir compédsitos em
condigbes experimentais “suaves”. Assim, aplicou-se esta metodologia e substituiu-se
o grafeno pelos TMDs WS, e MoS,, comparando o efeito do metal no desempenho
eletrocatalitico dos compdsitos. O compdsito MoS,/MWNT apresentou um desempenho
razoavel como catalisador para a reagao de evolugcdo de oxigénio, contrastando com o
composito WSo/MWNT, e demonstrando assim o papel determinante do metal nas
propriedades estudadas.

Este trabalho compreendeu estudos rigorosos e sistematicos sobre a
dispersibilidade e funcionalizagdo nao covalente de MWNTs, GnPs e TMDs, permitindo
consideracdes moleculares relativamente as caracteristicas dos dispersantes e dos
nanomateriais que influenciam a capacidade de o material ser bem exfoliado e bem
disperso. As dispersbes obtidas foram caracterizadas em termos de individualizagcao
dos tubos/camadas e potencial zeta resultante dos nanomateriais dispersos. Usando
combinacgdes de nanomateriais 1D e 2D de carga oposta, construiram-se compodsitos
3D e realizaram-se estudos eletrocataliticos para as reacdes de oxigénio, como prova
de conceito. Os resultados permitem estabelecer uma metodologia para construgao de
estruturas 3D que podem ser otimizadas como eletrocatalisadores ou estudadas para

outro tipo de aplicagdes.

Palavras-chave: Nanocompésitos & Materiais hibridos; Nanomateriais de
carbono; Tensioativos & Polimeros; Funcionalizagdo nado covalente; Exfoliacao;

Nanotubos de carbono; Grafeno & Analogos 2D de grafeno; Eletrocatalise.
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Structure and Organization of this Thesis

Structure and Organization of this Thesis

This thesis is composed of four chapters, as summarized below.

Chapter 1: Introduction

The first chapter comprises an overview on 1D and 2D nanomaterials, focusing on those
materials relevant to this work, on amphiphiles and their role as dispersing agents, and
on the assembly methods of the described materials. The applications of the resulting
composite structures are also addressed. The topic of energy conversion is further
introduced, to provide context on one of the possible applications of the type of

nanomaterial/amphiphile hybrids explored in this thesis.

Chapter 2: Experimental section

In this chapter, relevant information regarding the materials and reagents used in this
work are presented. Chapter 2 also broadly covers the experimental methodologies

used. The characterization techniques and procedures are briefly described.

Chapter 3: Results and Discussion

This chapter comprises the results obtained in this work and their discussion, in the form
of published papers and manuscripts, organized according to the unfolding of the work:
1) preparation of the building blocks (Papers | - 1V); 2) building of 3D composite materials

and application-related studies (Papers V and VI).

Chapter 4: Conclusions and Future Perspectives

The thesis ends with an overview of the main conclusions, and future perspectives
regarding the building of new composite materials via surfactant-mediated interactions,

for advanced applications.
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1.1. 1D and 2D nanomaterials

New allotropic forms of carbon, in particular 1D carbon nanotubes (CNTs) and 2D
graphene (G), have been at the forefront of nanotechnology during the last years,
especially due to their novel and unique electrical, mechanical, thermal and optical
properties.’ More recently, other families of 2D nanomaterials, comparable to graphene
in structure — inorganic graphene analogues (IGA) — emerged as a viable alternative for
specific applications (e.g. electrocatalysis, electronic devices).?

In this section, the structure and properties of carbon nanotubes, graphene and
inorganic graphene analogues will be addressed. The functionalization approaches will
be described, focusing on the non-covalent methods. Finally, an outline on the

applications of the introduced 1D and 2D nanomaterials will be presented.

1.1.1 Carbon nanotubes

Structure

Carbon nanotubes are extremely long and narrow cylinders made of graphene sheets,
which possess unique mechanical, thermal, optical, and electrical properties.®> * Since
their discovery by lijima’s group in 1991,° CNTs have been on the spotlight of research
in a wide range of fields, from material science to nanotechnology." ®

The simplest way to visualize a CNT is by the roll up of a graphene sheet,
resulting in a hollow cylinder (Fig.1.1). Each carbon atom in the graphene monolayer is
connected to three other carbons by o bonds, in a sp? hybridized hexagonal network.”
The electrons in the non-hybridized p orbitals of adjacent carbon atoms create a

conjugated 1 system, making CNTs electrically conductive.?

Fig. 1.1. Construction of a carbon nanotube from a graphene sheet.®
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The type of CNT can be classified as i) singlewalled carbon nanotube (SWNT), if
it is composed by one graphene sheet; or ii) multiwalled carbon nanotube (MWNT), if it
results from the roll-up of two or more layers. The typical diameter, d, of a SWNT stands
in the range of 0.4-3 nm.” For a MWNT, d depends on the number of concentric tubes,
typically separated from each other by 0.34 nm.2 Regarding length, L, both SWNTs and
MWNTs can reach hundreds of micrometers. This high L/d aspect ratio warrants CNTs
the designation of quasi-one-dimensional materials.

Considering a SWNT, the roll up of the graphene sheet may produce different
types of nanotube, with different diameters. The angle of formation of the cylinder allows
three different structures, identified by a pair of integers (n, m) of the chiral vector Cs:
armchair, where n = m (n, n), zigzag (n, 0) and chiral, where n > m > 0 (n, m) (Fig. 1.2).

The electronic properties of the CNT are thus defined by their structure.’® '

Properties

The combination of the L/d aspect ratio with the conjugated 1 system turns CNTs into
singular materials regarding electronic, optical, mechanical, and thermal properties.'
Concerning the electronic properties, metallic conduction occurs when:
n—m = 3q (1.1)

where q is an integer. Therefore, according to Eq. 1.1, armchair tubes are metallic, while
zigzag and chiral nanotubes can present metallic or semiconducting properties. The
curvature of the nanotube (i.e. diameter) also plays a role in the electronic properties,
since conduction bands are more affected than the valence bands in the rolling-up of the
graphene sheet. The curvature presents a major effect in non-armchair nanotubes, which
can shift from metallic to semiconducting.™

rolling up >

0=0°

(m =0, zigzag)

0° <6 <30°

(n > m, chiral)

gzgf:.::. ’2a®
CH AN

Cp=nay; + ma; = (n,m)

(n = m, armchair)

Fig. 1.2. Schematic of a graphene sheet roll-up and definition of geometrical parameters that describe a CNT.
Adapted.™
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The sp? network of carbon nanotubes is not only responsible for the electronic
properties, but also for their black color, since 1-electrons are capable of absorbing light
at a wide range of wavelengths, from UV to near-infrared. Going from the macroscale to
the nanoscale, however, nanotubes can be transparent due to the high radiation
penetration depth (i.e. the distance electromagnetic radiation of a specific wavelength
can penetrate the material).” The absorption of discrete radiation wavelengths by
SWNTs is determined by the van Hove singularities, corresponding to electronic
transitions between different states. The peaks in the absorption spectra are related to
the band gap energies in the nanotubes, and, since both are connected to the density of
electronic states (dictated by nanotube structure), the optical absorption information
could be used to structurally characterize the CNTs. However, when analyzing a sample
with a high number of nanotubes, the absorption features from CNTs with different
structures often overlap, making a rigorous structural identification difficult.'> 14

Adding to their electronic and optical properties, carbon nanotubes present
remarkable mechanical properties. CNTs are the stiffest and strongest material ever
created, with SWNTs presenting Young’s modulus of 1000 GPa (approximately 5 times
higher than steel) and values of tensile strength than can achieve 63 GPa (50 times
higher than steel). Regarding MWNTSs, the Young’s modulus estimated experimentally
yields an average value of 1.8 TPa, and no apparent effect of diameter is seen.''®
Additionally, one observes that, following deformation, MWNTs can release the stress
and return to the original straight form. This feature makes this nanomaterial a promising
candidate for composites, increasing the fracture resistance.™

Among all known materials, crystalline carbons display the highest measured
values of thermal conductivity, k. For SWNTs, at room temperature, k = 6600 W-m™-K"!
was obtained for an isolated (10, 10) nanotube, a k value around 17 times superior to
that of copper. For MWNTSs, a value of kK = 3000 W-m™-K! was estimated. The high k
values obtained for CNTs refer, however, to thermal conductivity along the tube axis,
since the radial conductivity is significantly lower.'*

Despite the remarkable properties and wide applicability of both SWNTs and
MWNTs, it is essential to recognize that in practice not all CNTs possess outstanding
characteristics. The production method, as well as the further preparation of the
nanotubes to be applied, may increase the defects in the CNT structure, significantly
affecting their properties. Consequently, irrespective of the type of tube or the
application, it is crucial to apply reproducible methodologies that allow to preserve the

remarkable features of pristine carbon nanotubes.
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1.1.2 Graphene and Inorganic Graphene Analogues

In recent years, the dimensionality of materials, besides their composition and chemical
structure, was found to play a pivotal role in their fundamental properties, as was
emphasized by the discovery of free-standing graphene.'® The focus of research on
graphene, its properties and potential applications, led to the fast progress on
methodologies to prepare this nanomaterial at large scale. However, the strong
dependence of the as-produced graphene’s properties with the number of layers
unveiled a drawback in the large-scale production of this material. As an alternative, the
exploration of other 2D materials with remarkable properties,'” '® analogue to graphene,

emerged.'® 20

1.1.2.1 Graphene
Structure

Graphene is the definition given to a single layer of a hexagonal network of carbon atoms
with sp? hybridization, creating a 2D nanosheet. In theory, graphene has been studied
for several decades, as it is the basic building block of bulk graphite.'® However, the
monolayer was not presumed to exist as a free-standing material, until it was found in
2004 by Geim and Novoselov.?' Once separated from bulk graphite, graphene was found
to acquire an unique electronic structure with very unusual characteristics, with some

experimental measurements reaching their theoretically predicted limits.??

Properties

Graphene is a zero-gap semiconductor. An uncommon electronic feature of this material
are its massless charge carriers, also known as Dirac fermions.?> 2 In neutral graphene,
the chemical potential crosses exactly the Dirac point. This phenomenon mimics the
physics of quantum electrodynamics (QED) for massless particles; however, in graphene
the Dirac fermions move with a speed 300 times smaller than the speed of light, meaning
the unusual properties of QED can appear in graphene but at lower speeds.?® Dirac
fermions behave in unusual ways when compared to ordinary electrons if subjected to
magnetic fields, leading to new physical phenomena such as the anomalous integer
quantum Hall effect. The quantum Hall effect at room temperature and an electron
mobility value of 2.5 x 10°5cm? V' s7124 are indicative of the great electronic properties

of graphene.?? 23,2526
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Like carbon nanotubes, graphene also shows remarkable mechanical, optical,
and thermal properties. In addition to the high flexibility and specific surface area (SSA)
of graphene, a Young’s modulus of 1 TPa and intrinsic strength of 130 GPa were
experimentally obtained?’; the monolayer has an optical absorption of TTa ~ 2.3% (in the
infrared limit, where a is the fine structure constant)??; and thermal conductivity values
can reach 3000 W m K", an order of magnitude higher than copper.?® Graphene also
possesses the ability to sustain extremely high densities of electric current.®

The combination of all these properties in one material explains the “gold-rush”
towards graphene in the last decade. However, one important concept is the number of
layers in the material, for it is known that the electronic structure rapidly evolves with the
increasing sheet number. In the case of graphene materials, the properties approach the
3D limit of graphite at 10 layers. For the graphene monolayer and bilayer, the electronic
spectra are simple since both are zero-gap semiconductors. For three or more layers,
several charge carriers and the conduction and valence bands start notably overlapping

in the spectra.®

Classification

During the last years, the focus of graphene research shifted from fundamental studies
to applications.?® Considering the importance of the structure and defects of the material
in the final properties, some efforts have been made to bring the definition of graphene
materials to a common ground (Fig.1.3), since the literature can be confusing regarding
these concepts. The basic principles for the graphene classification rely on i) lateral
dimensions; 2) number of layers; and 3) whether the particle is isolated or is a unit of the
material.3' Thus, “graphene” refers to the isolated monolayer, while “graphene layer” is
the designation attributed to the structure unit within the carbon material. Multi-layer
graphene (MLG) and few-layer graphene (FLG) are some of the most used concepts,
but sometimes they overlap. Bianco et al. defined MLG as a sheet-like material
consisting of a small number (2-10) of well-defined, countable, stacked graphene layers
of extended lateral dimension. FLG is a subclass of MLG, differing in the layer number
(2-5). When graphene is chemically modified and becomes highly oxidized, the term

“graphene oxide” (GO) is applied.3'33
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Fig. 1.3. Classification grid proposed by Wick et al. for the categorization of different graphene types according to three
fundamental properties: number of graphene layers, average lateral dimension, and atomic carbon/oxygen ratio. The
different materials drawn at the six corners of the box represent the ideal cases according to the lateral dimensions and
the number of layers reported in the literature. The values of the three axes are related to the graphene based materials
at the nanoscale, but it is feasible to expand the values to the microscale.*?

Although the “graphene” designation should only be attributed to the monolayer,
the concept is more complex, and it is common to find authors classifying as “graphene”
materials that are not the isolated 2D monolayer. Since the properties vary significantly
with the number of layers, a rigorous characterization is imperative to correctly define the

graphene material, allowing proper comparisons between different works to be made.

1.1.2.2 Inorganic graphene analogues: transition metal dichalcogenides

Structure

The importance of layered materials and their individualization into monolayers was put
forth by Richard P. Feynman more than 60 years ago.* The real potential of these sheets
was not found, however, until the discovery of free-standing graphene.?' Like the 2D
allotrope of carbon, there are many families of layered materials of different elements or
compounds. Great efforts have been put both in academia and industry on the research
of these two-dimensional materials, focusing on their distinct bulk and monolayer
properties.? %

One of the most important classes of inorganic graphene analogues is that of
transition metal dichalcogenides (TMDs). The chemistry of TMDs allows to take a step

forward to new fundamental and technological applications beyond graphene, which is
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chemically inert.’® These materials have a MX; structure, with M being a transition metal
atom (e.g. Mo, W) and X a chalcogen atom (e.g. S, Se), and can be visualized as one
layer of M atoms “sandwiched” between two layers of X atoms. Like graphene, MX;
compounds are characterized by weak, non-covalent bonding (van der Waals
interactions) between layers, and strong in-plane covalent bonding.®® The exfoliation of
these materials into mono- or few-layer particles not only preserves their bulk properties,
but also leads to additional features due to confinement effects.'®

The metal coordination of layered TMDs can be either trigonal prismatic (H) or
octahedral (T) - typically distorted and sometimes referred to as trigonal-antiprismatic -
as represented in Fig. 1.4."° Since an individual MX; layer can be in either one of the two
possible phases, the stacking of sheets of different phases confers TMDs a specific case
of polymorphism, called polytypism. The most common polymorphs are 1T, 2H and 3R:
the letters stand for trigonal, hexagonal, and rhombohedral, respectively, and the digit
indicates the number of layer (i.e. X-M-X) units in the unit cell. Further, there are different

possible polytypes (i.e. different stacking sequences) for each polymorph.'®

a)
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v \%
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Fig. 1.4. Structure and electronic properties of TMDs: a) Atomic structure of single layers of TMDs in their trigonal prismatic
(2H), distorted octahedral (1T) and dimerized (1T’) phases. Arrows indicate lattice vectors and the stacking of atomic
planes; b) “Periodic table” of known layered TMDs, summarizing their existing structural phases (2H, 1T or other, as in
the case of Pd-based TMDs) and indicating the presence of distorted structural phases and observed electronic phases.”
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Properties

The electronic properties are the most prominent feature of TMDs, since they can be
tuned depending on the elements involved and structural arrangement. Bulk TMDs
properties range from insulators (e.g. HfS;), semiconductors (e.g. MoS; and WSy),
semimetals (e.g. WTe; and TiSe») to true metals (e.g. NbS, and VSe,). Many TMDs
exhibit band structures that are similar in their general features. However, since there
are so many compounds in this family, this subsection will focus mainly on the materials
used in the project, namely MoS;, WS, and MoSe;.

As referred above, group VI TMDs, such as MoX; and WX, are semiconductors.
The direct excitonic transitions at the K-point (i.e. at the middle of an edge joining two
similar faces) of the Brillouin zone remain relatively unchanged with layer number (Fig.
1.4).38 3% |n particular, density functional theory (DFT) calculations for MoS; have shown
that localized d orbitals on the Mo atoms (located in the middle of the X-M-X
“sandwiches”) are responsible for the conduction-band states at the K-point and are
almost unaffected by interlayer coupling. Near the -point (i.e. center of the Brillouin
zone), however, the states are due to combinations of the antibonding p.-orbitals on the
S atoms and the d orbitals on Mo atoms, having a strong interlayer coupling effect.
Consequently, the direct excitonic states near the K-point are relatively unchanged by
increasing layer number, while the transition at the "-point shifts from indirect for the bulk
material to direct for the monolayer.®® This effect is expected for all MoX, and WX;
compounds, covering the bandgap energy range 1.1-1.9 eV from bulk to monolayer
structures. 38 40

The electronic structure of semiconductors has a key effect in their optical
properties: for semiconductors with direct bandgap, photons with higher energy than the
bandgap energy can be immediately absorbed or emitted; for indirect bandgap, the
process is less efficient, requiring an additional photon to be absorbed or emitted.
Consequently, the change from indirect to direct bandgap for MoX,; and WS, can be
monitored by photoconductivity, absorption spectroscopy or photoluminescence.3®

The mechanical properties of MoX; and WX, TMDs have been studied for flexible
electronics applications.*' In particular, MoS, was found to be 30 times stronger than
steel and can be deformed up to 11% before breaking, which makes this material one of

the strongest semiconducting materials known and enhances its applicability.*?
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1.1.3 Synthesis and functionalization of nanomaterials

The nanomaterials described in the previous sections can be obtained by different
methods; some can occur naturally, and all can be synthetized using bottom-up
approaches. Usually, the synthesis produces highly aggregated and heterogeneous
powders, and therefore additional preparation steps are required to obtain the 1D and

2D objects in well-separated and manageable forms.

1.1.3.1 Synthesis of carbon nanotubes, graphene, and inorganic graphene

analogues
Carbon nanotubes

Carbon nanotubes do not occur naturally — as observed to this date — therefore, the 1D
allotrope of carbon must be synthetized. The most frequent techniques applied to
synthetize CNTs are visible light vaporization, electric arc-discharge, and chemical vapor
deposition (CVD).*3

In the visible light vaporization, a solid graphite target is irradiated by a laser or
submitted to continuous multiwavelength light (from a solar furnace), under high
temperature (around 1200 °C) and using He or Ar atmosphere. As a result, graphite is
converted into vaporized particles. The gas flow inside the chamber provides a
temperature gradient that recombines the particles into nanotubes, ultimately collected
in a cold finger. A catalyst can be used in the process, in which the type of CNT formed
depends. If pure graphite is used, MWNTSs are collected; if an appropriate metal-filled
graphite is vaporized, SWNTs are formed. The main disadvantages of this technique are
the cost and the scale-up difficulties. However, it is possible to obtain nanotubes with low
defect density.®

The arch discharge method is carried under reduced pressure, in a chamber filled
with inert gases, like in the light vaporization procedure. The ends of graphite rods are
placed close to one another, with a potential set at around 20 V. The distance between
the two ends is shortened until an electric arc occurs, increasing the temperature in the
surface to 2000 °C — 3000 °C, enough to sublimate carbon. The combination of electric
current, reduced pressure and high temperature forms a plasma, that should be kept as
stable as possible to produce high quality nanotubes. The deposit formed in the cathode
will contain the CNTs: if no catalyst is used, MWNTSs are formed; if a proper catalyst is
selected, SWNTSs are obtained. The main drawback of this process is the amount of non-

nanotube material that is formed — typically around 90%. The advantages are,
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nevertheless, considerable, since the equipment is inexpensive and easily operated, and
low-defect nanotubes are produced.?

Chemical vapor deposition can be defined as a thermal reaction in which a
transition metal catalyst (e.g. Ni, Co) is applied to reduce the temperature down to the
value required to break down the carbon source molecules, separating the carbon atoms.
Typically, the temperature involved dictates the type of CNT produced: at lower
temperatures, the formation of MWNTSs is favored, while higher temperatures origin
SWNTs. The gaseous precursor adsorbs on a substrate, with a consequent phase
transition to condensed nanotubes through a nucleation and growth process.* This
procedure permits not only the tunability of the reaction conditions, but also the carbon
source to be rather diverse (e.g hydrocarbons and carbon monoxide), hence opening
the range of possible reaction conditions and making CVD the most studied technique
for CNT production.® Over recent years, some processes have been optimized and
registered, such as the HIPCO® (High-Pressure Carbon Monoxide), involving a gaseous
catalyst, and CoMoCat® (Cobalt-Molybdenum Catalysis), that uses a supported
catalyst.*® The output of CVD usually consists on a high yield of CNTs (reaching 99% of
the produced material), but MWNTs tend to display higher defect density than the
SWNTs produced by this technique.®

The synthesis of CNTs typically produces a powder consisting of tubes
agglomerated in bundles and ropes. For this reason, several methods have been
developed to obtain homogeneous samples of individualized tubes, as addressed in

section 1.1.3.2.

Graphene

The low-cost and scalability of CVD as a thin-film deposition procedure makes it
applicable also for bottom-up production of graphene. The main parameter in the control
of graphene synthesis by CVD is the choice of substrate material, since the growth
mechanism of the nanomaterial appears to be strongly dependent on the type of
substrate (i.e. Ni, Cu). Although large, high-quality monolayers have been synthetized
using CVD, the combination of reproducible results and large-scale production has not
been accomplished yet.** Other methods reported to fabricate graphene range from un-
zipping of carbon nanotubes, solvothermal synthesis, or organic synthesis. However, the
most promising procedures to obtain high-quality monolayer or few-layer graphene that
can be produced at industrial scale are the top-down methods, using graphite as the

starting bulk material.*®
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Graphite consists of stacked graphene layers, held together by van der Waals
interactions. Consequently, the use of forces that exceed the vdW allows to exfoliate the
graphene sheets from bulk graphite. Three procedures stand-out regarding the obtention
of graphene from graphite: micromechanical cleavage, graphene via graphene oxide and
liquid-phase exfoliation (Fig. 1.5). The first is commonly known as the “scotch tape”
method, and, as implied, consists of the peeling of graphene flakes from graphite using
adhesive tape. Graphene is then deposited on a substrate and the tape can be dissolved
in acetone. Despite the high quality of the obtained material and versatility of
micromechanical cleavage, scalability remains the major drawback.*®

The fabrication of graphene via graphene (or graphite) oxide is one of the most
used procedures. This method relies on the intercalation of graphite with an oxidant,
introducing oxygen groups that help to disperse and stabilize the oxidized material in
water, when subjected to sonication. The most applied protocol to oxidize graphite is the
Hummers method — an aggressive chemical treatment that, while helping to obtain
homogeneous graphene dispersions in water, destroys the sp? structure. The defects
generated by the oxidation can be partially reverted by an additional reduction step,
however, no methodology developed to date has been able to fully restore the pristine
graphene structure. The chemicals used in this treatment (such as sodium nitrate and
concentrated sulfuric acid) and the high temperatures required make the Hummers
method unsuitable for industrial production.*®

Liquid-phase exfoliation (LPE) appears as an alternative to obtain scalable
graphene dispersions without the use of severe treatments. This methodology uses
ultrasound or shear forces to exfoliate graphene sheets from graphite. The liquid medium
is usually selected considering the interfacial tension between the solvent and the
graphene layers, which should be minimized. Among the solvents reported to be
effective are N-methylpyrrolidone (NMP) and N,N-dimethylformamide (DMF). In this fact
lies the first challenge of LPE: suitable solvents should have a surface energy around
40 mN-m™", a value usually obtained in liquids that are expensive, corrosive, and toxic,
with high boiling points. Thus, several efforts have been applied to exfoliate graphite in
a large number of alternative solvents, such as acetone, ethanol or even water. While
extremely convenient, exfoliation in water requires the modification of the hard material,
due to the high surface tension of the solvent and hydrophobic nature of graphite and
graphene. Amphiphilic molecules (e.g. surfactants, proteins, and some synthetic
polymers) can be used to overcome this drawback, by functionalizing the hydrophobic

surface without disrupting the sp? structure. This topic will be described in more detail in
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section 1.1.3.2. The challenge in LPE is to find the experimental conditions that lead to

high-quality graphene dispersions, with controllable size and number of graphene layers.

Graphite
Liquid-phase Oxidation
exfoliation Z exfoliation -
- 4
' . Micromechanical ‘ Reduction
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Fig. 1.5. Major top-down fabrication methods to obtain graphene from graphite. Adapted.*”

Transition metal dichalcogenides

The methodologies described to obtain graphene dispersions (e.g. mechanical cleavage,
liquid-phase exfoliation) can be applied to other inorganic 2D analogues, such as
transition metal dichalcogenides, using the bulk crystals as thin-layer reservoirs.®
However, the only TMDs known to occur naturally in the form of a layered crystal are
MoS; and WS, Consequently, bulk crystals of other TMDs must be synthetized. The
chemical vapor transport method can be defined as a crystal growth process in which
the starting materials (i.e. the high purity metal and chalcogen) are placed, in
stoichiometric proportions, in a quartz ampoule with the addition transport agent (e.qg. Iz,
Brz) and heated in a furnace under a temperature gradient. The crystal growth takes
place in the colder part of the ampoule, to where the material is transported. Similar to
the graphite-to-graphene process, monolayers of TMDs can be obtained from the growth
crystals.® Other widespread process to exfoliate layered materials, that has been
applied with TMDs, is the Li-ion intercalation. This method consists in the intercalation of
lithium ions into the interlayer space of bulk TMDs, and consequent sonication of the Li-
intercalated compounds in water. However, this process still needs optimization, since
typically the intercalated compounds present risk of self-ignition, self-heating or self-

explosion in air.*8
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1.1.3.2 Functionalization of 1D and 2D nanomaterials

As described in the previous sections, the high aspect ratio and strong van der Waals
cohesive forces between tubes or sheets result in tight agglomeration into bundles or
stacking of the sheets. Since many applications rely on isolated tubes/ sheets where the
properties (e.g. mechanical strength, electrical mobility, thermal conductivity) are
optimized, bundling and stacking represent a drawback for the applicability of CNTs,
graphene and TMDs. The main procedures to disperse 1D and 2D nanomaterials in
liquid medium are i) in organic solvents; 2) by covalent functionalization and 3) by non-
covalent functionalization. The first procedure was assessed in section 1.1.3.1, regarding
the liquid phase exfoliation of graphene. In this section, the functionalization procedures
will be reviewed. In the case of CNTs and TMDs, the relevance of functionalization to
individualize the produced materials, hence weakening the interaction between adjacent
tubes/sheets, is simple to understand. However, in the case of graphene this concept
may overlap with the synthesis of the material since the top-down approaches use
exfoliation and/or functionalization to produce graphene from graphite. It is important,
then, to recognize that while the functionalization of CNTs and TMDs takes place after
their synthesis (typically in the form of bundles or stacked layers), the functionalization
of graphene can either be intrinsic to the synthesis process, when exfoliating graphene
directly from graphite, or take place after an additional preparation step, when obtaining
mono- or few-layer graphene from previously exfoliated materials, such as graphene
nanoplatelets, GnPs (i.e. small stacks of graphene layers having a platelet shape, that

can be synthetized from graphite exfoliation).

Covalent functionalization

Covalent functionalization relies on chemical modification by adding functional groups to
a surface. The attached groups will interact with the solvent, enhancing the dispersibility
of the material in the liquid media and the repulsions between tubes/sheets, improving
the stabilization of the dispersed particles. The most common procedure to chemically
functionalize carbon nanotubes and graphene is oxidation by strong acids (e.g. H2SO4
or HNOs), or mixture of acids, resulting in the formation of carboxylic groups and
increasing the affinity of these hydrophobic materials towards polar solvents.*® Covalent
modification of TMDs (in particular MoS,, the most studied material of the family) has
been carried out using several approaches, such as the addition of thiol, dibenzene
thiophene, aryl diazonium molecules and organohalides.®® Although the covalent

functionalization methods have been widely studied and optimized, the introduction of
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covalently-bonded functional groups to the hard surfaces introduces structural defects
that affect the electronic, optical, mechanical and thermal properties of the 1D and 2D
nanomaterials. In addition, the use of strong acids and high temperatures is not
appealing for large-scale applications, due to the increased risk and environmental

cost.?!

Non-covalent functionalization

The non-covalent functionalization of carbon surfaces can be achieved through the
physical adsorption of molecules (e.g. surfactants, polymers) on the hard nanomaterial
surface, which changes some of its interfacial properties like hydrophilicity, wettability
and surface charge. The colloidal kinetic stability of the dispersed particles is also
enhanced due to steric or electrostatic repulsions between the coated surfaces. Since
no chemical reactions occur, and the process can be carried out in mild conditions (i.e.
aqueous media, low temperature), non-covalent functionalization provides a path to tune
the physical properties of carbon nanotubes, graphene or TMD without compromising
the material’'s structure.*®> The aspects regarding the mechanism of surfactant and/or

polymer adsorption on the hard nanomaterials will be discussed further in section 1.2.4.

1.1.4 Applications of CNTs, graphene and TMDs

The remarkable electrical, optical, mechanical, and thermal properties that carbon
nanotubes, graphene, and transition metal dichalcogenides encompass make these
nanomaterials suitable for countless applications.

The potential of carbon nanomaterials for electronic devices is widely recognized,
from energy conversion (e.g. solar cells, fuel cells) to energy storage (e.g. batteries,
supercapacitors).®® These nanocarbons can be applied in the form of inks, pastes,
colloidal dispersions or as free-standing materials. The first CNT film reported, also
known as “bucky paper”, was fabricated by Rinzler et al.> Later, the free-standing carbon
film was studied for applications in supercapacitors, presenting electrical conductivity
values of 20 S/cm and thermal conductivity reaching 153 W/mK, besides being light and
flexible.>® However, the high manufacturing cost represented a drawback for large-scale
production. Graphene oxide paper appeared as an alternative, showing even better
electronic properties than the original bucky paper, but was found to be affected by
humidity.*3
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Due to the difficulty of processing carbon nanotubes and graphene nanoplatelets
as isolated materials, they have been applied as fillers for composite materials and
coatings, and studied in microelectronics, energy storage, tribology and biotechnology.%®
%8 Keshri et al. found that coatings reinforced with MWNTs exhibit both reduced friction
and wear due to the excellent self-lubricating and load bearing effects of the nanotubes.*
Graphene shows outstanding friction and wear behaviors as well. Interestingly, few-layer
and multi-layer graphene experimentally showed a decrease in friction force with
increasing number of layers, enhancing the applicability of these materials for
lubrication.®? 8*.52 Graphene nanoplatelets have also been studied as polymer nanofillers,
modifying the properties of the matrix due to their low mass density and high electrical
and thermal conductivities.®®* Other properties, such as the decrease of water vapor
permeability, have emerged from this combination.®*

Regarding the other class of 2D materials studied, theoretical and experimental
results suggested single- and few-layer TMDs of the MoX: and WX, families are
promising for applications in electronic devices, since they are semiconductors and the
band gaps can be tuned by controlling the number of stacked layers.? % Furthermore,
while the optical properties of TMDs are remarkably affected by the number of layers,
the electronic properties of semiconductor TMDs vary relatively weakly with the layer
number, contrasting with graphene.® ¢ The combination of these features, adding to
their mechanical properties and chemical stability, boosted the research on applications
of MoXz and WX, materials (e.g. flexible transistors,*® transparent opticalelectronics,%®
nanoelectronics®’). The abundance of Mo and W lowers the manufacturing cost,
presenting a strong advantage comparing to carbon nanomaterials and making these
materials viable for industrial applications.®® However, while the applicability of 2D
materials beyond graphene has been widely studied, fundamental and systematic
studies regarding the preparation of reproducible few-layer materials has not been

following a comparable growth, remaining scarcely explored or lacking in detail.

1.2. Dispersing and functionalizing agents

As described in section 1.1.3.2, non-covalent functionalization stands as one of the main
routes to prepare stable and individualized carbon nanomaterials. This process is based
on the use of amphiphilic molecules to adsorb on the hard material, conferring
functionalization without disruption of the surface. In this section, the main dispersing

and non-covalent functionalizing agents used through the work — surfactants and
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polymers — will be described, focusing on their interfacial behavior and self-assembly in

aqueous systems.

1.2.1. Surfactants

Surfactants (abbreviation for surface active agents) can be defined as amphiphilic
molecules that have a strong tendency to adsorb at interfaces, lowering the interfacial
tension between them. The amphiphilic character of these compounds means that they
are formed by a hydrophobic portion, usually a hydrocarbon chain (typically referred as
“tail”), attached to a hydrophilic group (“head”), as depicted in Fig. 1.6. The type of charge
of the hydrophilic portion is one of the most common ways of distinguishing different
surfactant classes. Thus, surfactants can be classified according to their hydrophilic
group charge as: anionic, cationic, nonionic, zwitterionic and catanionic.®® Another
classification is related to the number of chains (e.g. single-, double-chained). Adding to
these classes there are some different families, such as dimeric surfactants (e.g. gemini
surfactants). Gemini surfactants present two hydrophobic chains linked by a spacer and
two polar head groups; these features confer different properties than their monomeric

analogues.®®

hydrophobic tail hydrophilic head
| |

Fig. 1.6. Schematic representation of a surfactant molecule.

The duality of their nature is the key feature for surfactant behavior in water and
the reason behind the hydrophobic effect. The low solubility in water (or polar solvents)
drives both surfactant adsorption at interfaces, significantly reducing the interfacial
tension, and self-assembly — the most prominent feature of these soft materials.®® 7 At
high dilutions, surfactants exist as unimers, and the molecular interactions between the
hydrophobic tail and the water dipoles are highly unfavorable. To minimize this effect,
surfactants tend to adsorb at the air-water interface, forming a monolayer and
consequently reducing the surface tension. When the interface is saturated, above a
specific temperature — Krafft temperature, Tk, - and after a determined surfactant

concentration — defined as critical micellar concentration, cmc — the surfactant molecules
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self-assemble in solution in typically spherical aggregates, called micelles, where the
surfactant tails are in close contact and the hydrophilic heads point towards the solvent.
This phenomenon results in a lower Gibbs energy of the system.®® 70 7' The
concentration range where micellization occurs can be determined by several
techniques, being surface tension and conductometry the most common. Fig. 1.7
represents the variation in surface tension and conductivity as a function of surfactant

concentration.

cmec
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Fig. 1.7. Schematic representation of surface tension and conductivity as function of surfactant concentration.

The hydrophobic effect defines the onset of aggregation (micellization), but the
repulsions between the headgroups define the formation of aggregates (micelles) with
well-defined sizes. Thus, the hydration of the headgroups and the steric and electrostatic
repulsions (depending on the charge of the polar head) between them are the main
reason that surfactants do not phase-separate in water. The thermodynamic models can
provide a more quantitative view of the micellization process. Two main approaches are
considered: the pseudo phase separation model and the mass action model.®®

The pseudo phase separation model assumes that micellization can be treated
as a phase separation process and hence that it is cooperative: after the onset of micelle
formation, adding another molecule (in the case of micellization, another unimer) to the
assembled structures is more and more favorable as the number of unimers in the
micellar phase increases. The standard molar Gibbs energy of micellization, A,;.GS, ,
can be determined from the difference between the chemical potential of the surfactant

in the micelle and its standard chemical potential at infinite dilution, per mole:
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ApicGm = p—?nic - p-(S) = RT In x¢pmc (1.2)

where p2 ;. is the standard chemical potential of the micelle, pg is the unimer standard
chemical potential, R is the gas constant, T is the absolute temperature and x.,. is the
cmc expressed in surfactant molar fraction.®®

The pseudo phase separation model, although providing an approximation for
AnicG, assumes that micelles are unlimited assemblies, when in fact they have a finite
aggregation number. Thus, mass-action (or equilibrium) model is an alternative way of
modeling the micellization process. In this model, the micellization process is considered
as a chemical equilibrium between the free unimers and the micelles.®® This model
relates the aggregation number with the Gibbs energy of micellization, describing the
micellization process more accurately. For monomeric surfactants with monovalent

counterions, in the absence of salt, the mass-action model states A,;.G2 as:
AmicGoh = (2 — @)RT In x¢ppc (1.3)

where «a is the degree of counterion dissociation (or degree of micelle ionization). For
totally charged micelles, a« = 1; for neutral micelles, « = 0. Further expressions are
applied in the presence of salt or other types of surfactants, such as gemini.”

Micelles are not the only structure formed by self-assembled surfactant
molecules. In fact, the type of aggregate formed by the assembly of surfactant molecules

can be rationalized in terms the surfactant packing parameter (Ps) defined as the ratio:

p, = tne (1.4)

Ahg lne

where V. is the volume of the hydrocarbon chain of the surfactant and aug Iy,
represents the volume of a hypothetical cylinder defined by the effective area of the polar
head group (a4 ) and the length of the extended hydrocarbon chain (I;.).% If the volume
of the alkyl chain is equal to the cylinder volume, P, = 1, and a bilayer is favored. The
most favorable packing will result in curved aggregates like spherical micelles, when
P, = 1/3 (corresponding to a surfactant with shape similar to a cone), or cylindrical
micelles (P, = 1/3 — 1/2). When P, > 1, reverse structures are preferably formed.%®
The concentration of surfactant molecules affects the type of structures formed.

With increasing concentration, inter-aggregate interactions occur and some
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rearrangements to more favorable structures can take place. An ideal phase sequence

for a surfactant, regarding the gradual increase in the surfactant concentration in

solution, is given by the Fontell diagram (Fig.1.8).”

Reversed micelles

Ps >1
g Cubic
A o
Reversed
hexagonal
“water in oil”
Ps > 1 Cubic
Ps =1
“mirror plane” ﬁ Lamellar
Cubic
1/3 <Ps <1/2 ¢
? Hexagonal
“oil in water” /
— Cubic
Ps <1/3
Micelles

Fig. 1.8. Phase sequence of surfactant structures with increasing concentration according to the packing parameter.
Adapted. 7

1.2.2. Polymers

Polymer science is a broad field of science, where chemistry, physics and material
science intersect. In this section, we will cover more specifically the topics relevant to the
work developed, namely the properties of water-soluble polymers. Polymers can be
defined as macromolecules constituted by a repetition of smaller chemical units -
monomers — that are covalently linked in a process designated as polymerization.”
Polymers can be broadly divided into two major families: natural or biological polymers
(e.g. proteins, polysaccharides and nucleic acids), and synthetic or man-made

polymers.”
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Synthetic polymers are classified regarding their structure - linear, branched, or
cross-linked - or composition. If the polymer is synthetized using more than one type of
monomer, it is designated as copolymer. The monomer units can distribute i) randomly;
ii) in blocks; or iii) one of the monomers is grafted in chains onto the backbone of other
chain.”® If the monomers in a polymer bear a charged group, the polymer can be
designated as a polyelectrolyte.”" Alongside these definitions, a polymer will have
surface active properties if it shows i) hydrophobic chains grafted to a hydrophilic
backbone; ii) hydrophilic chains grafted to a hydrophobic backbone or iii) hydrophilic and
hydrophobic segments.

The configuration of a polymer in solution depends on the balance between
segment-segment interactions and segment-solvent interactions, which in turn often
depend on the type of solvent used and/or the temperature. Hence different
conformations can be adopted by a polymer chain in solution (Fig. 1.9), with the most
common ones for synthetic polymers being: the globule or collapsed coil (in poor
solvents) and the random coil (in a good solvent). In polyelectrolytes, the typical
conformations are the expanded coil and the rigid rod, depending on the charge

density.”

solvent quality

Fig. 1.9. Polymer chain conformation, from the globule or collapsed coil (left) to the random coil (right), according to
segment-solvent interaction. Adapted.”®

Some of the most studied water-soluble polymers include polyvinylpyrrolidone
(PVP) and polyacrylic acid (PAA). The first, a non-ionic polymer, is highly soluble in water
and other polar solvents due to its polarity. PVP associates with anionic surfactants in
aqueous solution, forming complex structures.”® These features, associated to its low
toxicity, confer PVP high applicability in pharmaceuticals,’® biosensors’” and synthesis
of nanoparticles for drug delivery.”® PAA is an anionic polyelectrolyte (or polyanion).
Polyelectrolytes, due to their typical conformation in extended chains or rigid rods, are

widely used as thickeners, dispersants and to build composite films or coatings.”® 7 &
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PAA can also be found neutralized with sodium, in the form of sodium polyacrylate
(PAS). PAS, due to its increased sodium content, is a super-absorbent polymer. This
class of polymers has applicability in a wide range of areas, from hygiene products®' to

water treatment.®?

1.2.3. Polymer/surfactant mixtures

Regarding their applicability in carbon science, surfactants have been widely used not
only as dispersants for CNTs and graphene but also to produce composites with carbon
nanomaterials, since they can be easily fabricated and are considered a group of
relatively inexpensive materials for many engineering applications.®% The interfacial
and aggregation behavior of surfactants, however, can be modified by the presence of a
polymer in the solution. Polymer/surfactant systems are extremely interesting from a
fundamental colloidal point of view and so they have been extensively studied over
time.”® 892 Besides, they bear a crucial importance in many products and industrial
processes, namely in detergents,®® pharmaceutical and cosmetics,* food industry,®
enhanced oil recovery®® and wastewater treatment.®’

There are two main pictures of polymer/surfactant solutions: i) interaction in terms
of a strongly cooperative association (i.e. binding of the surfactant to the polymer) and ii)
micellization of surfactant on or in the surrounding area of the polymer chain. Usually,
the first approach is preferred for polymers with hydrophobic groups, while for hydrophilic
homopolymers the second approach is favorable. Regarding the aggregate structure,
one of the most accepted models for homopolymer/ionic surfactant systems is the “pearl
necklace model” (Fig. 1.10), with the surfactant forming micellar-like clusters along the

polymer chain.”®

& &

Fig. 1.10. The "pearl-necklace model" of polymer-surfactant association. Adapted.”
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We will now analyze in more detail the interactions in solution between ionic
surfactants and polymers, a subset of polymer/surfactant systems. The concentration
and charge of the surfactant and polymer in the mixture play a pivotal role in the
interactions of the complex formed. Similar to the micellization process of the individual
surfactant, the hydrophobic interaction is a dominating contribution to the Gibbs energy
of association in PS systems; however, strong associative phase behavior can be
expected if the two co-solutes (surfactant and polymer) are oppositely charged, and,
conversely, repulsive interactions that occur between charged polymer and similarly
charged surfactant lead often to segregation behavior.”® 2

When there is associative phase behavior, over a range of surfactant
concentrations, the surfactant and polymer form molecular complexes due to the net
attractive interaction between surfactant and polymer. This behavior is illustrated in
Fig. 1.11, which shows the dependance of surface tension as a function of surfactant
concentration when mixed with polymer (at fixed polymer concentration) and compares
this behavior with that of the individual surfactant. At low surfactant concentrations,
depending on the surface activity of the polymer, there may be already a decreased
surface tension compared to that of the neat surfactant system. Increasing the surfactant
concentration, a first break in the surface tension curve occurs and a nearly constant
surface tension value is attained (cac), remaining stable over a concentration range. This
point represents an onset of interaction between the surfactant unimers and the polymer,
whereby micelles form along the polymer chains, in close interaction. Once the polymer
chains become saturated with surfactant micelles, the surfactant unimer concentration
and the activity increase again. Consequently, there is a lowering of surface tension until
the unimer concentration reaches the formation of surfactant-only micelles in the bulk,
that is the cmc in the presence of polymer (cmc’), after which the surface tension value
becomes constant again.”® Therefore, cac is lower than neat surfactant cme, and the

latter is lower than cmc’.
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Fig. 1.11. Schematic representation of surface tension as a function of surfactant concentration in water with no polymer
present (red) and in an aqueous solution containing polymer at fixed concentration (green).

The charge effect was studied for polyions and surfactants of opposite charge,
where strong interactions are at play due to electrostatic forces®: neutral polymer/ionic
surfactant systems have also been investigated, with the general conclusion that anionic
surfactants (e.g. SDBS) interact strongly with non-ionic polymers (e.g. PVP). Conversely,
cationic surfactants (e.g. CTAB) have been found to interact very weakly (or not interact
at all) with neutral polymers. The interaction was found to improve when more
hydrophobic polymers, such as poly(vinyl alcohol) were used.8¢ 8"-°! Furthermore, Minati
et al. reported that PVP/SDS systems form negatively charged aggregates, consisting of
SDS molecules associated with individual polymeric chains, at low concentrations.
Above the critical aggregation concentration, cac, the aggregates are formed by PVP
chains with multiple SDS micelles attached. Interestingly, these aggregates exhibited
similar properties as linear polyelectrolytes.®® Similar behavior was reported for
PVP/AOT systems by Kamli et al.'®

The possible industrial and technological applications of polymer/surfactant
systems are immense, due to the tunability of the system properties and innumerable
combination possibilities. Therefore, an understanding of the behavior of these systems
is an important issue for both scientific and technological purposes. Despite the
extensive study of PS mixtures in the last decades, the knowledge on their interaction
with hydrophobic surfaces, such as carbon nanotubes or other hard nanomaterials, is
still being consolidated, making it difficult to establish general rules for describing the

adsorption behavior for these systems.'?’
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1.2.4. Non-covalent functionalization: mechanisms and dynamics

The production of well-dispersed nanotubes,’® 1% graphene,'® 1% and inorganic
graphene analogues®® 1% 197 in various organic solvents has been widely explored over
the years. For most applications and due to environmental restrictions, however,
obtaining aqueous dispersions of these nanomaterials is of great practical interest.'08 10
One of the most common approaches for dispersion (and stabilization) of nanomaterials
in aqueous solvents is to employ amphiphilic dispersants, as described in previous
sections. Among the dispersants used are surfactants,*® '1%-12 synthetic polymers''® and
proteins'# 115 - which bind to the hard surface via their hydrophobic moieties, providing
wettability and colloidal kinetic stability through their polar regions. The electrostatic
repulsions (when ionic dispersants are used) or steric repulsions (when nonionic
dispersants are used) are responsible for the long term colloidal stability of the dispersed
particles, even though it is a metastability and not true thermodynamic stability.%

The mechanism of amphiphile-assisted dispersion proposed for carbon
nanotubes is schematically depicted in Fig. 1.12.""® The general dispersant behavior on
the exfoliation of 2D layered materials, such as graphene and transition metal
dichalcogenides, is expected to be similar, although fundamental studies are still scarce.
Three stages should be distinguished in the dispersing process: i) cleavage (Fig. 1.12b);

ii) amphiphile adsorption (Fig. 1.12c); and iii) stabilization (Fig. 1.12d).

a) b) c) d)

Fig. 1.12. Representation of the dispersant-assisted exfoliation proposed for carbon nanotubes and 2D layered materials:
a) bulk reservoir; b) applied forces create cavities in the bundle end; c) amphiphilic molecules adsorb on the freshly
exposed surface; d) individualized particles separate from the bulk and remain dispersed due to non-covalent
functionalization.

The first part of the process consists in the mechanical separation of the sheets
or tubes from the bulk reservoir. This separation occurs through an ‘unzipping’
mechanism: the energy source produces clefts between adjacent tubes/sheets, allowing

surfactant (or polymer) molecules to adsorb (essentially via hydrophobic interactions)
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onto the newly exposed surface. Surfactant adsorption propagates along the fissure,
separating the tube/sheet beyond the short van der Waals distance and eventually
splitting it from the bundle/ aggregate.'® "7 Finally, after removing the non-dispersed
particles and large aggregates using a centrifugation step, the dispersed materials
remain stabilized by steric or electrostatic repulsions that provide a kinetic barrier to
reaggregation. This procedure allows to obtain kinetically (not thermodynamically)
stabilized suspensions of the 1D and 2D nanomaterials.

Regarding CNT dispersion via surfactant adsorption, the mechanism has not
been unequivocally determined. It has been previously hypothesized that the SWNTs
form the core of cylindrical micelles of surfactants (Fig. 1.13a) or are coated by adsorbed
hemimicellar surfactants (Fig. 1.13b).""8 "% Yurekeli et al. presented structural data that
refute the formation of cylindrical micelles in aqueous dispersions of sodium dodecyl
sulfate (SDS)-SWNT and suggest that structureless random adsorption with no
preferential arrangement of the head and tail of the surfactants is responsible for the

stabilization of the dispersions (Fig. 1.13c)."2 119-121
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c)

Fig. 1.13. Schematic representations of proposed mechanisms of surfactant adsorption on a SWNT hydrophobic surface.
a) CNT encapsulated in a cylindrical surfactant micelle: side view (left) and cross section (right); b) surfactant adsorbed
in the form of hemimicelles; c) random adsorption of surfactant molecules on a SWNT. Adapted from '*°

To describe polymer-nanotube interactions, two configurations stand out among
the proposed models: polymer wrapping'?? and loose adsorption.'?* 24 O’Connel et al.
discussed a general thermodynamic drive for CNT wrapping, whereby the polymer
disrupts both the hydrophobic interface with water and the tube-tube interactions in the
aggregates; nanotubes can be unwrapped by changing the solvent system.'?? In this
model, the polymer forms a helical structure in close contact with the CNT surface,
suggesting strong a polymer-nanotube interaction. Alternatively, the loose adsorption
model considers that the original configuration of the polymer does not change
significantly, suggesting a weaker polymer-nanotube interaction. The latter is believed to
be adopted by polymers consisting of hydrophilic and hydrophobic moieties, wherein the
hydrophobic part is (supposedly) attached to the CNT surface by a “non-wrapping”

interaction, while the hydrophilic part provides a barrier to prevent reaggregation.'25-128
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The general aspects of amphiphile-CNT interaction can be extrapolated, to a
certain extent, to the exfoliation of graphene and other 2D inorganic graphene
analogues. Sun et al. simulated the adsorption of the anionic surfactant sodium
dodecylbenzene sulfonate (SDBS) on graphene sheets, finding that, at high
concentrations, surfactant tends to form micelles that encapsulate the graphene.'®®
Studies regarding the surfactant-aided exfoliation of TMDs, although fewer when
compared to those on CNTs and graphene, suggest a similar mechanism to CNTs, and
are gaining importance. 8 48130

Literature covers a wide range of dispersants, assessing different molecular
properties 4 51 110,112, 131133 However, the distinct processing conditions, nanomaterial
batches and non-systematic variation of the dispersant features make comparisons
difficult - which is crucial to select the best system for further applications (e.g. composite
building). Therefore, studies comparing surfactants in a significative concentration range,
using controlled experimental conditions and with a systematic variation of the surfactant
or material features are both necessary from a fundamental viewpoint and useful from a

practical perspective.!? 120

1.3. Nanocomposites of 1D and 2D nanomaterials

1.3.1. Aims and challenges

The applications of carbon nanotubes, graphene, and transition metal dichalcogenides
have been widely studied in the past years, and the performance of the different
materials has been compared.'3+136

Following the growth of research on 1D and 2D nanomaterials per se, the interest
on the combination of the basic forms into more complex 3D architectures also emerged,
projecting the individual properties of CNTs, graphene and TMDs into new or enhanced
fucntionalities.! Countless applications have arisen from the combination of these
nanomaterials, such as energy storage, sensors, coatings, mechanical reinforcement, or
catalysis.”® One particular combination is the synergistic combination of graphene
sheets with carbon nanotubes (CNT). For instance, the vertical interposition of CNTs
between 2D sheets would avoid aggregation of the layers and hence electronic
transport, '3 thermal transport,® and hydrogen storage'° properties could be enhanced.
Conversely, CNTs could also be horizontally organized within large-area sheets, and the

mechanical strength of the latter could be significantly reinforced due to the excellent



FCUP
Introduction

flexibility and strength of CNTs.!" The main challenge lies in building assembled,
reproducible and scalable structures with synergistic properties.

It is important to clarify the definitions of composite, nanocomposite, and hybrid
material, when assessing the combination of 1D and 2D nanomaterials to create 3D
structures. According to IUPAC, a composite is a multicomponent material comprising
multiple, different (non-gaseous) phase domains in which at least one type of phase
domain is a continuous phase; when at least one of the phase domains has at least one
dimension of the order of nanometers, the term “nanocomposite” can be applied. Hybrid
materials are defined as mixtures of inorganic components, organic components, or both
types of component, in which the components interpenetrate on scales of less than 1
um. ! Therefore, materials obtained from the combination of 1D and 2D nanomaterials
can be considered as nanocomposites or hybrids, and it is common to see both these
designations used interchangeably in literature. Regarding this work, typically the built
3D structures will be designated as composites or nanocomposites, since the 1D and 2D
nanomaterial building blocks are non-covalently functionalized with surfactant and/or

polymer and hence are, by themselves, hybrids.

1.3.2. Fabrication methods and applications of 1D/2D composites

Recent studies in the carbon nanomaterials area have focused on the building of hybrid
materials by covalent functionalization of one or both of the carbon nanomaterials
involved, and frequently using graphene oxide as building block or adding the graphene
reduction step to the building procedure.'#?'4” Faisal et al. developed a nitrogen-doped
graphene/carbon nanotube composite material via thermal annealing treatment at
800 °C, using graphene oxide and oxidized CNTs as starting materials. The resulting 3D
structure showed excellent capacitive properties when incorporated in a solid-state
capacitor device and electrocatalytic performance towards ORR and OER."® Graphene
oxide/carbon nanotube hybrid materials were fabricated using surfactant-dispersed
CNTs. The mixture of GO/CNTs was sonicated, followed by filtration and annealing at
800 °C. The final free-standing material presented promising results as collector and
binder-free anode for lithium batteries.’*® Pham et al. reported the building of a
CNT/graphene hybrid with outstanding performance for supercapacitors. The building of
the assembled structure relied on the intercalation of the GO sheets with the surfactant-
dispersed CNTs, through KOH activation.'

A common procedure to build composite structures is the layer-by-layer assembly

(LbL), which consists in the deposition of alternating layers of oppositely charged
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materials (Fig.1.14). The deposition can be by dip-coating (Fig.1.14a), if a substrate is
alternately submerged in oppositely charged building block solutions, with a rinsing and
a drying step between each deposited layer; or by spin-coating, where a small amount
of material is deposited on the center of the substrate, followed by rotation to spread the
coating material under the centrifugal force (Fig. 1.14b)."®’

a) b)
rinsing /__\
r_\ ‘ deposition spinning
\ 000000

(+) sample

=

'§~°*\\,:°
(-) sample

s =

_———_—

&

~___/ _

rinsing

Fig. 1.14. Schematic representation of the layer-by-layer assembly methodologies: a) dip-coating and b) spin-coating.

Covalently functionalized carbon nanotubes and reduced graphene oxide have
also been used to build composites by LbL, showing increased electronic conductivity
and potential for supercapacitors and flexible electrodes.#? 152

Regarding the use of TMDs to fabricate composite materials, a new research field
has recently emerged, based on the combination of 2D layers to build heterostructures
and devices. The resulting structures consist of stacks of monolayer or few-layer
materials assembled in a chosen sequence.?’ The combination of these 2D materials
with carbon nanotubes has been recently reported, but this area remains unexplored.
Wang et al. used MWNTs to prevent MoS, stacking and to bridge isolated MoS,
nanosheets, improving the interfacial interaction in an epoxy matrix. The MWNT/MoS;
composite was built using electrostatic interactions, mixing negatively charged MWNTs
(prepared by strong acid oxidization) and positively charged MoS- sheets (exfoliated by
sonication in a chitosan aqueous solution). This combination resulted in increased
tensile modulus, improved strength and enhanced elongation at break of the composite,
compared to pure epoxy.'?® Kim et al. have also applied CNTs to prevent the TMD
restacking, by mixing non-covalently functionalized SWNTs with lithium-intercalated
WS,. The obtained multi-dimensional nanocomposite exhibited enhanced thermoelectric

power and mechanical stretchability, to be applied in wearable power sources.'®*
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While chemical functionalization may change the carbon surface and its
properties, physical adsorption (i.e. surfactant binding to the surface) is suitable if one
wants to preserve the original properties of CNTs. However, studies regarding the design
and building of CNT/graphene or CNT/TMD composite materials via non-covalent
functionalization only are still very scarce, indicating that this area of research remains
largely unexplored. The applications for 1D/2D assembled structures are infinite.
However, the building method of the 3D materials has an influence in the final properties
and needs to be tuned according to the chosen application. Even with the intense
research on this area, the building of scalable, reproducible materials fabricated using

carbon nanotubes and graphene/transition metal dichalcogenides remains a challenge.

1.4. Nanomaterials as electrocatalysts for energy conversion

reactions

1.4.1. Energy conversion

The pursuit of a clean and sustainable future has increased the demand for alternative
energy conversion technologies. The basis for promising energy conversion systems is
the hydrogen cycle (i.e. water cycle). It involves the hydrogen and oxygen reactions and
the use of electricity for the water splitting reaction to generate H; (fuel) and O in an
electrolytic cell, through the hydrogen evolution reaction (HER) at the cathode and the
oxygen evolution reaction (OER) at the anode. In the reverse direction, in hydrogen-
based fuel cells, the produced H. can be oxidized at the anode (hydrogen oxidation
reaction, HOR) while at the cathode occurs the reduction of oxygen (oxygen reduction
reaction, ORR), with water as the major product.'s® 156

Recent years have witnessed the exponential growing of research in fuel cells
and metal-air batteries as promising alternatives for energy conversion. In a fuel cell,
electricity is generated from the conversion of electrochemical energy through the
oxidation of fuel (often hydrogen, as mentioned above) at the anode and ORR at the
cathode. However, the slow kinetics of oxygen reduction makes the use of an
electrocatalyst mandatory for these devices.'®": %8 According to the electrolyte used and
operation temperatures, fuel cells can be divided in classes, as depicted in Fig. 1.15.
The metal-air batteries combine a metal anode and an air cathode with open structure
to draw cathode-active materials (i.e. oxygen) from air; in short, these devices generate
electricity through a redox reaction between metal and oxygen in air. Since cathode

oxygen reactions are generally irreversible with slow kinetics, to implement the cycling
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of an air electrode it is necessary to use a catalyst capable of accelerating the ORR upon

discharging and mediating the OER on charging.'®

Unreacted H,, CO and Unreacted O,/N, and
reaction gas reaction gas

Alkaline (AFC)  H, — OH- o o, |
60-90 °C i H,0 -~ — 2

il |~ —— =" Eesesesssssrtor !
Polyn;er elet';tg')vlﬁ(:tg | H H* . 0, E
memorane( ) : 2 > > H,0 !
60-90 °C S ]
Direct methanol (DMFC) | CH:OH —= H* ) 0, !
60-90 °C ¢ CO, - —_— B H,O !

gl AT T ke dededy
Phosphoric acid (PAFC) | H _ =S H* * 0, E
180-220 °C 2 — — H0 |
Molten carbonate (MCFC)E CO,H, —» CO,2 N 0, i
550-650 °C . H,0, CO, o . co, !
Soud oxide (SOFC) 0z — 0, |
800-1000 °C - . @@ i

Electrolyte Cathode

Fig. 1.15. Summary of fuel cell classes, with respective reactions and processes that occur in the various systems.
Adapted.'®®

Alongside the development of the described electrochemical devices, the
optimization of chemical processes to meet the sustainability requirements for industry
represents a considerable research challenge. One of these processes is the generation
of hydrogen peroxide, H.O,, considered one of the 100 most important chemicals.
Hydrogen peroxide is a versatile and environmentally friendly oxidant, possessing wide
applicability (e.g. bleaching, synthesis of organic compounds, water treatment,
environmental remediation).'®" %2 The majority of H,O. is produced through the
anthraquinone oxidation process (i.e. auto-oxidation process), that requires massive
infrastructure and significant energy input. The production is thus centralized, with
consequent need for transport, storage and handling of high-concentration H202, which
involves hazards and high costs.’®® %% However, several applications, such as
disinfection, cosmetics, wastewater treatment or chemical synthesis, require H.O; at low
concentrations, which makes other production processes candidates to replace the
anthraquinone oxidation.'®® Hydrogen peroxide production via 2-electron O
electroreduction pathway is one of the most attractive alternatives, enabling in situ H.O»

production at moderate temperature and atmospheric pressure.
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In the next subsections, the fundamental aspects of oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) will be presented, and the application of

carbon-based materials as electrocatalysts will be introduced.

1.4.1.1. Oxygen Reduction Reaction (ORR)

The oxygen reduction reaction plays a crucial role in energy converting systems. In
aqueous solutions, oxygen can be reduced through two different pathways: i) the direct
pathway, or four-electron process; ii) the indirect pathway, or two-electron process. In
the first, the oxygen molecule gains four electrons, generating water (in acidic media) or
hydroxyl group (in alkaline media). In the indirect process, intermediate hydrogen
peroxide (in acidic media) or peroxide ion (in alkaline media) is generated. The two

processes are summarized in Table 1.1.766. 167

Table 1.1. Reaction pathways of ORR in aqueous electrolyte solutions, at 25 °C (potentials vs. SHE).

Electrolyte Reaction pathway
4-electron

Alkaline O2 + 4e + 2H20 - 40H-(E° = 0.401V)
2-electron

Oz + 2e + H20 > HO» + OH- (E° = -0.065 V)
HO2 + 2e- + H20 > 30H- (E° = 0.867 V)

4-electron
Acidic O2 + 4e" + 4H* > 2H,0 (E° = 1.229 V)

2-electron
O2 + 2e" + 2H* > H202 (E° = 0.695 V)
H202 + 2e" + 2H* > 2H,0 (E° = 1.763 V)

The ORR has slow kinetics, due to the high energy of O=0 bond, which makes
the use of an electrocatalyst crucial for practical applications. The state-of-the-art ORR
electrocatalyst consists of platinum nanoparticles immobilized on carbon nanomaterials
(PY/C), showing high current densities and selectivity for the 4-electron reduction
pathway.'®® Electrochemical parameters are used to compare ORR electrocatalysts with
the Pt/C, namely: i) the onset potential (Eonset), defined as the potential at which the
reaction starts; ii) the diffusion-limited current density (ji.), reached when the reaction at
the electrode is fully controlled by mass transport, and visualized as a plateau in the
voltammogram; iii) the kinetic current density (ji), the current in the absence of mass-
transfer limitations; iv) the number of electrons transferred per O> molecule (no2), usually

obtained through the Koutecky—Levich (K-L) equation (as described in section 2.5), and
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v) the Tafel slope, that provides information on the mechanism of reaction of the
electrocatalyst. An electrocatalyst with good ORR performance shows a less negative
Eonset, high ji value and low Tafel slope.'® 1% 170 The ideal no, depends on the desired
application.

Despite the outstanding performance as an ORR electrocatalyst, Pt/C does not
have a significative tolerance to methanol, which is a drawback for the application in the
cathode of fuel cells, where fuel poisoning can occur. This feature, adding to the high-
cost and scarcity of the noble metal, makes the research for alternative, sustainable

electrocatalysts imperative. ' 171. 172

1.4.1.2. Oxygen Evolution Reaction (OER)

The oxygen evolution is a four electron-proton coupled reaction, involving the
electrochemical oxidation of water to produce O (Table 1.2). Despite the importance of
OER in the anode of energy conversion systems (e.g. fuel cells, metal-air batteries), the
high energy (i.e. high overpotential) required to overcome the kinetic barrier of OER is a

drawback for the practical use of this reaction.’”?

Table 1.2. OER reaction mechanism in aqueous electrolyte solutions.

Electrolyte Reaction pathway
Alkaline 40H- - 2H20 (1) + O2 (g) + 4e-
Acidic 2H0 (I) > 4H" + O2 () + 4€°

As described for ORR, the performance of OER electrocatalysts can be evaluated
through some parameters: i) overpotential (), defined as the difference between the
applied potential (E) and potential under equilibrium conditions (Eeq), and also referred
to as the value that has to be applied to achieve a specific current density (i.e. a lower
overpotential indicates a superior electrocatalytic activity of the electrocatalyst); ii)
exchange current density (io), that reflects the intrinsic bonding/charge transferring
interactions between electrocatalyst and reactant (meaning a high iy is typically indication
of a good electrocatalyst), and iii) Tafel slope, that, as in ORR, provides information
towards the mechanism of the reaction, specifically the rate-determining step.'% 173

The state-of-the-art electrocatalysts for OER are ruthenium and iridium oxides

(RuO2 and IrO,), with the latter showing the best relation between electrocatalytic
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performance and stability. However, similar to Pt/C, the scarcity and cost of these

materials is a shortcoming for applications.'”

1.4.2. Carbon-based materials as electrocatalysts for ORR and OER

As addressed in the previous sections, ORR and OER are fundamental in
electrochemical devices and processes. ORR is the cathode reaction of fuel cells and
metal-air batteries, which require the reaction to occur through 4-electron pathway. The
capacity to catalyze both ORR and OER would be a significant improvement of
electrocatalysts for metal-air batteries since the current benchmark catalysts only exhibit
superior performance for one of the reactions. In parallel, the ORR 2-electron pathway
is gaining attention as a sustainable alternative for the electrochemical production of
hydrogen peroxide. The major problems that limit the commercialization of
electrochemical devices rely on the cost and durability, attributed to the use of expensive
materials as catalysts, that present relatively low durability in the device operating
conditions. Thus, the optimization of these devices relies on finding cost-effective
materials to substitute the benchmark electrocatalysts.'® 16 174-176

The wide availability and tunability of carbon nanomaterials (e.g. carbon
nanotubes, graphene nanoplatelets), combined with their remarkable electronic,
mechanical, and thermal properties, lead the research of their individualized forms or
composites as electrocatalysts. Due to their high conductivities, carbon nanomaterials
have also been applied as support materials, increasing the stability of the catalyst
particles, and improving the catalytic activity. Carbon-based nanocomposites, being
metal-free, have been found to perform as efficient, selective, and stable electrocatalysts
toward 2-electron O, reduction.®> 177, 178

The activity (or reaction rate) of an electrocatalyst can be improved by two
strategies: i) increasing the number of active sites on a given electrode (e.g. by changes
in the electrode structuration, or through increased loading); or ii) increasing the intrinsic
activity of each active site (e.g. through alloys or the use of adsorbates). These strategies
can ideally be addressed simultaneously, aiming at critical improvements in
electrocatalyst activity.'®”- '7° Considering these approaches, heteroatom doping has
been widely used to improve the electrochemical activity of carbon nanomaterials,
resulting in promising catalysts for ORR and OER under alkaline conditions.'® 8" The
doping of carbon with more electronegative atoms (e.g. nitrogen) creates a net positive
charge on adjacent carbon atoms, facilitating oxygen adsorption and charge transfer,

and consequently increasing ORR/OER activity.'® When dopant atoms that are less
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electronegative than carbon are used (e.g. boron), similar charge sites are created to
facilitate the catalytic process.'®" 7% 18 Doped carbon nanotubes and doped graphene
have been widely applied as electrocatalysts for ORR and OER, in their individual
forms'®-184 or in composites (typically combined with metals and/or a different carbon
nanomaterial).'8%-'8 However, the ORR performance significantly depends on level of
doping, which is hard to control and reproduce.’®°

The doping of carbon nanotubes and graphene relies on intramolecular charge-
transfer, creating a net charge. This principle has been further applied to develop carbon-
based electrocatalysts without the doping requirement, by using physical
functionalization of the carbon surface to create the net charge through intermolecular
charge-transfer. In particular, Wang et al. reported that the use of polyelectrolytes with
electron-withdrawing ability was able to enhance the electrocatalytic activity of

graphene'® and carbon nanotubes'®? towards ORR (Fig. 1.16).

Cl~

Fig. 1.16. Schematic illustration of the electron-withdrawing from graphene by PDDA, to facilitate the ORR process, as
proposed by Wang et al.'’

The use of adsorbed molecules to enhance the intrinsic electrocatalytic activity
of carbon nanomaterials opens the path to the development of catalysts with
reproducible performance. The variety of polyelectrolytes - or charged
polymer/surfactant mixtures — that can be applied provides further tunability and opens
the possibility for large-scale applications. Different physically functionalized materials
(e.g. carbon nanotube/graphene nanoplatelets; carbon nanotube/transition metal
dichalcogenide) can be combined into more complex structures, aiming at maximum

improvement of electrocatalytic activity.
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1.5. Scope and goals of this work

This work was conducted in the Surfactants, Colloids and Soft Nanomaterials group,
within the RG3- Nanostructures & Self-organization R&D Group, Centro de Investigagao
em Quimica da Universidade do Porto (CIQUP), in collaboration with the Materials for
Sustainability and Wellness Group, Associated Laboratory for Green Chemistry (LAQV)
of the Network of Chemistry and Technology (REQUIMTE), at the Department of
Chemistry and Biochemistry of Faculty of Sciences of University of Porto (DQB-FCUP).

The project aimed at the exfoliation, functionalization, and characterization of 1D
and 2D nanomaterials, focusing on their use as building blocks for developing functional
3D composites for electrocatalytic applications. The strategy involved the selection of the
most suitable nanomaterial blocks, regarding quality, preparation, reproducibility, and
cost, for the fabrication and characterization of the 3D composites. Electrocatalytic
studies were then performed to evaluate the applicability of the prepared
nanocomposites as catalysts for ORR and OER.

This project encompassed the following more specific goals:

- to understand the role of surfactants in the exfoliation and non-covalent
functionalization of carbon nanotubes, graphene, and inorganic graphene analogues,
starting from bulk materials (Papers |, I, IV);

- to assess the effect of polymer/surfactant mixtures as dispersants for carbon
nanotubes, and their role in the organization of 3D hybrids (Papers IIl and V);

- to build 3D composites from non-covalently functionalized 1D and 2D
nanomaterials, establishing a simple and reproducible methodology (Papers V and VI);

- to study the electrocatalytic performance of the new 3D materials for ORR and

OER and compare them with the building blocks (Papers V and VI).
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2.1. Materials

The following nanomaterials were purchased from the suppliers and used as received:
i) MWNTSs, produced by catalytic chemical vapor deposition, from Cheaptubes, with
diameter d = 8-15 nm and length L = 10-50 um; ii) graphene nanoplatelets, from xGnP®
grade M-5, xGSciences; iii) graphite flakes from Sigma Aldrich, CAS 7782-42-5; iv)
transition metal dichalcogenides molybdenum (IV) disulfide, MoSz, tungsten (IV)
disulfide, WS;, and molybdenum diselenide, MoSe», all from Sigma-Aldrich, purities =
99.

All the alkanediyl-a,w-bis(alkyldimethylammonium bromide) gemini surfactants
used in this work (Paper I), and abbreviated as 12-s-12 (s = 2, 6 and 12), 14-s-14 (s = 2,
6 and 12) and 16-s-16 (s = 2 and 12), were synthesized in our group at CIQUP according
to the method described by Menger and Littau' and purified by recrystallization. The
purity of the compounds was evaluated by NMR and mass spectrometry and further
confirmed by the cmc values, obtained by conductivity measurements (cf. also Fig. S1,
Paper ), and are in agreement with previous reports.? The following surfactants and
polymers were acquired from Sigma Aldrich (purities = 99 %) and used as received:
dodecyltrimethylammonium bromide, DTAB; tetradecyltrimethylammonium bromide,
TTAB; cetyltrimethylammonium bromide, CTAB; sodium cholate hydrate, SC; Triton™
X-100  (t-Octylphenoxypolyethoxyethanol);  polyvinylpyrrolidone, PVP; sodium
polyacrylate, PAS; and poly(diallyldimethyl ammonium chloride), PDDA. The data for the
dispersants used in this work are shown in Tables 2.1 and 2.2: surfactants — Table 2.1;
polymers — Table 2.2.

Reagents used for electrocatalysis preparation, potassium hydroxide (KOH,
Riedel-de-Haen), Nafion (Aldrich, 5 wt% solution in lower aliphatic alcohols and water),
2-propanol (Aldrich, 99.5%), methanol (Fisher Scientific, > 99.99 %) and 20 wt% Pt/C
(HISPEC® 3000, Alfa Aesar) were also used as received.

All solutions were prepared using ultra-pure water (resistivity 18.2 MQ cm at

25 °C,) from a Millipore system.
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Table 2.1. Acronyms, IUPAC designation and molecular mass of the surfactants studied.

Surfactants

IUPAC designation

Mw/
g-mol!

Molecular Structure

Paper

DTAB

TTAB

CTAB

12-2-12

12-6-12

12-12-12

14-2-14

14-6-14

14-12-14

16-2-16

16-12-16

TX-100

SC

SDBS

Dodecyltrimethylammonium
bromide

Tetradecyltrimethylammonium
bromide

Cetyltrimethylammonium
bromide

N,N’-didodecyl-N,N,N’,N-
tetramethylethane-1,2-
diammonium dibromide

N,N’-didodecyl-N,N,N’,N"-
tetramethylhexane-1,2-
diammonium dibromide

N,N’-didodecyl-N,N,N’,N*-
tetramethyldodecane-1,2-
diammonium dibromide

N,N’-ditetradecyl-N,N,N’,N’-
tetramethylethane-1,2-
diammonium dibromide

N,N’-ditetradecyl-N,N,N’,N’-
tetramethyhexane-1,2-
diammonium dibromide

N,N*ditetradecyl-N,N,N’,N-
tetramethyldodecane-1,2-
diammonium dibromide

N,N’-dihexadecyl-N,N,N’,N~-
tetramethylethane-1,2-
diammonium dibromide

N,N’-dihexadecyl-N,N,N’,N*-
tetramethyldodecane-1,2-
diammonium dibromide

2-[4-(2,4,4-trimethylpentan-2-
yl)phenoxy]ethanol

3a,7a,12a-Trihydroxy-53-
cholan-24-oic acid sodium salt

Sodiumdodecylbenzene
sulphonate

308.3

336.4

364.5

421.5

554.9

754.9

670.8

804.2

1004

726.9

1060

647.0

430.6

342.4

DTAB n=12
TTAB 14
CTAB 16

12-s-12

14-s-14

16-s-16

n=9-10

OH

HO OH

I, IV-
\
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Table 2.2. Acronyms, name and molecular mass of the polymers studied.

Polymers Name Mw/ Molecular Structure Paper
g-mol!
H i N&O
PVP Polyvinylpyrrolidone 40 000 I, v
N
Os_O Na*
PAS Sodium polyacrylate 15 000 j/ 1
n
Ccr
Poly(diallyldimethyl 200 000—
PDDA ammonium chloride) 350 000 n i
N

2.2. Preparation of the building blocks

All the building blocks for 3D composites were prepared using the same well-controlled
and stringent procedure.® The nanomaterial powder was added to the desired dispersant
aqueous solution yielding an initial loading concentration of 3 mg-mL-" for MWNTs, GnPs
and TMDs and 10 mg-mL" for graphite suspensions. These mixtures were tip-sonicated
and centrifuged (Centurion Scientific Centrifuge Model K241R) and the top of the
supernatant was carefully removed, extracting the most exfoliated materials for
quantification. The sonication and centrifugation parameters were tuned for each of the
studies regarding the exfoliation of MWNTSs, graphite, GnPs and TMDs, and are detailed
in each article. After preparation, the nanomaterial concentration was determined by UV-
Vis spectrophotometry, using previously determined TGA/UV-Vis calibration curves,

according to the procedures described below.

Sonication

The 1D and 2D nanomaterials were exfoliated from their powders (bulk reservoirs)
through an ultrasonic procedure. The ultrasonic wavelengths vary from roughly 100 um
up to 10 cm (depending on the frequency of the ultrasonic equipment), highly above the
molecular size scale. Thus, the chemical and physical effects of ultrasounds arise from
the physical phenomenon of acoustic cavitation. As an ultrasonic wave propagates

through a liquid medium, the liquid is under dynamic tensile stress and the density
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changes with alternating expansive and compressive waves, creating cavitation bubbles.
Above a critical size, the bubbles collapse and generate hot spots that can achieve
temperatures above 5000 K and pressures exceeding 1000 atm. Near a surface, if the
bubble collapses, a hydrodynamic microjet is created; however, if the bubble is
unperturbed by a surface, the compression of the surrounding liquid propagates as a
shock wave from the rebounding bubble. The combination of these two physical effects
is determinant in nanomaterial preparation, resulting in the exfoliation of the nanotubes
or nanosheets through an “unzipping” mechanism.*

The dispersibility of nanomaterials is highly dependent on sonication. Delivering
a certain amount of energy, high-concentration dispersions of quasi-individually
dispersed nanomaterials can be obtained. However, excessive sonication can result in
undesired fragmentation of the 1D and 2D exfoliated species.>” Therefore, it is of
extreme importance to control sonication conditions when preparing the building blocks
and the composites, to guaranty reproducible results. In this work, the total energy
transferred to the system was approximately estimated by a calorimetric experiment,
assuming the heat generated through the ultrasonic experiment is proportional to the
acoustic energy dissipated. Thus, the power, P, transferred to the liquid medium was

estimated according to Eq. 2.1:

P=mc, (%) (2.1)

where m is the mass of water in the vial, ¢, is the specific heat capacity of water at

constant pressure and (dT/dt) is the rate of temperature increase as function of
sonication time. Tip sonication was carried using two different equipment, considering
the nature of the experiment. For smaller volumes, a Bandelin Sonopuls 3 mm microtip
(70 W, 20 kHz) was used. The building blocks for composites were prepared using a
VCX500 13 mm tip (500 W, 20 kHz). The tips were frequently polished and calorimetric
measurements were carried after each polishing, assuring reproducibility of the
sonication conditions. Amplitude of vibration was set below 30 % for the 70 W microtip
and below 60 % for the 500 W tip, to minimize surface erosion. Sonication times were
set to keep a constant delivered energy density in all systems, as described in each
paper. An external bath was used to dissipate the heat generated by the sonication

procedure, stabilizing the temperature of the sample.
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Centrifugation

Centrifugation is used to sediment any non-dispersed material. Typically, after sonication
the nanomaterials are individualized, in small, or non-dispersed bundles. The contrast in
the L/d aspect ratios allows nanomaterial separation based on g force and/or
centrifugation time.> 8

In this thesis the centrifugation step was adjusted for the 1D and 2D
nanomaterials. The g forces used lied between 1000 and 4000 g, and centrifugation
times between 10 and 20 minutes (except for the GnPs exfoliation from graphite, where
150 minutes of centrifugation were required to obtain stable dispersions). To build the
dispersibility curves, after the centrifugation step = 30% of the supernatant was collected
with a pipette and used in subsequent experiments. For composite building, = 90% of

the MWNT supernatant was used.

Nanomaterial quantification

The quantification of nanomaterial dispersed in water is based on a thermogravimetric-
spectroscopic approach.® In this methodology the exact concentration of nanomaterial
dispersed in the liquid is quantified by thermogravimetric analysis (TGA) and related to
the optical density of the dispersion.

To quantify the nanomaterial concentration, an accurate volume, Vg, of the
supernatant was freeze-dried for 24 hours resulting in a dry powder of mass, mg,
composed by nanomaterial and dispersant. Thermogravimetric measurements were
then used to determine the mass loss fraction in the dry supernatant, @, and the mass
loss fraction in neat dry surfactant, @4. The obtained data was related with nanomaterial

concentration according to Eq. 2.2:

Cnmat = r‘r;_: X ( _:;Z) (2.2)

where the ratio &,/®, represents incomplete surfactant decomposition in TGA.
Apparent extinction coefficient, €, can be estimated for a wavelength, A, by measuring
the optical density for the same stock dispersion. Once ¢ is determined, the nanomaterial
concentration in each dispersion can be easily determined from the absorbance through
the Beer-Lambert equation (Eq. 2.3), as shown in section 2.4.3.

The apparent extinction coefficient for each nanomaterial used - MWNT, GnPs,
MoS,, WS, and MoSe,— was determined at specific wavelengths, as depicted in section
2.43.
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2.3. Composite assembly

To build the 3D materials, the surfactants were chosen according to previous studies® "°
considering the aspects described below.

i) The building blocks were functionalized with oppositely charged surfactants,
since electrostatic interactions are the driving force for the composite assembily;

ii) Surfactant TTAB was selected to functionalize MWNT, since it has similar
effectiveness to CTAB (the cationic surfactant with best performance) but lower Kraft
temperature. * SC was used to functionalize the GnPs, since it shows good effectiveness
and efficiency (Paper Il) and it is oppositely charged to TTAB;

i) Considering the importance of the use of polymers to obtain more structured
composite materials," > in Paper V polymer/surfactant mixtures were used to
functionalize the MWNTSs. For this, the system PVP/CTAB was selected, due to the
effectiveness of this mixture and its positive charge;

iv) The surfactant concentration for each system was selected from the
surfactant’s dispersibility curve, at the maximum dispersibility.> 1°

After surfactant selection, the preparation steps were carefully monitored. As
described above, the nanocarbon powder was weighted, followed by addition of the
desired surfactant solution. The samples were then tip-sonicated, delivering the same
energy per volume as in the preparation of the building blocks. Centrifugation causes the
larger aggregates (e.g. bundles of CNTs and impurities) to precipitate, including the
graphene nanosheets with higher lateral dimensions. In the latter case, the starting
graphene nanoplatelets were thus characterized before and after centrifugation by SEM
(Fig. 2.1). The results showed a significant decrease in the sheet dimensions. Since this
characteristic is crucial for the 3D building, the centrifugation of the 2D building block
was eliminated in the composite fabrication procedure, as described in Papers V and VI.
Therefore, the final concentration of 2D nanomaterial corresponds to its initial loading on

the dispersions.
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Fig. 2.1. Representative micrographs of GnP dispersions without centrifugation (left) and after centrifugation (right).

Following the building block preparation, conventional layer-by-layer
assembly'® ' (described in section 1.3.2) by dip-coating and spin-coating, using MWNTs
and GnPs, was tested to build the 3D structures. SEM analysis showed domains of GnPs
with MWNTs — no continuity in the film (Fig. 2.2 a and b); however, the results suggested

interaction between the materials in these domains (Fig. 2.2c).

Fig. 2.2. Representative SEM micrographs of (top) the domains of MWNT/GnP built by conventional layer-by-layer
assembly using: a) dip-coating method; b) spin-coating method. c) interaction of MWNTs and GnPs. MWNT/GnP domains
are pointed by blue arrows; yellow arrows point MWNTSs interacting with the GnPs.
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Considering these results, two approaches were followed: i) bulk mixture (B-
method) and ii) adapted layer-by-layer (L-method), as described below and depicted in
Fig. 2.3:

i) Bulk mixture films (B-method): identical volumes of 2D/SC dispersion (without
centrifugation) and MWNT/TTAB (or MWNT/PVP+CTAB) supernatant were added to a
vial and tip-sonicated using the same energy density applied to the starting dispersions,
as described in section 2.2. The obtained dispersion was vacuum filtered using a
cellulose acetate membrane, rinsed with ethanol to remove the excess surfactant, and
dried overnight.

i) Adapted layer-by-layer films (L-method): identical aliquots of 2D/SC dispersion
and MWNT/TTAB (or MWNT/PVP+CTAB) supernatant were added alternately to a
cellulose acetate membrane, inserted in a vacuum filtration system.'® Each layer was
deposited after the previous one was apparently dry. In the end, the film was rinsed with

ethanol and dried overnight.

| Tip sonication

Dispersed
material

Bulk Method

MWNTs + Dispersant
) Centrifugation

4
//\ ‘ ‘ //

Tip sonication

Y2 volume + drying
GnPs layer
+ drying

GnPs/TMDs 2 volume (Repeat)

+ Dispersant
Adapted LbL Method -

‘ MWNTs Iayer Cellulose acetate
! membrane

\ ;

W

A

Fig. 2.3. Schematic representation of the assembly methodologies: bulk (blue) and adapted layer-by-layer (yellow).

The described methodologies aimed at the building of reproducible materials
under optimized conditions. In Paper V, two systems were selected for each procedure:
1) MWNT/TTAB + GnPs/SC and 2) MWNT/(PVP+CTAB) + GnPs/SC. The choice of

these systems allowed further comparisons, namely:
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i) the influence of the preparation method and dispersant composition on the final
structure and electrochemical activity of the obtained composites;

ii) the effect of the presence of polymer in the structural organization of the
material;

i) the applicability of the experimental methodology to build structures with
reproducible electrocatalytic performance.

Following this study, the bulk procedure was applied to build MWNT/TMDs

structures (Paper VI).

2.4. Characterization methods

In this section, the most relevant characterization methods used throughout the work are
depicted. The fundamental principles of each technique are addressed, followed by a

description of the experimental procedure.

2.4.1. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) creates magnified images by scanning a sample
with a focused beam of high-energy electrons. The beam is emitted from an electron
source and modified by apertures, magnetic and/or electrostatic lenses, and
electromagnetic coils which act to successively reduce the beam diameter. The
interaction of the beam with the sample produces two outgoing electron products:
i) backscattered electrons (BSEs), defined as beam electrons that remain with a large
fraction of their energy intact, after scattering and deflection by the electric fields of the
atoms in the sample; and ii) secondary electrons (SEs), which are electrons that escape
the specimen surface after that beam electrons have ejected them from atoms in the
sample. These outgoing electron signals are detected and measured at each specific
location, and are subsequently converted to a gray level, forming a single picture element
(pixel). The scanning of the surface will result in the full picture of the sample.™®

To minimize the unwanted scattering of the beam electrons, BSEs and SEs, that
would happen if those electrons interacted with atoms and molecules of atmospheric
gases, the electron-optical column and the specimen chamber must operate under high
vacuum conditions (< 10™* Pa). Furthermore, any insulating specimens that would
develop surface electrical charge because of the impact of the beam electrons must be

given a conductive coating.®
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SEM is extremely useful in the characterization of nanomaterials. The ability to
focus large depths of field at one time (producing 3D-like images) combined with the
sample area scanned (from micrometers to millimeters) allows to obtain statistically

representative micrographs of the morphology of the sample in a time-efficient analysis."”

Experimental aspects

To analyze the morphology of the nanomaterials in the dispersions, evaluate the
organization of the composites and compare the prepared samples with the starting bulk
materials, SEM was performed. Dispersion samples were prepared by drop casting
10 pL of the supernatant dispersion on a pre-heated (> 100 °C, for fast solvent
evaporation) silicon wafer and then rinse in ethanol to remove surfactant excess.
Composite samples of MWNT/GnPs were prepared by placing the film in epoxy resin
and break it in liquid nitrogen, after curing, to obtain the cross-section of the material.
Due to the nature of the 2D building blocks, for the composites of MWNT/TMDs the
immersion in epoxy resin was not required. The cross-section of these materials was
obtained by breaking the films in liquid nitrogen.

SEM images were obtained at Centro de Materiais da Universidade do Porto
(CEMUP), on a FEI Quanta 400FE microscope with an electron beam of 25 kV, in

secondary electrons (SE) mode, at different magnifications.

2.4.2. Atomic force microscopy

AFM is a form of scanning probe microscopy (SPM) that allows imaging of surfaces with
atomic resolution. The AFM works by scanning a probe over the sample surface, the
result being a map of the height or topography of the surface, providing information on
the X, Y and Z dimensions of the sample. Thus, this technique completes the information
obtained with SEM, elucidating on the diameter of carbon nanotubes and number of
layers in the graphene nanoplatelets.

Regarding AFM instrumentation, three main concepts should be considered to
understand the operation of the microscope: i) piezoelectric transducers (i.e.
piezoelectric scanners); ii) force transducers (i.e. force sensors) and iii) feedback control.
The first converts electrical potential into mechanical motion, moving the tip over the
sample surface. The force transducer measures the force between the AFM probe and
the surface, and the feedback control feeds the signal from the force transducer back in

to the piezoelectric, to maintain a fixed force between the tip and the sample. The signals
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are then processed to compute a digital image of the topographical aspect of the surface
sample with accurate measurement in height and lateral displacement, at the nanometer
range (Fig. 2.4)."®

Xy piezo ‘—{ XY raster electronics I

zZ piezo |
Force Compare Feedback
transducer controller
probe Y. ..
v Set force | Image
[WV\/\/\/\/\/\-'\q

Sample

Fig. 2.4. Block diagram of AFM operation. Adapted.®

Tapping is the recommended operation mode when characterizing carbon
nanotubes or graphene. The tip is first set to oscillate at a fixed frequency and amplitude
in air, and then approached to the surface. The oscillation frequency of the tip allows
contact with the surface at discrete points, mapping a small area (few micrometers). In
tapping mode, the AFM uses two types of data output: height (the change in altitude of
the piezo) and amplitude (representation of the change in amplitude of the tip which more
accurately represents edges on the substrate instead of the actual height). Together, the

two types of data provide an accurate representation of the surface geometry."®

Experimental aspects

Atomic Force Microscopy (AFM) was performed to characterize the quality and thickness
of exfoliated graphene nanoplatelets. The samples were prepared by casting 10 uL of
the supernatant on a pre-heated silicon wafer at 100 °C. The samples were then rinsed
in ethanol to remove the excess of surfactant. AFM images were taken using a Veeco

Multimode NanoScope IV under ambient conditions with silicon tip (RTESP).

2.4.3. UV-Vis spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy quantifies the absorption of electromagnetic
radiation in the UV-Vis range absorbed by a sample. The absorbance, A, corresponds
to the excitation of valence electrons from ground state to higher energetic levels. Since

the energy difference between states is discrete, wavelengths with matching energy can
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promote the electrons to higher energetic levels. Beer-Lambert law states that the
absorbance is proportional to the concentration of the sample (for low values of

absorbance), described by the following equation:
A=c¢lc (2.3)

where ¢ is the extinction coefficient and / the optical path (i.e. length of the cuvette). The
extinction coefficient is an intrinsic property of the sample and its value can be
determined from an absorbance calibration curve.

The amount of nanomaterial dispersed in a sample can thus be determined by
measuring the absorbance relatively to an aqueous dispersion of known nanomaterial
concentration. The apparent extinction coefficient for each nanomaterial used in this

work was determined by combining TGA results with UV-Vis.

Experimental aspects

The spectra were obtained using a single beam Agilent 8453 spectrometer. The
dispersions were properly diluted to keep the apparent absorbance in a measurable
range. Absorbance was recorded at A = 660 nm for carbon nanomaterials and MoSe: (to
eliminate the surfactant absorbance contribution),?” 2" and at the absorption peak for
MoS; and WS;, A = 678 nm for MoS; and A = 630 nm for WS, in line with previous

reports.?> 2

2.4.4. Zeta potential measurements

The electrical charge (or potential) at the surface of a dispersed particle affects most of
the properties of a colloidal system.?* Charged colloid particles possess an electric
double layer: the Stern layer is the inner layer, with counterions strongly bound to the
surface of the particle; the outer diffuse layer is an ionic cloud around the Stern layer.
The boundary region between the diffuse cloud and the medium is called slipping plane.
The electric potential at this boundary (i.e. at the surface between a stationary solution

and a moving charged colloid particle) is defined as zeta potential, {-potential (Fig. 2.5).
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Fig. 2.5. Representation of the zeta potential definition in the charged particle. Adapted.?®

The measurement of zeta potential of a system is an indirect calculus, from the
determination of the electrophoretic mobility of a particle immersed in a liquid under an
electrical field. The electrophoretic mobility can be measured by laser Doppler
velocimetry, by relating the particle velocity with the frequency measured by the variation
in the intensity of scattered light. The {-potential of a particle is determined by applying

Henry’s equation:

__2&{ f(ka)

U
E 3n

(2.3)

where Uy is the electrophoretic mobility, € is the dielectric constant, f(ka) represents
Henry’s function and n is the viscosity of the medium. Henry’s function is related to the
ratio of the particle radius and the thickness of the double layer, and two values are
usually applied: 1.5 is generally used for systems that fit the Smoluchowski model (larger
than 0.2 ym), for aqueous media and moderate electrolyte concentration; the value of 1
is used for small particles with low dielectric constant and also for samples in
nonaqueous media.?®

The colloidal kinetic stability of suspensions is often inferred from the zeta
potential modulus, |-potential|, of the particles. Generally, colloidal dispersions with
|C-potential| between 0-5 mV will coagulate or flocculate; in the 10-30 mV range, the
suspensions have incipient stability; from 30-40 mV, have moderate stability; from
40-60 mV good stability is achieved; finally, when |C-potential| is greater than 60 mV the

system shows excellent stability.
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The surface charge of the nanotubes and the 2D nanomaterials has implications
not only on the stability of the colloidal dispersions, but also on their assembly in
composite structures.?® Thus, it is highly important to determine this parameter not only
for the study of dispersibility behavior, but also for the use of the building blocks for
composite preparation, since the assembly process is driven by electrostatic

interactions.

Experimental aspects

Zeta potential measurements were performed in a Zetasizer NANO ZS, from Malvern
Instruments and Anton Paar Litesizer™ 500. In zeta potential determinations samples
were placed in a disposable capillary polycarbonate U-shaped cuvette, with gold coated
electrodes. Samples were left inside the instrument to reach thermal equilibrium 120

seconds at temperatures above the Krafft temperature of each surfactant.

2.4.5. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a technique that measures mass variation of a
sample as a function of temperature or time, in controlled atmosphere. This atmosphere
can be inert or reactive (e.g. air, nitrogen or other gases). The equipment uses the
combination of a microbalance with a furnace, that allows the sample to be
simultaneously weighted and heated (or cooled). The output obtained is a thermogram,
where the variation of mass is plotted as a function of temperature or time, allowing the
mass loss to be determined. In the case of a mixture of different components, if each
component decomposes at a well-defined temperature, then the mass composition of

the mixture can be determined.?’?°

Experimental aspects

Thermogravimetric analysis (TGA) was performed using a Netzsch TG 209 F1-Iris and
a Hitachi STA STA7200RV under N, atmosphere (flow rate of 50 mL-min"). Aluminum

crucibles of 100 pL of volume were used.
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2.4.6. Raman spectroscopy

The vibrational modes of the molecules provide a “fingerprint” of the molecular structure.
Vibrational spectroscopy includes several techniques, such as infrared (IR) and Raman
spectroscopy. Although these two techniques are complementary when studying
completely the vibrational modes of a molecule, the use of both IR and Raman is not
always necessary.

Raman spectroscopy is a two-photon inelastic light scattering phenomenon. In a
typical Raman analysis, the sample is irradiated by a laser with monochromatic radiation,
usually from the visible, near infrared or near ultraviolet range. The incident photon is of
higher energy than the vibrational quantum energy, losing part of the energy to the
molecular vibration. The remaining energy is scattered as a photon with reduced
frequency. The interaction between light and matter in Raman spectroscopy is an off-
resonance condition (i.e. results from a signal which has a frequency different from that
expected for the system) involving the polarization of the molecule. The Raman bands
are characterized by their frequency (energy), intensity (polarizability) and shape
(environment of bonds). The frequencies of the molecular vibrations depend on the
masses of the atoms, geometric arrangement, and strength of the chemical bonds.*
Thus, Raman spectra provides useful information and can be used to characterize the
lattice structure and electronic, optical, and phonon properties of nanomaterials.?’
Among the strengths of Raman spectroscopy are also the simple sample preparation

and versatility to analyze both liquids and solids.*°

Experimental aspects

Raman spectra of the GnP dispersions (Paper Il) were recorded on a LabRam HR800
model of Jobin-Yvon Horiba spectrometer using a He-Ne laser at 514 nm on quartz
cuvette, at room temperature. Accumulations of 120 s were recorded. Raman spectra of
the TMD dispersions (Paper IV) and the built composites (Papers V) were recorded on
a RAMOS RA532 Raman Analyzer using a laser emitting at 532 nm on glass cuvette, at

room temperature.

2.4.7. Additional techniques

Complementary techniques were used for additional characterization of the carbon

nanotubes and the MWNT/GnP composites built in this work. The experimental aspects
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and details on instrumentation are described in the experimental sections of papers V
and VI.

The Brunauer-Emmett-Teller (BET) method is a widely used procedure to
determine the surface area of porous materials. The theory is based on an extension of
the Langmuir theory, used to describe the equilibrium between an adsorbate (gas
molecules) and adsorbent (solid surface) at constant temperature. The Langmuir theory
applies to monolayers, while the BET theory extends to multilayer adsorption.*? In a
typical BET analysis, known amounts of adsorbate (commonly nitrogen) are released to
the sample cell while the pressure is varied. At a certain point, no more adsorption occurs
irrespective of any increase in pressure. The sample is then removed from the nitrogen
atmosphere and heated to cause the adsorbed gas to be released from the material and
quantified. The data is collected in the form of a BET isotherm (amount of gas adsorbed
vs. relative pressure). The porous nature of the sample can be then identified through
the profile of the BET isotherm and the surface area can be evaluated.®® In this work,
BET analysis was applied to evaluate the surface area of the MWNT/GnP composites
built. Further details can be found in Paper V.

Transmission electron microscopy (TEM) is an imaging technique that, similar to
SEM, is based on the interaction of an electron beam with a specimen; however, in TEM
the image results of the transmission of the electrons through the sample. Due to
diffraction contrast, TEM allows to identify particles with different densities within the
analyzed specimen.?* In this work, TEM was used to evaluate the purity of the MWNT

used regarding the existence of metallic particles (Paper VI).

2.5. Electrocatalytic studies

The electrocatalytic performance of the obtained materials was evaluated at room
temperature in a three-electrode compartment cell. The electrochemical measurements
were carried out using an Autolab PGSTAT 302N potentiostat/galvanostat (EcoChimie
B.V.), controlled by NOVA 2.0 software. A rotating disk electrode (RDE) of glassy carbon
(3 mm of diameter, Metrohm) was used as working electrode, an Ag/AgCl (3 mol dm
KCI, Metrohm) as reference electrode and a glassy carbon rod (2 mm of diameter,
Metrohm) as auxiliary electrode for ORR; this electrode was substituted by a platinum
wire purchased by Goodfellow (with d = diameter of 0.6 mm, / = 0.5 m, > 99.99%) for
OER experiments.

The modified electrodes were prepared by the following procedure: 1 mg of

material was dispersed ultrasonically (for 15 min) in 250 yL of a mixture of
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isopropanol/water (1:1 v/v) and Nafion (20 pL) to form a homogeneous ink. Details on
the modification of the electrode can be found on the experimental section of the papers
(V and VI). The electrocatalytical tests were accomplished in N2- or Oz-saturated (purged

for 30 min before the measurements) 0.1 mol dm= KOH solution.

2.5.1. ORR electrocatalytic activity evaluation

To evaluate the material’s electrocatalytic activity for ORR, cyclic voltammetry (CV)
experiments were conducted at the scan rate of 0.005V-s' and the linear sweep
voltammetry (LSV) measurements at 0.005 V-s™' for several rotation speeds from 400 to
3000 rpm. The ORR current was obtained by subtracting the current measured in Na-
saturated electrolyte from the current measured in Oz-saturated electrolyte. The onset
potential (Eonset), defined as the potential at which the O; reduction reaction starts, was
calculated as the potential at which the slope of the voltammogram exceeds a threshold
value (e.g. 0.1 mA cm?2 V"), as described in literature.®

LSV data was analyzed though Koutecky-Levich (K-L) equation (Eq. 2.4). The

number of electrons transferred per O, molecule (ng,) in the ORR process was

calculated from the slopes of the K-L plot 3¢ 7:

11,1 1

-1 41
PR T B (2:4)
where j is the experimentally measured current density, j;, is the diffusion-limiting current
density, ji is the kinetic current density and w is the angular velocity; B is related to the

diffusion limiting current density expressed by the Eq. 2.5:

B = O.ZnozF(D02)2/3U_1/6C02 (25)

where F is the Faraday constant (96 485 C-mol), Co,is the bulk concentration of O
(1.15%10°* mol-dm=3in 0.1 mol-dm= KOH), v is the kinematic viscosity of the electrolyte
(0.008977 cm*s™ for 0.1 mol-dm® KOH) and Do, is the diffusion coefficient of O
(1.95%10° cm?-s™" in 0.1 mol-dm= KOH). The constant 0.2 was adopted, once the
rotating speed is in rpm.® The Tafel plots (Exyg vs.log iy) for oxygen reduction kinetics
were obtained after the measured currents in LSV were corrected for diffusion to give
the kinetic currents. The mass transport correction was made using the diffusion-limiting

current density j;, calculated by combination of equations (2.4) and (2.5).%°
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For the bipotentiostat measurements, a rotating ring-disk electrode (RRDE) of
glassy carbon disk (d =5 mm) with a platinum ring (d =375 ym, Metrohm) was used as
working electrode. The modified disk-electrode was swept cathodically at the scan rate
of 0.005 V-s™" and 1600 rpm in Oz-saturated 0.1 mol-dm= KOH solution, while the
potential of the Pt ring was kept constant at E= 0.2 V vs. Ag/AgCI to assure the oxidation
of the peroxide species formed during the ORR. The peroxide percentage (%H20-) was

calculated based on Equation 2.6%°:

9%H,0, = 200 x —=*_ (2.6)

LD+ig/N

where i, and i, are the disk and ring currents, respectively, and N is the current
collection efficiency of the Pt ring (calculated as N = 0.25).#'

The evaluation of the electrochemical stability was performed by
chronoamperometry in Oz-saturated 0.1 mol-dm~ KOH solution. Details can be found in
the experimental section of Papers V and VI.

Another important parameter in fuel-cells is the tolerance of the catalyst to
methanol, since it is commonly used as fuel and may pass across the membrane from
the anode to the cathode, poisoning the catalyst.®® Thus, in Paper VI, methanol tolerance
tests were performed by cyclic voltammetry, with MWNT/TMD modified electrodes and
standard Pt/C for comparison. The CVs were obtained in Oz-saturated 0.1 mol dm= KOH
solutions, in the presence and absence of methanol (1.0 mol-dm-3).

To facilitate the comparison with the literature, the E values determined vs.
Ag/AgCl were converted to the reversible hydrogen electrode (RHE) scale according to

the Nernst equation:
Erur = Eagjagal + 0.059pH + Exg/agc) (2.7)

where Eryg is the converted potential vs. RHE, E:\g/Agm = 0.1976 at 25 °C and Epg/agc

is the experimentally measured potential against Ag/AgCl reference.*?

2.5.2. OER electrochemical performance

The performance of the materials used in Paper VI for the oxygen evolution reaction was
evaluated through LSV in KOH 0.1 M solution purged with O, The potential was swept
from 0.96 to 1.86 V vs. RHE at 1600 rpm and 5 mV-s™. The iR-compensated LSV tests
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were performed by calculating the uncompensated resistance (Ru) of the circuit through
i-interrupt approach. Following, the value of 0.90xRu was applied for iR-compensation
in the LSV measurements. The Tafel plots were acquired from the LSV data at 1600
rpm, according to Eq. 2.8:

n=b xlogljl (2:8)

where 7 is the overpotential, b is the Tafel slope and j is the current density.
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general, the spacer length has a comparatively higher influence on the dispersing efficiency than the tail
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the gemini surfactants in the obtained dispersions. Our observations also point to an adsorption process
that does not entail the formation of micelle-like aggregates on the nanotube surface, but rather coverage
by individual molecules, among which the ones that seem to be able to adapt best to the nanotube surface
provide the highest efficiency. These studies are relevant for the rational design and choice of optimal dis-
persants for carbon nanomaterials and other similarly water-insoluble materials.
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1. Introduction

Carbon nanotubes (CNTs) are extremely long, narrow and hol-
low cylinders made of graphene sheets possessing unique mechan-
ical, thermal, optical and electrical properties [1,2]. Their high
aspect ratio and strong inter-tube van der Waals cohesive forces
(~40 kT nm™!) result in tight agglomeration into bundles, specifi-
cally so in their as-prepared, pristine state. Since many applica-
tions rely on isolated tubes where the properties (e.g. mechanical
strength) are optimized, bundling is a major hurdle towards appli-
cations. Significant efforts have been made over the years to pro-
duce well-dispersed nanotubes in various solvents [3,4]. One of
the most common approaches for aqueous solvents is to employ
amphiphilic dispersants—surfactants [5-12], synthetic polymers
[13-18], nucleic acids [19,20] or proteins [21-25]—which bind to
the CNT surface via their hydrophobic moieties, and provide wetta-
bility and colloidal kinetic stability via their polar regions. The pro-
duced dispersions (not solutions) [4] remain metastable owing to
double-layer electrostatic repulsions when ionic dispersants are
used or to steric repulsions in the case of nonionic ones.

A large number of studies dealing with low molecular-weight
dispersants, ranging from ionic to nonionic, and covering assorted
molecular properties has been reported [5-11,26-30]. The wide
diversity of surfactant structures (namely headgroup and tail com-
position), coupled to big differences between carbon nanotube
batches and processing conditions used, often makes comparisons
very difficult. Further, it obscures a more fundamental understand-
ing of the dispersing process. For these reasons, studies where
molecular features are methodically varied, protocols are strictly
controlled and the experimental data are both accurate and pre-
cise, are warranted [7-11,31].

One of the key issues still awaiting clarification is the type of
arrangement of the surfactant molecules on the curved surface of
the CNTs. Randomly adsorbed molecules, monolayers, or aggre-
gates like spherical micelles and hemimicelles, or even fully wrap-
ping coverage, have been proposed despite that experimental
evidence is scarce [32,33]. Molecular simulations have also pro-
vided somewhat disparate views [10,34]. Other key issues pertain-
ing the adsorption process include the fraction of bound surfactant
and surface coverage. Recently, we have shown that the amount of
dispersant bound to the CNT surface is surprisingly small (only a
few percent of the dispersant demanded to achieve high CNT con-
centrations) and that there is a limiting surface coverage [17,18]. It
was also proposed that the surfactant concentration required for
dispersibility seems to basically constitute a kinetic factor: high
CNT dispersibility is found if the dispersant concentration is high
enough to be able to rapidly cover the freshly cleaved nanotube
surfaces [35].

While the dispersing of MWNTs based on various types of
single-tailed surfactants has been extensively reported [3,4,7,36],
double-tailed dispersants and in particular gemini surfactants have
been much less explored in that respect. And yet, gemini surfac-
tants are an important class of surfactants because of their uncon-
ventional structure, related amphiphilic properties and widespread
applications. They possess two polar headgroups linked by a cova-
lent spacer, whose length and flexibility/rigidity can be tailor-
made [37-39]. These compounds are often abbreviated by n-s-n
where the n is number of carbon atoms of the alkyl tail and s that
of the spacer chain. Hydrophobicity can thus be controlled both
through the two tails and the headgroup spacer, with the latter
also influencing the headgroup charge-to-charge distance. These
surfactants present lower cmc values, higher surface activity and
more versatile self-assembly than their single-tailed homologues
[37-41]. The spacer length, in particular, has been found to be cru-
cial in such diverse phenomena as the melting behavior of bilayers

[42], thermotropic mesomorphism [43], binding onto polyelec-
trolytes [44] and stabilization of nanoparticles [45]. Hence, gemini
surfactants have been successfully employed inter alia as emulsi-
fiers, gelators, wetting agents and gene transfection agents [46-
50].

In this work, it was anticipated that the interplay of spacer and
tail effects of gemini surfactants could also have important conse-
quences for their ability to disperse MWNTs.

Previous studies on gemini surfactants as dispersants for carbon
nanotubes are scarce [28,51-59] and deal with a small number of
compounds. Some reports deal with the dispersibility of MWNTSs in
water by conventional bis-quat gemini [51,52] and molecular
dynamics simulations of their adsorption on SWNTs [53], looking
in general for spacer effects. Other studies report on the dis-
persibility of MWNTSs with gemini of assorted chemistry either in
water [28,54-58] or in organic solvents [59]. However, a wide-
ranging investigation of the dispersing behavior of gemini with
varying spacer and tail lengths, allowing for deeper molecular
insight, is not available and this is the gap we wish to fill with
the current work.

For that, we resorted to a series of dicationic gemini surfactants
of general structure [C,Hzn+1(CH3),N*(CH,)sN*(CH3),CHopnsq]BI2,
abbreviated as n-s-n (Fig. 1). Thus, 12-s-12 gemini with s=2, 6,
and 12 were studied alongside 14-s-14 with s=2, 6 and 12 and
16-s-16, with s=2 and 12. The single-tailed conventional homo-
logues dodecyltrimethylammonium bromide, DTAB (n=12),
tetradecyltrimethylammonium bromide, TTAB (n=14) and
cetyltrimethylammonium bromide, CTAB (n=16) were also
employed for direct comparison. Our main goal was therefore to
explore on a consistent basis how the variation in molecular archi-
tecture of the gemini affects their ability to disperse MWNTs.

Sonication and centrifugation parameters are known to have
considerable influence on the concentration of dispersed CNTs,
and on the bundle length and width distributions [9,29,35,36].
Thus, a rigorous experimental protocol was used to prepare the
dispersions [11]. A strict control of the processing parameters,
repeated measurements and accurate MWNT quantification—com
bining thermogravimetric analysis (TGA) and UV-visible absorp-
tion spectroscopy—were employed to obtain highly precise dis-
persibility curves and hence extract reliable comparative metrics.
The main findings and key conclusions are presented, and critically
discussed under the light of previous work on surfactant-assisted
dispersions of CNTs.

12-s-12 n=12 s=2

5 \‘3/\(\/)/\ﬁ/ o 6

Br / 5-2 \ Br 12
14-s-14 n=14 s=2
6
«,, 0) s
16-s-16 n=16 s=2
\/s? :
Br
N+
™~ DTAB n=12
TTAB 14
) CTAB 16
n-2

Fig. 1. Chemical structure of the surfactants herein used: gemini bis(quaternary
ammonium) surfactants, 12-s-12, 14-s-14 and 16-s-16; DTAB, dodecyltrimethy-
lammonium bromide; TTAB, tetradecyltrimethylammonium bromide; and CTAB,
cetyltrimethylammonium bromide.
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2. Experimental section
2.1. Materials

MWNTs (d = 8-15 nm and L = 10-50 pm) were used as received
from CheapTubes. All the alkanediyl-c,w-bis(alkyldimethylammo-
nium bromide) dimeric surfactants used here, and abbreviated as
12-s-12 (s=2, 6 and 12), 14-s-14 (s=2, 6 and 12) and 16-s-16
(s=2 and 12), were synthesized according to established proce-
dures [37] and purified by recrystallization. The purity of the com-
pounds was evaluated by nuclear magnetic resonance (NMR), mass
spectrometry and further confirmed by the cmc values, obtained by
conductivity measurements (see Fig. ST and Table S2, supplemen-
tary data); they are in good agreement with previous reports [38].
DTAB, TTAB and CTAB were acquired from Sigma Aldrich (puri-
ties > 99%) and used as received, with the cmc values also in line
with those typically reported [60].

2.2. Preparation of CNT dispersions

The CNT/surfactant mixtures were initially prepared by weigh-
ing the carbon material, 9 mg, followed by addition of the desired
aqueous surfactant solution, 3 mL, resulting in approx. 0.3 wt% CNT
mixtures. All stock surfactant solutions were prepared in ultrapure
water, at temperatures lying above the Krafft temperature of the
surfactant to ensure its full dissolution (set to 25 °C for all surfac-
tants, except CTAB, 30 °C, 14-2-14, 35 °C, and 16-2-16, 46 °C). For
sonication, a Bandelin Sonoplus Vb 2070 probe (70 W output
power; 20kHz processing frequency) with a freshly polished
3 mm microtip was used, with a vibration amplitude set to 30%
and a sonication time to 8.5 min. In order to ensure identical sam-
ple treatment, a rigorous procedure, previously established [11],
was followed: (i) the sonication energy density transferred to the
sample was kept constant (~5.3 x 10> JmL"!, estimated from
calorimetric measurements) resulting in an average power density
of 1.0 W mL™%; (ii) the tip was always placed in the same position
inside the same type of vial (1 cm from the bottom); (iii) temper-
ature was controlled with an external thermostated bath and set
above the Krafft temperature of the surfactants. Under these mild
sonication conditions, there is insignificant nanotube damage
[9,17]. After sonication, the samples were centrifuged during
20 min at 4000 g. After centrifugation, the top 1 mL of the super-
natant was separated from the precipitate by decantation to deter-
mine the MWNT concentration.

2.3. Quantification of CNT concentration

The absolute carbon nanotube concentration in the super-
natant, cywnt, was determined using a previously published
method [61]. An accurately measured aliquot of each dispersion
was lyophilized during 24-48 h. In order to quantify the mass frac-
tion of surfactant present in the solid residue, TGA was performed
using a Netzsch TG 209 F1-Iris under N, atmosphere (flow rate of
50 mL min~!). Simple mass balance yields the dispersed mass of
MWNTs in the aliquot [61]. Calibration curves (TGA + UV-vis spec-
troscopy) [61] were then obtained for each surfactant, by measur-
ing absorbance versus ccyt at A = 660 nm (ensuring null absorption
from the neat surfactant solution), using dilutions from a stock dis-
persion with known MWNT mass concentration. A double-beam
spectrophotometer Agilent 8453 was used, with a plastic cuvette
with optical path length of 1 cm. For each dispersion composition,
3 to 5 independent preparations were made, and on average 3 sam-
pling spectrophotometric measurements done.

On the basis of Beer-Lambert law and the linear regimes
observed [11,61], the apparent extinction coefficients, &gg9, Were

determined for each surfactant (see Table S1, s.d.), yielding a mean
value 40 +2mL mg~! cm™, in line with previous reports [9,11].
The cpywnr values were determined from the apparent absorbance
using the mean extinction coefficient value.

2.4. Dispersibility curves

The dispersibility curves obtained for the gemini surfactants
follow a sigmoidal profile, as depicted in Fig. 2, similar to those
previously obtained for single-tailed surfactants [11,35]. Thus,
appropriate statistical metrics can be withdrawn from the plots:
cdc, critical dispersibility concentration, the initial concentration
of surfactant needed for dispersibility to take off; csmax, the mini-
mum surfactant concentration at which the maximum value of
cmwn, denoted as Contmax 1S attained.

For comparative purposes, the dispersibility effectiveness, 7,
and efficiency, #’, are also introduced. The effectiveness # at a par-
ticular sonication/centrifugation regime [35] is defined as the ratio
CMWNT,max/CMwNT,initial X 100 and it measures the ability of the sur-
factant to disperse MWNTs with respect to the initial loading
(herein, Cywir.initial =3 mg mL™!). The efficiency " is defined as
the #/csmax ratio and is expressed in units of % kg mmol~!; for a
highly efficient dispersant, maximal dispersibility (high #) should
be attained at the lowest possible csmax-

2.5. Zeta potential measurements

The zeta potential, {, of the dispersed particles was measured at
25 °C using a zeta sizer Nano ZS, ZN 3500, with a 4 mW He-Ne laser
(633 nm) and DTS 1060C disposable zeta cells. The electrophoretic
mobility, ¢, was measured using a combination of electrophoresis
and laser Doppler velocimetry techniques and ¢ was calculated
from u using the known Henry equation [6,62]. A dielectric con-
stant of 78.5, a medium viscosity of 0.89 cP and a flxa) function
value of 1.5 were used, following previously reported assumptions,
namely that MWNT/MWNT interactions are negligible [6,62]. All ¢
values are mean values based on at least 2 independent dispersions
and 5 measurements per dispersion.

2.6. Characterization of CNT debundling by scanning electron
microscopy (SEM)

Samples for SEM were prepared by casting a droplet of CNTs
dispersion (diluted 100 times) on a pre-heated (~110°C)
silicon wafer, followed by fast solvent evaporation. Subsequently,

CMWNT

Fig. 2. Representative dispersibility curve (concentration of dispersed nanotubes
vs. surfactant concentration), with the graphical definition of the different
parameters, cdc, Csmax and Ccntmax- The surfactant concentration cs is typically
expressed in a logarithmic scale.
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the silicon wafer was rinsed with ethanol to remove the excess of
surfactant. SEM images were obtained on a FEI Quanta 400FE oper-
ated at 25 kV. A distribution of MWNTSs (individual ones or thin
bundles) was recorded and statistically analyzed. To ensure mean-
ingful statistics, more than 100 objects were measured for each
sample (except for DTAB, as detailed in Section 3.3).

3. Results and discussion
3.1. General features of the dispersibility curves

The dispersibility curves obtained for the 12-s-12, 14-s-14 and
16-s-16 surfactants are shown in Fig. 3(a)-(c), respectively, allow-
ing to monitor the influence of increasing spacer length for fixed tail
length. In Fig. 3(d)-(e), the curves are grouped with respect to
increasing tail length for fixed spacer length. In addition, curves
for the single-tailed homologous surfactants, DTAB, TTAB and CTAB
are shown in Fig. 3(f).

Before analyzing Fig. 3, a few points are noteworthy. (1) The ini-
tial concentration of MWNT powder is constant in all systems,
3 mg mL~L. (2) The surfactant concentration, ¢, was varied typi-
cally in the range (0.1-10) x cmc for each surfactant and it is
expressed in molality (surfactant amount per water mass in kg);
the values are practically identical in mmol L™! and can also be
easily converted to mg mL~! (Table S2, s.d.). (3) ¢ is the value for
the initial mixture (i.e. before sonication), not the final one in the
as-produced dispersion (i.e.,, the supernatant obtained after

centrifugation) [35,63]; the latter quantity was not investigated
here. Since some surfactant exits by the precipitate [35], the sur-
factant concentration in the supernatant is estimated to be roughly
60-70% of cs (Table S3, s.d.). (4) For comparisons, the cmc of each
neat surfactant solution is indicated by arrows in the graphs. In a
dispersion, the surfactant concentration at which free micelles
may form is somewhat higher than the neat cmc, due to the uptake
of surfactants by the dispersed tubes [64].

From the curves in Fig. 3, the parameters cdc, Csmax and Cont max
were extracted using appropriate linear regression statistics
(Table S2, s.d.), and thereafter 5 and 1 were determined.

Two main trends already are apparent in Fig. 3(a)-(c) and
Fig. 4(a). First, the gemini surfactants in each family (12-s-12,
14-s-14 and 16-s-16) are typically less (or at most, similarly) effec-
tive (Fig. 4(a), middle) in dispersing MWNTs compared to the
respective single-tailed homologues. Second, they are nevertheless
much more efficient (Fig. 4(a), bottom) than the latter, primarily
because of their much lower csmax values (Fig. 4(a), top). Overall,
the data indicate that the gemini surfactants in general can dis-
perse the same amount of MWNTs as conventional single-tailed
surfactants but do so at much lower surfactant concentration.

3.2. Role of molecular properties

The effect of varying the spacer length, s, in the dispersion
metrics is plotted in Fig. 4(a). For all the gemini, there is a decrease
in ¢ max as S increases, a trend that is particularly strong for the
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Fig. 3. Concentration of dispersed MWNTSs vs. surfactant concentration (in log scale to enhance features at low c;) for the different gemini series and single-tailed
homologues: (a) 12-5-12 and DTAB; (b) 14-s-14 and TTAB; (c) 16-s-16 and CTAB; (d) n-2-n; (e) n-12-n and (f) single-tailed series. Lines are for visual guidance. The arrows on
top of Fig. 3(a)-(c) indicate the cmc of each surfactant.
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12-s-12 family where that decrease approaches one order of mag-
nitude. In turn, ccntmax does not vary much with s, lying between
0.5 and 0.9 mg mL™! (Table S2, s.d.). This means also that the effec-
tiveness remains essentially constant though slightly different for
each single family. From the combined trends of ¢smax and #, how-
ever, it is clear that the efficiency # must increase sizably with
spacer length, as shown in Fig. 4(a) bottom.

With respect to tail length effects on ¢s max for n-2-n and n-12-n
families, Fig. 4(b) top (log scale used for easier visualization), the
clear and strong variation of c¢smax With n for single-tailed surfac-
tants benchmarks the effect of increasing hydrophobicity. This
must be connected to the higher affinity of longer chains to the
nanotube surface. While the hydrophilic/hydrophobic balance in
the n-2-n gemini is roughly similar to that in the single-tailed sur-
factants, the former display a completely different behavior: a
much smaller variation of ¢;max With the tail length. In addition,
there is an interesting dichotomy: gemini — which individually dis-
play a hydrophobic component much larger than that of any nTAB
- exhibit lower ¢, max values than the nTABs, but they show no vari-
ation with their own increasing hydrophobicity (indicating that
some molecular features in gemini may have to each other oppos-
ing effects).

Effectiveness shows a moderate variation (on average, an
increase) with tail length. Recently, it was stated that, in the pres-
ence of sufficiently high dispersant concentration, the amount of
dispersed CNT is mainly dependent on the sonication energy and
centrifugation regime used [35]. Considering that csmax iS @ mea-
sure of having sufficient dispersant and that effectiveness bench-

marks the dispersing behavior in that particular regime for any
dispersants investigated, the lack of strong variation comes of no
surprise.

Finally, we note that on an absolute basis, of all the gemini the
most effective ones are the longest tail/shortest spacer compound,
16-2-16 and the 14-s-14 family, with # values in the order of 30%,
similar to those of CTAB and TTAB (see also Table S2, s.d.). Con-
versely, the most efficient is clearly the shortest tail/longest spacer
compound, 12-12-12, about 3 times more efficient than 16-2-16
and only slightly less effective. Further analysis of the performance
in terms of ability to separate the MWNTSs is presented in the next
section.

3.3. MWNT debundling: morphological characterization

Besides the dispersion efficiency and effectiveness of a surfac-
tant to disperse CNTs, another important feature is the aggregation
state of the dispersed nanotubes. An ideal surfactant disperses to
the maximum concentration of individual CNTs with the lowest
amount of surfactant (highest ) [11]. Thus, to assess the actual
surfactant debundling, the dispersions were analyzed by SEM,
and the size of the bundles was measured and critically compared
among surfactants, choosing MWNT concentrations at the respec-
tive plateau regions of the dispersibility curves (Fig. 3).

SEM representative micrographs and respective distribution of
the bundle diameters are presented in Fig. 5 for four surfactants
with different behavior: 12-12-12, the most efficient surfactant;
16-2-16 and its single-tailed homologue, CTAB, the most effective
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Fig. 5. SEM imaging and respective histograms of the CNT bundle diameter distributions in dispersions obtained with different surfactants. The insets represent images with
a higher magnification. The histograms were fitted to a log-normal distribution (see Table S4, s.d., for the fitting parameters).

surfactants; and DTAB, the least efficient surfactant. Close inspec-
tion of SEM images indicate striking differences between DTAB
and the remaining compounds. While the gemini surfactants and
CTAB show a big fraction of thin bundles (<10 CNTs) and also
individual tubes, DTAB shows CNTs aggregated into bundles and
mesh-like structures. The entanglement observed for the latter
dispersions does not allow to get a measure of size for a statisti-
cally representative number (>100) of distinctly dispersed MWNTs.
When comparing a larger group of surfactants (Fig. S2, s.d.), the
average particle diameter obtained through a log-normal fitting
to the values lies in the range of 15-18 nm (see Table S4, s.d.).
These values are close to the supplier’s specifications for the
individual MWNT diameter (8-15 nm). Hence, we can safely infer
that a high degree of debundling was achieved for both gemini
surfactants and CTAB.

Detailed analysis of the histograms further suggests that (i) for
single-tailed surfactants, tail length plays an important role on the
dispersion quality, adding to its effect on the quantitative parame-
ters (see Table S2, s.d.); (ii) for longer spacers (s =12), tail length
does not seem to influence the quality of the dispersions. Finally,
the results point to an ordering of the degree of CNT separation
as follows: DTAB < gemini < CTAB. For DTAB, the observed mesh
structure (and thereby the actual lack of de facto debundling in
terms of small bundles and individual CNTs) may be the result of
re-aggregation [12].

3.4. Molecular aspects of the dispersing process

One parameter worth to look at in this context is the cmc. It
both provides a measure of the hydrophobicity and permits us to
decide the role of the surfactant state (unimer vs. micelle) in the
dispersing process. Regarding the latter point, the ratios cdc/cmc
and ¢, max/cmc are displayed in Fig. 6 for all surfactants. The dashed
line marks unity and thus allow us to assess the relative impor-
tance of cmc, and hence the presence of micelles, in the initial stage
of the dispersing process, i.e. upon sonication of the CNT/surfactant
mixtures. For 8 out of 11 surfactants studied, cdc/cmc is sizably
smaller than 1 (the exceptions being 14-2-14, 16-2-16 and 16-
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Fig. 6. The ratios of cdc and csmax relative to cmc for the 12-s-12, 14-s-14 and 16-s-
16 gemini surfactants and their single-tailed homologues DTAB, TTAB and CTAB.
The dashed horizontal line marks the unity value.

12-16). Regarding the csmax/cmc ratio, values are typically around
1 to 2 for the 12-s-12 series and the single-tailed surfactants, but
significantly higher (5 to 25) for the C14 and C16 gemini. Since
for the latter compounds, the cmc values are also rather low (in
the range of 5-50 umol.kg™!, Table S2, s.d.), it is unsurprising that
the surfactant concentrations needed for meaningful dispersibility
lie necessarily well above cmec.

It has previously been inferred for various single-tailed surfac-
tants [11] that it is the dispersant overall concentration, irrespec-
tive of it being in unimer or micelle form, that matters for the
exfoliation process. Our current observations, for a family of very
different (double-tailed gemini) surfactants, are in line with those
conclusions.

Further molecular information is provided by zeta potential
measurements performed in the dispersions. Fig. 7(a) shows the
¢ values for neat gemini surfactant solution (c;=2 mmolkg ')
and Fig. 7(b) the ¢ values for dispersions with identical surfactant
concentration, ¢; =2 mmol kg™, and identical mass of dispersed
MWNTs, cenr=0.1mgmL™! (such dispersions require special
preparation; see Section 5 and Table S5 in s.d. for details).

In the case of neat gemini micelles (cs > cmc for all surfactants),
the { — potential decreases with increasing spacer length for all
three series (12-s-12, 14-s-14 and 16-s-16), covering a range of
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Fig. 7. Zeta potential vs. the number of carbons in the spacer, s, for the 12-s-12 (),
14-5-14 (o) and 16-s-16 (4 ) families: (a) neat gemini micelles, ¢ =2 mmol kg *;
(b) MWNT/gemini dispersions, c; =2 mmol kg~! and ccyr=0.1 mg mL™". Lines are
visual guides.

values between roughly +60 to +30 mV. In contrast, when nan-
otubes are present, { remains essentially constant at ca. +60 mV
with increasing s.

These results warrant two major considerations. (1) From previ-
ous work by Zana and co-workers [38,65] on n-s-n surfactants, it
can be concluded that at the low concentrations herein used
(2 mmol kg, which lies between 2 and 10 times the cmc depend-
ing on surfactant), micelle size and shape do not vary meaningfully
with spacer length, with the micelles remaining essentially spher-
oidal (implying also the strict validity of Henry’s equation to calcu-
late { [6]). Therefore, an explanation for the variation seen in Fig. 7
(a) cannot be found in changes of aggregate shape, but likely in the
increasing charge-to-charge distance in the same gemini molecule
and hence decreased charge density of the micellar surface, as the
spacer becomes bigger (polymethylene spacers of s < 12 lie essen-
tially stretched at the surface [65]). For the surfactant-coated
MWNTSs, Fig. 7(b), such variation is not observed. This suggests that
the different gemini surfactants (i) attach at the nanotube surface in
a similar arrangement among them, and (ii) may do so not in the form
of micelle-like aggregates but rather in an individually and randomly
distributed way. If so, this is in line with inferences made in previ-
ous work by us concerning the mode of adsorption of single-tailed
surfactants on CNTs [11] and also consistent with molecular
dynamics simulations by other groups on 12-s-12 gemini adsorbed
on the surfaces of single-walled nanotubes [53] and graphene
nanosheets [66].

(2) Since the same mass of MWNTs is present, and the analyzed
dispersions correspond to the plateau (i.e. to the maximum dis-
persibility, under the set sonication/centrifugation conditions),
the virtually constant value of { — potential in Fig. 7(b) reflects a
similar eletrophoretic mobility of the charged particles and, as
can be reasonably inferred, a constant surface charge density for
the surfactant-coated MWNTs [6] irrespective of s or n. In turn, this
implicitly suggests that the attained surface charge density is at its
maximum available value. This inference is again consistent with
our previous observations made on CNT dispersions—using a very
different dispersant, a polymeric surfactant (F127), and NMR diffu-
sion as probing technique—that pointed to a limiting surface cov-
erage of dispersant at the plateau level [18,35].

The most dramatic and clear-cut effect demonstrated by our
data is that ¢smax (and, thereby, efficiency) reaches its minimum
value at longest spacer lengths, i.e. for the n-12-n molecules. High
spacer length provides, besides extra hydrophobicity, maximum
conformational adaptability of the gemini molecule to the MWNT
surface. Among the n-12-n surfactants, it is 12-12-12 (surprisingly
yet rather clearly) that has the highest ¢, max and not 16-12-16, the
most hydrophobic molecule. We have recently presented evidence
that the dispersant in solution (remaining after the sonication/cen-
trifugation process) is more than one order of magnitude higher
than what is needed to cover all freshly exposed surface of the dis-
persed CNTs created by sonication [35]. Based on that observation
and related results (such as having a complete surface coverage in
a wide range of dispersant concentration) we argued that the sur-
factant concentration required for dispersibility is primarily a
demand related to fast enough microscopic kinetics of dispersants
transferring from their bulk solution into a surface-attached state. If
so, it could be that 12-12-12 molecules may transfer more quickly
from bulk to freshly cleaved CNT surfaces than the other s=12
gemini. We can hypothesize two reasons for this. First, having a
very low cmc and thereby very low unimer concentration in the
case of 14-12-14 and 16-12-16 (compared to 12-12-12) will limit
the rate at which their respective unimers attach to the surface.
Second, the adsorption of a long C16 tail to the CNT parallel to
the surface [53] is expected to provide quite tight anchoring; how-
ever, the adsorption of the second tail and 12-carbon spacer of the
same molecule may take comparatively longer time (than for 12-
12-12) as they seek to adapt their conformation to the CNT surface
due to a less-than-optimal tail/spacer relative size (and hence
hydrophobicity).

3.5. Comparisons with previous work

With respect to the few previous studies on the dispersion of
CNTs by gemini surfactants, our results present both similarities
and clear contrasts. Wang et al. have used 12-6-12 and DTAB to
disperse  MWNTs [51], starting with a nanotube load of
2.0mg mL~!, and found that 12-6-12 disperses twice as much as
DTAB for concentrations well below cmec. In contrast, here we do
not find significant differences in effectiveness between DTAB
and all the other gemini surfactants (effectiveness lying in the
range of 20-30%), and, in fact, 12-6-12 disperses slightly worse
than DTAB. In another study, Chen et al. investigated the thermal
conductivity of MWNTs stabilized in water by 12-s-12, with s =3,
4 and 6 and concluded that both dispersibility and conductivity
were higher for short spacers [52]. Herein, and even though their
range of s differs from ours, the effectiveness of spacer 6 (16%) is
similar to that of 2 (17%), but a longer spacer like 12 disperses a
bit more (22%) and, especially, it is much more efficient. Zheng
et al. used imidazolium-based gemini to investigate the effect of
tail length, concluding that [14-4-14im|Br, dispersed much more
than [12-4-12im]Br, [54], and similar results were obtained with
pyrrolidinium-based homologues [57]. We did not find comparable
tail length effects. Interestingly, and as pointed out above, recent
molecular dynamics simulation studies on the binding of 12-2-12
and 12-6-12 to SWNTs [53] and graphene nanosheets [66], at
low surface coverage, showed no indication of micelle-like aggre-
gates on the nanomaterial surface, and our results for MWNTSs sup-
port the same molecular view.

4. Conclusions

In this work, by using rigorously controlled experimental proce-
dure and statistical sampling, high quality dispersibility curves of
MWNTs in water were obtained for 12-s-12, 14-s-14 and 16-s-16
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gemini surfactants (s =2, 6, 12 for the C12 and C14 tails; s =2, 12
for the C16 tail) and their single-tailed homologues DTAB, TTAB
and CTAB. This systematic analysis allowed to extract reliable
quantitative metrics for each surfactant—namely the critical
dispersibility concentration, cdc; the maximum dispersed CNT con-
centration, Ccntmaxe and the minimum surfactant concentration
necessary to achieve it, csmax; the dispersibility effectiveness, 7,
and efficiency #". These results altogether provide then a sound
basis for withdrawing trends, comparisons and molecular-level
interpretations for the CNT/dispersants systems investigated,
hence advancing the understanding of these systems in relation
to previous work [51-57].

A first key finding is that the efficiency of gemini surfactants in
dispersing MWNTSs is clearly higher than that of single-tailed sur-
factants, though the effectiveness is similar. Secondly, comparing
only the gemini compounds, while the effectiveness is basically
insensitive to both spacer and tail variation, csmax Clearly decreases
and the efficiency thereby increases as the spacer length increases.
Therefore, the spacer length is deemed as the key structural feature
for enhancing the dispersing performance of this family of com-
pounds. Characterization by scanning electron microscopy demon-
strate that gemini surfactants provide well-dispersed, individual
tubes in water, an important requirement for practical purposes.
Furthermore, the data allow to infer that for the initial process of
dispersion (i.e. during sonication), whether the dispersant is in
unimer or micellar form is not relevant for its dispersing ability.
Finally, based on the zeta potential data herein obtained, we posit
that the gemini dispersants adsorb at the MWNT surface similarly
and in the form of randomly distributed molecules, and that this
adsorption is primarily controlled by a kinetic demand (i.e. by
how fast dispersant molecules transfer from the bulk to the
adsorbed state).

In summary, the results herein presented provide an insight on
the influence of the surfactant molecular structure on CNTs dis-
persibility and allow meaningful comparisons between families
of dispersants. This approach can be extended to other types of dis-
persants and, concurrently, to various types of water-insoluble
nanomaterials. The high efficiency values obtained by the n-12-n
surfactants besides offering an interesting molecular picture also
have practical implications for the search of high-performance dis-
persants, as ultimately one aims at achieving maximum MWNT
dispersibility and individualization at the lowest possible disper-
sant concentration.
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Fig. S1 — Conductivity plots of: (a) DTAB, TTAB and CTAB; (b) 12-5-12, (¢) 14-s-14, and (d) 16-s-16

gemini surfactants. The obtained cmc values (intersection points of linear fits) are shown in Table S2.
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2. Apparent extinction coefficients for cmwnt quantification

Table S1. Apparent extinction coefficients, &sco, of MWNTs for the different surfactants as obtained

from the linear dependence of the apparent absorbance on MWNT concentration.

Surfactant &o60"/ mL-mg!-cm!
12-2-12 39
12-6-12 43
12-12-12 41
14-2-14 38
14-6-14 39
14-12-14 38
16-2-16 41
16-12-16 42
DTAB 39
TTAB 40
CTAB 42
mean + s.d. 40+£2

(IThe typical uncertainty of each value is + 2%.



3. Characteristic parameters for the dispersibility curves

Table S2. Values of the dispersibility parameters obtained from the curves in Fig. 3 through the fitting

procedure depicted in Fig. 2. Each point in the curves is the average value obtained for at least five

independent dispersions. The estimated errors of the parameters are the following: for c¢dc and ¢ max, ca

+ 20% (they depend strongly on the availability of enough and clearly assignable points in the quickly

ascending parts of the respective dispersibility curves); for contmax, ca. £ 10%; for 7, ca. £ 15% and #*,

ca. £ 20%. The surfactant cme values obtained from conductivity (Fig. S1) are within an error of + 5%,

based on three independents curves.

%

Surfactant cmcM® cdc Cs,max(? ffrlj;n;;ll 7 o /?7(% kgmmol™)
12-2-12 (()6.9558) (()6%39) (1&18 5 0.4 15 11
12-6-12 (16(.)69) (()(').139 " (1().280) 0.52 17 15
PAUR D, (()('):.5256) (()(').1162) (()(')'2)3) 0.67 22 74
14-2-14 (()(')'1193) (()6.5;6) (16(.)67) 0.86 29 28
14-6-14 (()(')_1172) (()6{.)3;6) ?67565) 0.87 29 38
14-12-14 (()(')'1018 5 ?d(.)(? 528) (()6.54198) 0.93 31 53
16-2-16 ?6(.)3?9) ?6%;2) (16.130) 0.88 29 28
61216 G 00m) o = 52
DTAB (li g ?2'.25) (157 o 0.61 20 1.2
TTAB ?1'?3) (()6?390) ?1'.55) 0.90 30 6.7
CTAB ?6.937 ) ?(f;z) (26.38 5 0.90 30 13

(UValues in mmol-kg! (top) and in mg-mL! (in parentheses).

@ The Krafft temperatures are (approx. values): 12-2-12, 15 °C; 12-6-12, <0 °C; 12-12-12, 14 °C; 14-2-14, 32 °C;
14-6-14, 8 °C; 14-12-14, < 20 °C; 16-2-16, 45 °C; 16-12-16, 14 °C; DTAB, < 0 °C; TTAB, 13 °C; CTAB, 26 °C.

Definition of parameters: cdc, critical dispersibility concentration, the initial concentration of surfactant needed
for dispersibility to take off; ¢smax, the minimum surfactant concentration at which the maximum value of dispersed

emwnr, denoted as contmax, 15 attained; effectiveness 7, the ratio cMwNT,max/CMwWNT,initial X 100 (herein, emwnT,initial =

3 mgmL™"); and efficiency 7", the ratio 77/csmax, expressed in units of %kgmmol.



Table S3. Parameters for the supernatant characterization: TGA mass loss fraction of dry supernatant
(D) and neat surfactant (Pq), cvwnr in the supernatant, surfactant concentration in the supernatant before

(cs, initia1) and after (cs, nat) centrifugation, and fraction of surfactant lost to the precipitate (Acs).

Sucant @ e CNSwime S i 1%
12-2-12 0.73 0.97 0.61 3.0 1.8 40
12-6-12 0.89 0.97 0.57 7.0 6.0 14
12-12-12 0.43 0.93 0.73 1.0 0.6 40
14-2-14 0.57 0.98 0.75 1.5 1.0 33
14-6-14 0.71 0.99 0.79 2.4 2.0 17
14-12-14  0.59 0.97 0.79 1.7 1.2 29
16-2-16 0.48 0.96 0.71 1.3 0.7 46
16-12-16  0.69 0.98 0.57 23 2.0 13
DTAB 0.92 1.0 0.80 14.0 8.5 39
TTAB 0.88 0.99 1.43 13.1 94 28
CTAB 0.81 1.0 0.67 3.6 2.8 22

WA= (s initial - Cs.final) / Cs,initial-

The fraction of surfactant lost to the precipitate is rather significant and of the order of (30 £ 10) %.



4. SEM characterization of the dispersions
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Fig. S2. SEM imaging characterization of MWNT and the respective histograms with CNT/bundle
diameters distributions dispersed by the double-tailed gemini surfactants 12-2-12, 14-12-14 and 16-12-
16, and single-tailed CTAB.



Table S4. Parameters obtained from the fitting of a log-normal distribution to the CNTs diameter,
based on SEM micrographs: median, ¢; width of log-normal distribution, w; the mean diameter <d>

obtained by <d> = d exp(w?/2).

surfactant dinedian / DM w <d>/ nm
CTAB 14 0.32 15
12-12-12 16 0.36 17
14-12-14 14 0.24 14
16-2-16 14 0.35 15
16-12-16 18 0.26 18

5. Zeta potential measurements

For these measurements, because the curves in Fig.3 show that the dispersed emwnr varies differently
with ¢, for different surfactants, a careful procedure was followed. All dispersions were prepared in the
usual manner using ¢s = 2 mmol'kg‘l which yielded different emwnt values between surfactants, but all
above 0.1 mgmL™' (Figure 3); then, the samples were diluted with its respective neat surfactantsolution
(cs = 2 mmolkg™) to the final desired cvwnr (0.1 mgmL™"). The zeta potential for F127-coated MWNTs

was also measured as a baseline value (yielding — 11 mV).

Table S5. {~potential values for neat surfactant micelles and for surfactant-assisted MWNT dispersions
with cywar= 0.1 mg'mL™" and ¢; = 2 mmol-kg™! for all gemini surfactants (for F127 the concentration
was cp27= 3 mg-mL-'). Observed distributions are unimodal and meet quality criteria; typical uncertainties in ¢-
potential are £ 5 % (5 runs on average).

surfactant ¢ /mV
neat micelles MWNT/surfactant dispersions
F-127 not measurable —11
12-2-12 +48 +54
12-6-12 +49 +52
12-12-12 +33 +60
14-2-14 +63 +59
14-6-14 +45 +60
14-12-14 +44 +60
16-2-16 +55 +58
16-12-16 +35 +63
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Abstract

Most applications of nanocarbons, such as carbon nanotubes and graphene, require that
they are well-separated and well-dispersed in a liquid phase. Intensive efforts have been
put on exfoliating and dispersing nanocarbons in aqueous solvents, typically using
amphiphilic dispersants and sonication/centrifugation procedures, alongside a drive to
fundamentally understand and rationally optimize these processes. Herein, we employed
a robust method to separate and disperse multiwalled carbon nanotubes (MWNTSs), and
graphene nanoplatelets (GnPs) either from bulk graphite or from pre-formed GnP
powders, using rigorously controlled processing conditions. An ionic (sodium cholate)
and a nonionic (Triton X-100) surfactant were used as dispersants. Our aim was to
determine high-precision dispersibility curves (concentration of dispersed nanomaterial
versus initial surfactant concentration) for the different nanocarbon/dispersant systems,
characterize morphologically the dispersed particles and compare the mechanisms of
exfoliation of 1D and 2D nanocarbons at molecular level. Typically bell-shaped
dispersibility curves with a plateau were obtained and from the latter, several quantitative
metrics were extracted that permitted reliable comparisons between
nanocarbon/surfactant systems. Scanning electron and atomic force microscopies
allowed to characterize the suspended particles in as-obtained dispersions, namely the
MWNT bundle width and GnP dimensions (mean lateral size and layer number). Under
fixed conditions (in particular, delivered energy per carbon mass), MWNTSs are dispersed
in much higher yields, by two orders of magnitude, than GnPs. However, and
significantly, a master curve for the dispersibility was obtained, implying that common
fundamental features underpin the dispersal process, irrespective of nanocarbon (1D or

2D) or surfactant (ionic or nonionic) types.
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1. Introduction

New allotropic forms of carbon, in particular 1D carbon nanotubes (CNTs) and 2D
graphene have been at the forefront of nanotechnology during the last years, especially
due to their novel and unique electrical, mechanical, thermal and optical properties.'®
For the majority of applications (e.g. composites, catalysis and electronics), obtaining
aqueous dispersions of individualized carbon nanotubes (CNTs) or few-layer graphene
(FLG) is of great practical interest.™ 7 A common approach is liquid-phase exfoliation
of the carbon materials, like exfoliation in water of CNTs or graphite using amphiphilic
dispersants (namely surfactants'®'” or polymers'®22 including proteins® 24), and
sonication-centrifugation procedures. Three stages can be broadly distinguished in the
amphiphile-assisted dispersing process: exfoliation, adsorption and stabilization. The
first consists in the mechanical separation (typically using sonication, either bath or tip,
or ball milling) of the tubes or 2D sheets from their respective bulk reservoirs. The second
entails amphiphile binding via essentially hydrophobic interactions in the as-exposed
carbon surface. Finally, after a centrifugation step that removes the larger undispersed
particles, the smaller ones remain in suspension stabilized by steric or electrostatic
repulsions that provide a kinetic barrier to reaggregation. Hence, in the end, kinetically
(not thermodynamically) stabilized suspensions of the nanocarbons are produced.

For CNTs, exfoliation of individual nanotubes from their bundles by a surfactant
is thought to occur through an ‘unzipping’ mechanism, whereby the energy source
produces clefts between adjacent nanotubes at the end of a bundle, allowing surfactant
molecules to adsorb onto the newly exposed surface.?>?® Surfactant adsorption
propagates along the fissure, eventually splitting the bundle or separating an individual
nanotube from the aggregate. Graphene nanoplatelets (GnPs), with as few layers as
possible, can be obtained from similar unzipping mechanisms, by the top-down
exfoliation of graphite into GnPs rather than the bottom-up growth of single graphene
films (which requires intensive synthetic efforts and challenging scale-up process).?: %
Indeed, despite that bottom-up processes produce un-matched electronic quality and
uniformity of graphene, they also yield smaller amount of material at a much higher
energy-cost compared to bottom-up exfoliation.?” 3" Exfoliation of graphite into a GnP
dispersion can be induced by either chemical or physical forces to overcome the van der
Waals forces holding the graphene layers in solid graphite. Chemical exfoliation could
be also based on oxidation of graphite and dissolution of graphene-oxide (GO),3! while
physical exfoliation is driven by energy injection, e.g. sonication,?” high shear mixing®? or

ball milling.®® The latter processes, as mentioned above, unzip the graphene layers
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beyond the short van der Waals distance, filling the gaps with adsorbed surfactant and
solvent molecules, eventually leading to their detachment and dispersion as single to
few-layer graphene.?": 34

Few studies have recently explored the nanocarbon dispersibility, i.e., the
dispersed concentration as a function of surfactant concentration,' 354! showing that it
reaches a maximum at an optimum surfactant concentration; beyond that point, the
dispersibility typically decreases significantly. However, most of the dispersibility curves
reported lack in profile detail and sufficient precision, e.g. lacking in indication of
reproducibility or providing no error bars for the data. To address this problem, in this
work we developed high-precision dispersibility curves for MWNTs and GnPs using two
surfactants, sodium cholate (SC) and Triton™ X-100 (TX-100), shown in Fig. 1. SC is an
anionic surfactant (a bile acid salt), with a hydrophobic region consisting of a rigid cholic
acid ring system (with the three OH groups facing the same side of the ring) and a
carboxylate headgroup. TX-100 is a nonionic surfactant with a hydrophobic section
composed of a short alkyl tail plus a benzene ring, and a bulky hydrophilic headgroup
with several oxyethylene moieties. These surfactants were selected because they are
deemed as good dispersants of carbon nanomaterials,** 4 and because they differ in
molecular properties, namely headgroup charge, and flexibility/rigidity of the hydrophobic
section, allowing thus for interesting comparisons to be made. Three types of starting
materials were studied: MWNTSs, graphite, and commercially available graphene
nanoplatelets (designated herein as cGNPs). This allows insight on the features that lead
to the separation and dispersal of carbon nanomaterials either from their aggregated
forms (powders of entangled MWNT or stacked cGNPs) or from a crystalline bulk
reservoir (graphite). The processing sonication/centrifugation conditions for exfoliating
and dispersing these nanocarbons were carefully controlled and the total energy

delivered per mass of nanocarbon was selected as a fixed parameter (= 0.20 kJ'mg™) for

all systems to provide comparisons.

a) %H =

n=9-10

Fig. 1. Chemical structure of the surfactants used in this work: a) anionic surfactant sodium
cholate (SC); b) nonionic surfactant Triton X-100 (TX100).
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As will be shown, the initial sigmoidal profile of the obtained dispersibility curves
(concentration of dispersed nanocarbon vs. surfactant concentration) permits us to
extract quantitative parameters such as the maximum concentration of dispersed
nanocarbon (cicmax), the surfactant concentration needed to achieve that value (¢smax),
and the effectiveness and efficiency of the dispersing process. Significantly, it also allows
us to present a type of dispersibility master curve, that highlights some common features
of the dispersing process irrespective of carbon source and surfactant used. Structural
characterization of the as-obtained dispersions is also presented based on SEM, AFM
and Raman data. Finally, an overall qualitative molecular-level discussion of the results

is put forth.

2. Experimental Section

2.1 Materials and sample preparation

Multiwalled carbon nanotubes (from Cheaptubes, d = 8 -15 nm and length L = 10 - 50
pum), commercial graphene nanoplatelets (from xGnP® Graphene Nanoplatelets Grade
M-5, xGSciences) and graphite flakes (from Sigma Aldrich) were used as received. The
surfactants sodium cholate hydrate (> 99%) and Triton™ X-100, t-
octylphenoxypolyethoxyethanol were purchased from Sigma-Aldrich and used as
obtained.

Sample preparation combines tip sonication and centrifugation. " The carbon
source powder (9.0 mg for MWNTSs and cGnPs, and 100.0 mg for graphite) was added
to the desired surfactant aqueous solution yielding an initial loading concentration of
3.0 mg-mL™" for MWNTs and cGnPs, and 10.0 mg-mL"" for graphite suspensions. These
mixtures were tip-sonicated using a Bandelin Sonoplus Vb 2070 Ultrasonic Homogenizer
with a 3 mm probe (70 W, 20 kHz), at 25-30% amplitude, in water bath circulation yielding
a constant energy delivered per carbon mass of = 0.20 kJ-mg™. After sonication, the
dispersions were centrifuged (Centurion Scientific Centrifuge Model K241R) and the top
30% of the supernatant was carefully removed. The sonication and centrifugation
parameters for dispersing the MWNTSs, graphite, and cGnPs are provided in detail in

Table S1, in the Supplementary Data file.

2.2 Quantification of CNT and graphene concentration
A previously published method was applied to determine the absolute carbon
nanomaterial concentration in the supernatant.** To quantify the mass fraction of

surfactant present on the solid, thermogravimetric analysis (TGA) was performed in a
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Hitachi STA7200RV equipment, under N, atmosphere (flow rate of 200 mL-min™).
Calibration curves from TGA and UV-Vis spectroscopy were then obtained, using
dilutions from a stock dispersion with known nanomaterial mass concentration, by
measuring UV absorbance versus concentration of nanocarbon. A single-beam UV
spectrophotometer Agilent 8453 operating at A = 660 nm (to eliminate the contribution
from surfactant absorption) was used.*> “6 Application of the Beer-Lambert law allowed
to determine the apparent extinction coefficient, ¢, for the different systems, which yielded
a value of 40 mL-mg'-cm™ for MWNTs and 31 mL-mg'-cm™ for graphene systems, in

line with previous reports.' 17 25.27

2.3 Dispersibility curves

The dispersibility curves for all nanocarbons studied here show a bell-shape profile (Fig.
2), with an initial sigmoidal shape and a plateau level (stages I-lll), similar to those
previously obtained for both single and multiwalled carbon nanotubes dispersed by
common single-tailed surfactants.' After the plateau, the dispersibility decreases with
further added surfactant (stage 1V). Appropriate statistical metrics can be withdrawn from
the sigmoidal part of the curve until the plateau: cdc, the critical dispersibility
concentration, i.e. the concentration of surfactant needed for the dispersibility to take off;
Cncmax, the maximum concentration of dispersed nanocarbon attained; csmax, the
surfactant concentration at which cnemax is attained. For comparative purposes, the
dispersibility effectiveness, n, and efficiency, n” are also introduced. The effectiveness is
given by the ratio (Cncmax/Cneiniial) X 100 and is thus a measure of the ability of the
surfactant to disperse nanomaterial with respect to its initial loading. The efficiency, n", is
defined as n/csmax and is a measure of the capacity of the surfactant to disperse vs its
concentration used, and is expressed in units of %kg'-mmol'; hence, for a highly efficient

dispersant, maximal dispersibility (high n) is attained at the lowest possible cs max.
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Fig. 2. Representative dispersibility curve with the definition of the metrics herein used: cdc,
critical dispersibility concentration; cnemax, maximum concentration of dispersed nanocarbon i;

Cs,max, surfactant concentration at which cnemax is attained.

2.4 Characterization of dispersed nanocarbon

The surface morphology and dimensions (i.e., diameter, d, of tubes and mean lateral
dimension, MLD, of graphene particles) of the dispersed materials were determined
using SEM and AFM. Both the SEM and AFM samples were prepared by drop casting
10 uL of the supernatant on a pre-heated silicon wafer (111) at 100 °C. The wafers were
then rinsed in ethanol to remove the excess surfactant. MWNT dispersions were
previously diluted by a factor of 100.

SEM images were obtained on a FEI Quanta 400FE microscope, with an
acceleration voltage of 25 kV, and SE detector. The distributions of diameter, d, for
MWNTs and mean lateral dimension, MLD, for GnPs were recorded (for a number of
particles, n > 200). Log normal distributions were obtained and average values, d and
MLD, and other statistical data were extracted. It should be noted that only the apparently
individualized CNTs (small bundles are essentially impossible to distinguish from
individual objects) were measured in the SEM images. Tapping mode AFM was
performed on each sample, with a Veeco Multimode Nanoscope IV, under ambient
conditions with RTESP silicon tip. For the GnPs, the height and MLD of each flake were
measured and correlated.

The zeta potential, ¢ of the dispersed particles was measured at 25 °C using a
Malvern Nano ZS, ZN 3500, with a 4 mW He-Ne laser (633 nm) and DTS 1060C
disposable zeta cells. The electrophoretic mobility, u, was measured using a combination
of electrophoresis and laser Doppler velocimetry techniques and {'was calculated from

4 using the known Henry equation. A dielectric constant of 78.5, a medium viscosity of



132

FCUP

1D and 2D nanomaterials as building blocks for 3D composites: surfactant-mediated assembly, characterization
and electrocatalytic studies

0.89 cP and a f(ka) function value of 1.5 were used, following previously reported
assumptions, namely that tube-tube interactions are negligible.*” ¢ All ¢ values are
average values based on at least 3 independent dispersions.

Raman spectra of the GnP aqueous dispersions were recorded on a LabRam
HR800 model of Jobin-Yvon Horiba spectrometer using a He-Ne laser at 514 nm on

quartz cuvette, at room temperature, for an accumulation time of 120 s.

3. Results and Discussion

3.1 General features of the dispersibility curves

The surfactant molecular structure is an important parameter in the exfoliation and
dispersal of carbon nanomaterials, alongside with the experimental conditions used in
processing the materials (namely sonication energy, centrifugation rpm and time, and
initial dispersant concentration).?> 4% For the obtained dispersibility curves shown in Fig.
3 a)-c), and as detailed in the experimental section, the processing conditions and

reproducibility were carefully controlled and this allows some reliable comparisons to be

made.
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Fig. 3. Concentration of dispersed nanocarbon vs. surfactant concentration (in log scale to
enhance features at low cs) for the different surfactants. a) MWNT b) GnP c¢) cGNP and d) master
curve. Lines are for visual guidance. Initial carbon material concentration was 3.0 mg-mL-' for

MWNTs and cGnPs, and 10.0 mg-mL-" for graphite suspensions.
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Table 1. Parameters obtained from the dispersibility curves for MWNTs, GnPs and cGnP using
surfactants sodium cholate (SC) and TX-100.@)

Dispersibility SC/ TX-100/  SC/ TX-100/ SC/ TX-100/
parameter MWNT MWNT GnP GnP cGnP cGnP
Cncmax/ ) 0.91 0.77 0.055 0.036 0.017 0.012
mg-mL-"
cdc/ mmol-kg' 0.017 1.2 0.024 0.047 0.005 0.028
Cs,max/

0.077 1.8 0.21 0.19 0.13 0.58
mmol-kg-!
nl% 30 26 0.55 0.36 0.56 0.39
! % 395 14 2.7 1.9 43 0.67

aThe precision is estimated as ca. £10% for cncmax, While higher, ca. £20% for the other two parameters, cdc
and csmax, since the latter depends strongly on the availability of many enough and clearly assignable points
in the quickly ascending parts of the respective dispersion curves.

Firstly, it is apparent that all the curves follow approximately the described bell-
shape profile, with the exception of the system TX100/MWNT, where the final decay
stage (IV, in Fig. 2) could not be attained even at very high surfactant concentrations.
Secondly, from the initial sigmoidal profiles, and the dispersibility metrics obtained using
appropriate statistics (described elsewhere ® and shown in Table 1, it is clear that for all
the systems studied (MWNTs, graphite-exfoliated GnPs and cGNPs), the ionic
surfactant, SC, is a better dispersant than the nonionic one, TX100. In fact, SC disperses
higher concentrations of nanocarbon (higher values of cmwnTmax, CenP,max @and Ccanp,max),
starts dispersing at lower concentrations (lower cdc), and is both more effective and more
efficient than TX-100.

Thirdly, at fixed delivered energy per carbon mass (= 0.20 kJ-mg™), it is clear that
the process is dramatically more effective for the 1D nanotubes than for the 2D graphene
nanoplatelets, either obtained from graphite or from cGnPs. In fact, for MWNTSs, final
yields (7) of the order of 26-30% are obtained (Table 1), where are as for GnPs
(irrespective of type), the values are in the range of 0.4-0.6%. Further, Fig. 2b) and 2c),
as well as Table 1 values, show that under the set conditions, the preformed cGnPs are
dispersed in lower concentrations (by 1/3) that GnPs obtained from exfoliating graphite.
The cGNP powder was in fact processed with identical conditions to MWNTSs (see Table
S1), namely, at identical delivered energy/carbon mass, 0.20 kJ-mg”’, and energy
density (delivered energy per volume of dispersion), 0.59 kJ-mL"', a parameter also
deemed pivotal in the exfoliation of carbon materials.’® “° The reason for this strict choice

of identical parameters lies in that we wanted to investigate the role of particle-particle
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interactions in the separation process, since in both materials there are already
preformed particles (entangled MWNTSs or stacked GnPs). The results thus suggest that
under strict equivalence of dispersing conditions, the stacked GnP particles are
dramatically less prone to separation than MWNTs. We will defer discussions on this
point to section 3.3 below.

Fourthly, and crucially, after normalizing the concentration of nanocarbon
dispersed with the maximum dispersed concentration, Fig. 3d), nearly superimposable
curves are found for the systems studied, except for the outlying TX-100/MWNT. This
common trend is rather significative, indicating that, irrespective of the dimensionality of
the nanomaterial and of the surfactant, the dispersing process follows qualitatively similar
stages, resulting in a similar bell-shaped curve. We postpone further discussion of this
point to section 3.3.

Having investigated the profile of the dispersibility curves for the different
materials and surfactants, it was then important to know in detail in which state of
separation, the suspended particles are (bundle widths for MWNTs and GnP lateral
dimensions and layer number). For this, characterization of the dispersions using SEM,

AFM, Raman spectroscopy and zeta potential measurements was undertaken.

3.2 Structural characterization of the dispersions

3.2.1 Dispersed MWNTs

The diameter distribution of the MWNTSs dispersions with highest cncmax Was evaluated
through microscopic techniques. The MWNT diameter was measured by SEM (Fig. 4)
suggesting no significant effect of the surfactant structure on the degree of debundling.
The bundles consist of < 10 MWNT units taking into consideration the supplier’s diameter
specifications (d = 8 - 15 nm); in fact, the biggest d measured by SEM was ~70 nm,
implying bundles of 5-9 MWNTs. AFM height values results (Fig. S1), yield similar
diameter distribution as the SEM measurements (albeit the much smaller data). These
results, in combination with the dispersibility curves, show that for these two surfactants,
the molecular structure has an influence on the quantitative parameters (i.e. Cnemax, CdC
and csmax) but no apparent effect in the debundling degree of the final dispersion. The
experimental processing parameters, namely the set sonication energy/carbon mass
and centrifugation conditions, seem to play the most critical role for the “quality” of the
dispersions, that is, the degree of separation of the nanotubes into homogenous

dispersions.?% 27 31
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Fig. 4. A typical SEM micrographs and the respective diameter distributions of CNT bundle
dispersed by TX-100 20 mmol-kg-' (up) and SC 1.0 mmol-kg™' (down) surfactants. The histograms
obtained based on SEM imaging were fitted to a lognormal distribution.

3.2.2 Exfoliated graphene nanoplatelets
The distribution of mean lateral dimensions, MLD, of the GnPs was analyzed by AFM
(Fig. 5). This MLD corresponds to the geometric mean of the length and the width of the
flake, measured perpendicularly to each other (see section S3, supplementary data file).
The thickness of each flake was also measured using height profiles as shown in Fig.
5a). In previous studies, it has been found that single-layered graphene with surfactant
underneath has an apparent AFM height of ~ 2 nm.% This value is consistent with our
AFM measurements, which showed discrete steps of ~ 2 nm thickness (Fig. 5a).

On the basis of a reported methodology for the characterization of graphene
obtained by liquid phase exfoliation,* the MLD obtained by AFM and the corresponding

flake thickness for each flake were plotted (Fig.5b) and a linear fitting, using 95%
confidence bands was obtained.
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Fig. 5. a) AFM micrographs and height profile of terraces of stacked graphene, for TX-100/GnP

and b) MLD vs flake thickness plots, determined by AFM measurements.

Since SEM is statistically representative when compared with AFM, the MLD of
more than 200 flakes was measured using this technique (Fig. 6a). An average MLD,
MLD, of 111 + 3 nm for SC/GnP and 120 + 5 nm for TX-100/GnP system was obtained.
From the plots in Fig. 5b, we extrapolated the flake thickness corresponding to the MLD
measured by SEM (Fig. 6b), following the aforementioned methodology *°. The
calculations (see section S4, supplementary data file) indicate that approximately 80%
and 60% of the dispersed GnPs for the SC and TX-100 systems, respectively, have less

than 5 layers °'.
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Fig. 6. a) SEM imaging characterization and the respective histograms with GnP flakes MLD
distributions dispersed by the surfactants TX-100 0.9 mmol-kg-'(up) and SC 6.7 mmol-kg-' (down).
The histograms obtained based on SEM imaging were fitted to a lognormal distribution; b)

thickness distribution for TX-100 (up) and SC (down) systems, obtained from the fitting presented
in Fig. 5b.

The defect density of the material exfoliated by SC was compared to that of the
original graphite using Raman spectroscopy (Fig.7). Even with the superimposition of the
surfactant spectra, the main bands typical of graphene are present: D band at ~ 1556
cm (indicates the disorder of the flake), G band at ~1588 cm™ (first order Raman
scattering process) and the second order 2D band at ~2700 cm™, due to second order
phonons and related to the number of layers (Fig.7) 3 %2. Moreover, it was possible to
subtract the surfactant spectra (Fig. S5) to the one of the GnP/SC system, and its profile
allowed to extract information on the defect density of graphene sheets (/o/lpo—defect
type and Io/lc —total defect density °* °*) and number of layers (Io/l2p).* *° The ratio I/l
= 8.75 implies the existence of vacancy like defects in the exfoliated material %¢. Ip/lc =

1.3 indicates total defect density, and it is correlated with MLD, according to equation
(1)_53
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Smaller MLD has the effect of increasing the edges contour and consequently
the o/l ratio.®® The MLD value obtained (147 nm) is reasonably close to the value
determined by SEM and AFM (120 nm). Additionally, Io/lp = 1.4 indicates the presence

of FLG (< 10 layers) with more than 2 layers, also in line with the microscopy results.*®

Graphite
G —GnP

—— GnP/SC D

intensity (a.u.)

1400 1600 1800 2000 2200 2400 2600 2800
Raman shift / cm'!

Fig. 7. Raman spectra acquired at 514 nm for graphite (powder) and GnP/SC aqueous dispersion.
The spectra referred as GnP is the subtraction of the GnP/SC and SC solution spectra.

3.2.3 Zeta potential studies

Zeta potential, £, measurements of SC systems suggest that the dispersed
nanomaterials are coated with surfactant molecules, stabilizing the carbon nanomaterial
via electrostatic interactions (Fig.8).%” DLVO theory, which relies on the presence of a
surface charge, can be used to describe the colloidal particle stabilization mechanism 8,
This can be applied to both MWNTs and GnPs. The adsorption of surfactant molecules
via their hydrophobic tails on the carbon surface introduces a surface charge that
stabilizes the dispersed particles against reaggregation. The sign and magnitude of this
surface charge is associated with the zeta potential.®® For the ionic dispersions, the
observed negative zeta potential values (£ < -30 mV) indicate high particle stability in the
dispersion. For the non-ionic surfactant TX-100, stabilization through steric repulsions
between the polar headgroups should play the dominant role. Nevertheless, weakly
negative ¢ values are observed (-10 to -20 mV) in the surfactant-coated nanocarbons,
which may be related to residual charge present in the cleaved carbon surface or

adsorption of contaminants.%8
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Fig.8. Zeta potential determined for the neat surfactants and dispersions with MWNT and GnPs.

In summary, the processing conditions used allowed not only to obtain high
precision dispersibility curves but also well-dispersed nanocarbons, namely relatively
high concentrations of suspended individual MWNTSs or thin bundles (< 10 tubes), and
high percentages of GnPs with < 10 layers and MLD mostly around 100-200 nm.
Besides, the zeta potential studies indicates that surfactant coating leads to highly

negative (for SC) or neutral/weakly negative (for TX100) carbon surfaces.

3.3 Comparison on the dispersibility of 1D and 2D nanocarbons: molecular insight
The first feature that stands out when comparing the exfoliation of MWNTs and graphite-
to -GnPs is that the maximum dispersed nanomaterial concentration, Cncmax, Strikingly
superior for the first system (Table 1). The mass ratio of dispersed MWNTSs to dispersed
GnPs, myy T /miy, is 17 for SC and 21 for TX-100, implying that at conditions of
identical delivered energy/nanocarbon mass, Es/m = 0.20 kJ-mg™", the MWNTSs are ca.
one order of magnitude more dispersible than GnPs obtained from graphite (and that
does not seem to depend significantly on surfactant features). To make sense of these
numbers, some approximate calculations can be made. Exfoliating these nanocarbon
materials is difficult owing to the strong van der Waals (vdW) binding forces between
either the nanotubes or the graphene layers. MWNT powders are highly entangled due
to packing to the nanotubes into (thin) bundles and mostly due to formation of network
clusters, where strong vdW binding occurs at the contact junctions between inter-crossed
MWNTs (or thin bundles thereof).* In graphite, even stronger cohesive vdW forces hold
the graphene monolayers together. For both materials, complete exfoliation implies
overcoming these forces and stabilizing the nanotubes or graphene layers in solution.

The miiyyN" /mgf ratio can be estimated taking into account the surface energy, 7 of
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the individual materials their specific surface area, SSA (see Section S1, S.I., for details).
Values of y= 45 mJ-m2 for MWNTs®® and = 300 mJ-m for graphene monolayers®! have
been determined, while SSA for d = 10 nm MWNTs is estimated as 200 m?-g™ ©2

(consistent herein with the supplier’s values) and 2630 m2g™" for graphene® (about an

MWNT
disp

GnP
disp

order of magnitude higher). These values yield m /m = 7 using the actual
delivered sonication energy (see Section S1, S.1.) or = 88, if we consider the normalized
energy (E«/m = 0.20 kJ-mg’"). Significantly, the observed experimental ratios (= 20) fall
well within this approx. 10-100 calculated range. Several comments are in place here.
First, these calculations, owing to their rather approximate nature, allow to estimate a
mass ratio (hence a relative order of magnitude) rather than absolute dispersed mass
values. Secondly, the reasonable agreement obtained is consistent with well-separated
MWNTs and well-exfoliated graphite (that is, graphite converted into GnPs with few
layers) are obtained, in line with the observations in section 3.2.3. Thirdly, the higher
binding energy and higher SSA of graphene layers explain, at least partially, that under
equivalent Eq¢/m conditions, MWNTs are more separated in much higher concentration
than GnPs.

Regarding the dispersion of cGnPs, the mfjig)"" /m§n ratio is 54 for SC and 64
for TX100. It should be kept in mind that all these materials (MWNTSs, graphite and
cGnPs) were processed at fixed Es/m, but in the case of MWNTs and cGnPs the total
supplied energy density, E4/V, and initial carbon loading, were additionally fixed, at 0.59
kd-mL" and 3.0 mg-mL™", respectively (see table S1, S.1.). Our aim here was to provide
an even more stringent comparison between the separation of 1D and 2D nanocarbons,
since the local energy density (equivalent to shear stress) is also deemed as a crucial
parameter in the exfoliation of nanocarbons by sonication.*® Close inspection of Table
S1 shows that the supplied energy density for graphite was = 2.0 kJ-mL"', about an order
of magnitude higher than that for the cGnPs. This difference provides an explanation for
the higher concentration obtained of exfoliated GnPs compared to that of cGnPs.
However, when comparing the respective yield values, 7, in Table 1, the values are
nearly identical (for each surfactant), which means that in practice, it is equally effective
to separate GnPs or to exfoliate them from graphite. Another pivotal point is that both at
fixed energy/carbon mass and fixed energy density conditions, the MWNTSs are sizably
more dispersible than preformed GnPs. The conclusion is that even in the latter, vdW
binding forces acting between 2D (FLG) particles are fairly significant and comparable

to those in graphite.
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Addressing now the master curve shown in Fig. 3d), it is noteworthy the surfactant
concentration is presented on absolute scale, indicating that the conditions of surfactant
concentration necessary to yield the profile are nearly identical, namely that cdc and
Csmax do not vary appreciably neither with material nor with surfactant. This master curve
thus seems to unveil some fundamental aspects of the dispersing process. Kinetic
aspects likely rule the dispersibility behavior when surfactants are used to disperse
carbon nanomaterials, as argued in a previous work by us.?* Therein, we proposed that
the bulk concentration and bulk diffusion of the dispersant molecules dictate how rapidly
the dispersant is available to adsorb at the carbon surface. Presumably, the master curve
of Fig. 3d) reflects such kinetic effects, namely that high enough surfactant concentration
is required to allow high enough surface coverage of freshly cleaved carbon surface to
be attained rapidly by the available surfactant. The surface is either freshly cleaved
MWNT surface (along the tubes or in junction points) or freshly exposed graphene layers.
The used sonication conditions and surfactant concentration range culminate in
dispersibility curves offering a master profile, once the y-axis (dispersed nanocarbon) is
normalized. Still, the question of the different plateau levels observed in the individual
dispersibility curves remains. This may be the consequence of two things: (i) the
differences in tube-tube interaction energy in MWNTs, and layer-layer energy in
graphite/GnPs; (ii) the rate of adsorption of the different dispersants, SC and TX100, or
even the configuration of adsorbed state configuration (a less favored state may act
weaklier to the forced driving the nanocarbon clefts to reclose), both of which stem from
molecular differences between the dispersants (see discussion on this point further
below).

After the plateau, the master curve in Fig. 3d) also shows a common sharp
decrease on the dispersibility of dispersed nanocarbon particles, irrespective of
surfactant and material. This decreasing effect is likely due to depletion forces at stake.
The dispersed particles in suspension aggregate due to an osmotic pressure difference
owing to the high concentration of bulk micelles around the dispersed colloidal particles;
the solvent in between the particles tends to flow out causing the particles to flocculate.
For the 2D systems, Wang et al presented similar results for ionic surfactants as obtained
in this work, that is cenp decreases after reaching its maximum value, when increasing
¢s.*® However, for nonionic surfactants, the author reported that cenp reaches a maximum
value and maintains a plateau. These results were, nevertheless, based on a smaller
number of ¢s values and covering a shorter range than in our work, hence likely missing
the full behavior.*® Therefore, our results show that depletion effects are common to 1D

and 2D nanocarbons, occurring at comparable surfactant concentrations.
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It is relevant here to also discuss the differences observed between SC and
TX100 as dispersants. The dispersion of CNTs by ionic surfactants was previously
studied by us in depth, not only for MWNTSs but also for SWNTSs, using conventional
surfactants.™ ' It is clear that the efficiency of the bile salt SC in dispersing MWNTSs
stands out between all the surfactants so far studied (Table 1). A possible explanation is
the large area occupied by the hydrophobic and planar backbone of the bile salt, with
high affinity for the carbon surface.®® Sodium cholate has a hydrophobic face that is
particularly amenable to interact hydrophobically with carbon surfaces, while the OH
groups and COO- headgroup provide both wettability and repulsive steric and
electrostatic forces, respectively. The outlying behavior presented by the TX-100/MWNT
system in Fig. 3b) may be due to a number of reasons. Previous work on adsorption
isotherms of Triton X-100 on active carbons and clays® ¢ already mentioned that the
adsorption mechanisms of Triton X-series surfactants on CNTs differed from other
adsorbents.®® The distinct trend observed herein might be due to the smaller hydrophobic
section of TX-100 (despite that aromatic ring that can establish -1 interactions, the
hydrocarbon tail is fairly short, compared to its large bulk-protruding hydrophilic segment
with oxyethylene groups. Overall, this may decrease slightly the surfactant affinity for the
nanotube surface. Also, bigger and flexible hydrophilic segments may determine high
steric repulsions between neighboring molecules adsorbed at the surface, and this effect

may stand out in CNTs because of the surface curvature.®®

4. Conclusions

Dispersions of MWNTs, GnPs exfoliated from graphite, and commercial GnPs (cGnPs)
were prepared by a sonication/centrifugation process using two different surfactants,
under rigorously controlled conditions, and for a fixed delivered energy per nanocarbon
mass (0.2 kJ-mg™). Sodium cholate (SC) and TritonX-100 (TX100) were selected as
ionic and nonionic dispersants, respectively, allowing comparison between two of the
most used surfactants to disperse carbon nanomaterials. A common initial sigmoidal
profile for the dispersibility curves, followed by a plateau, was observed for all systems
allowing to extract quantitative parameters, such as ¢ncmax, €dC, Csmax. SC presented the
best results for both MWNT and GnP dispersions, achieving higher dispersibility values
at lower surfactant concentration. Except for the TX-100/MWNT system, all the other
complete individual dispersibility curves fall into a common bell-shaped master curve of
normalized cnc/Cncmax VS surfactant concentration, indicating that the dispersing process

follows common fundamental mechanisms, likely associated with kinetic aspects (viz.
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surfactant availability and diffusion rate to freshly cleaved carbon surface). SEM and
AFM characterization demonstrated that a good debundling/exfoliation degree of the 1D
and 2D materials was obtained in the dispersions, and zeta potential studies validate the
view that kinetic stabilization of the dispersed particles occurs mainly via electrostatic
and steric interactions for SC and TX-100, respectively. Results further show that under
similar processing conditions, MWNTSs are quantitatively dispersed far more significantly
than GnPs (by at least an order of magnitude), irrespectively of their origin, and this was
critically rationalized in terms of vDW binding forces acting on the systems. In conclusion,
the results presented here provide fundamental insight into the dispersing process of
nanocarbon materials and may prove useful when designing effective experimental
protocols for the exfoliation of other types of 1D and 2D nanomaterials, development of

nanocomposites and exploration of their applications.
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S1. Experimental processing conditions and parameters

Estimation of energy/carbon mass, energy density and power density delivered by

sonication

A procedure to estimate the delivered ultrasound energy during the sonication process
using bath and probe was established. Briefly, the temperature increase was recorded
over time in a certain mass of water in a properly insulated vial that was irradiated with
ultrasounds, at a given output power setting of the sonicator. The delivered energy, Eq,

and power, P, for each assay were calculated, respectively, according to expressions:

E; =mcy, AT (eq. S1)

where AT'is the sample temperature variation, At is the sonication time, m is the mass of
liquid and c,is the specific heat capacity of the solvent (water). Average values for Fand
Pfor at least 3 assays were calculated. The average delivered energy density (delivered
energy per volume of dispersion) and average delivered power density were then
calculated as £3/ Vand where P;/ Vis the sample volume (different volumes and sample

vials geometries were tested). The final results are shown in Table S1.

Table S1. Experimental conditions used to produce the dispersions.

Parameter Graphite MWNTs / cGnPs
Initial mass of carbon material 100 mg 9.0 mg

Volume of dispersant solution, V 10.0 mL 3.0mL

Initial carbon material concentration (loading) 10.0 mg-mL-" 3.0 mg-mL""
Input power, P 2.8 W (25% amplitude) 3.5 W (30% amplitude)
Sonication time, tson 120 min 8.5 min
Delivered energy, E 4 20 kJ 1.8 kJ

Delivered energy/carbon mass, E;/m 0.20 kJ-mg"” 0.20 kJ-mg""
Delivered energy density, % (= shear stress / MPa) 2.0 kL 0.59 kJmL
Power density, % (= shear rate / MPa-s*") 0.28 W-mL"" 1.2 W-mL"!
Centrifugal force, Fqy 1000 g 4000 g

Centrifugation time 150 min 20 min
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Estimation of the mass ratio of dispersed MWNTs to dispersed GnPs

The dispersed mass of nanomaterial can be estimated by
E. A
Myisp = Ed/(: X ;) ~ E;/(y x SSA) (eq. S3)

where % is the cohesive energy per area, v is the surface energy and SSA is the
specific surface area of the material. We used here the following values: for
graphene monolayers, y = 300 mJm=2 ' and SSA = 2630 m?g" 2; for MWNTSs,
y= 45 mJm2 3 and SSA = 200 m?g' 4 (also in agreement with value supplied

from the manufacturer). From the latter values, the values of Eq4 from Table S1,
and equation S3, we can then estimate

mMWNT/mGpp ~ (EaQ)MWNT Xygraphene X SSAgraphene ~ 69
disp disp (Eq)gnp X YmwnT X SSAMWNT '

Experimentally, we obtained mgﬂiggm/mggg =17 and 21, for SC and TX100, and
GnPs exfoliated from graphite, which are in fairly reasonable agreement (same
order of magnitude) with the estimated value, given the all the approximate values
used. Noteworthy, if we consider the “normalized energy” of 0.20 kJmg™ (to
account for the fact that different initial loadings and solvent volumes were used
for MWNTs and GnPs), Eq values cancels and the ratio becomes 88, which is
sizeably higher than 7 but still reasonable in comparison with the experimental

values.
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S2. AFM characterization and obtained size histograms
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Fig. S1. AFM imaging characterization of MWNT and respective histograms.

S3. Determination of MLD and number of layers for GnPs (SEM and AFM
data)

Length and width of the exfoliated flakes were measured in SEM micrographs using the
directives of Fig. S2. For each flake, the geometric mean of these values was calculated,

corresponding to its MLD. The obtained values were plotted in histograms (Fig. 5a), and
the mean value for each surfactant system was determined.

Fig. $2. Examples of correct (up) and incorrect (down) lateral flake size measurements for SEM
images.
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AFM allowed to measure MLD and the corresponding flake thickness for each flake (Fig.
S3 and Fig. 5). The obtained values were plotted (Fig.4b) and a linear fitting, using 95%
confidence bands (t-student distribution) was obtained in OriginPro 2018 (Fig. S4).

Fig. S3. AFM imaging characterization of exfoliated GnPs. The droplets in micrographs of the
SC/G system can be attributed to the surfactant excess.

The obtained slope and intersection values allow to determine the height corresponding
to the mean MLD extrapolated from the SEM histograms, according to Eq. S4, for both
TX-100 (Fig. S4a and Eq. S5) and SC (Fig. S4b and Eq. S6) systems:

thickness = m X MLD + b (Eq. S4)
mean thicknessyy_, = 0.023 x 111nm+ 2.52 =5.14nm (Eq. S5)
mean thicknesssc = 0.0667 X 120 nm — 0.842 = 7.16 nm (Eq. S6)

Assuming the distance between 2 graphene sheets as ~2 nm, a mean number of layers
of ~3 and ~4 for TX-100 and SC systems, respectively, is obtained. Therefore, the
dispersions are composed mainly by FLG.
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Fig. S4. MLD and the corresponding flake thickness for each flake, measured by AFM. Linear

fitting, using 95% confidence bands (t-student distribution) was obtained in OriginPro 2018.
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S4. Additional Raman data
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Fig. S5. Raman spectra acquired at 514 nm for SC neat aqueous solution.
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Abstract

Many applications of carbon nanotubes (CNTs) require that they are well-separated and
well-dispersed in liquid phase. Surfactants or polymers have been extensively employed
to disperse, stabilize and non-covalently functionalize CNTs in water, but mixed
polymer/surfactant systems have been far less explored for that end. Yet,
polymer/surfactant association could potentially enhance dispersibility, provide new
features and hence be key to expand the application range of CNTs, for example in
composites and coatings. In this work, we have investigated the ability of
polymer/surfactant (P/S) mixtures to separate and disperse multiwalled carbon
nanotubes (MWNTSs) in water, using rigorously controlled processing conditions. Two
types of mixtures were studied: i) nonionic polymer and ionic surfactant; and ii) nonionic
surfactant and ionic polymer. Detailed and high precision dispersibility curves
(concentration of dispersed nanotubes vs. total P + S concentration, at fixed S
concentration) were obtained for four different P/S mixtures, and their respective
individual components. Several quantitative metrics were extracted, allowing for reliable
comparisons between the systems. Depending on the P/S mixture, either beneficial
(synergistic) or detrimental (antagonistic) effects in nanotube dispersibility are observed
compared to the individual components. Morphological characterization of the as-
obtained dispersions by scanning electron microscopy (SEM) shows a significant degree
of MWNT separation by the polymer/surfactant dispersants. The results are interpreted
in terms of the interactions at play between the polymer/surfactant moieties and the
nanotube surface, on one hand, and kinetic aspects related to mechanism of MWNT
separation, on the other hand. These studies are of great interest for the choice of optimal
conditions to obtain well-dispersed and non-covalently functionalized MWNTs for other

applications.
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1. Introduction

Carbon nanotubes (CNTs) can be envisaged as hollow cylinders, composed of rolled-up
graphene sheets, possessing unique mechanical, thermal, optical, and electrical
properties.’ ? The high length/diameter ratio of CNTs and the strong van der Waals (vdW)
cohesive forces cause them to aggregate into bundles, ropes and entangled networks.*
5 Single-walled carbon nanotubes (SWNTs) tend to form thick bundles in the as-
produced powders, while multiwalled nanotubes (MWNTs) form thinner bundles and
highly entangled networks where vdW bindings are particularly strong at the junction
points.> ¢ However, most applications—such as in polymer nanocomposites,’ sensors®
and electrocatalysis® '°—require that the nanotubes are well-separated (i.e.
individualized or in the form of thin bundles) and well-dispersed in a liquid phase.
Amphiphile-mediated dispersion in aqueous solvents is one of the most effective
methods to exfoliate and disperse CNTs.""'* Typically, this process involves two
sequential steps: i) mechanical separation of the tube bundles, through an “unzipping”
mechanism, where shear forces from the energy source, usually sonication, induce clefts
between adjacent tubes, allowing the amphiphilic molecules to rapidly adsorb onto the
exposed surface through its hydrophobic moiety, whereas the hydrophilic faces the
solvent; and ii) removal of the undispersed and larger particles via centrifugation. The
obtained carbon nanotubes, in the supernatant, remain stabilized due to steric (for non-
ionic dispersants) or electrostatic (for ionic ones) repulsive forces.'s: 16

Surfactants and polymers have been the subject of intense scrutiny, separately,
as dispersants for carbon nanomaterials, namely for CNTs. With regard to surfactants,
the low molecular-weight dispersants, the dispersibility of SWNTs and MWNTs using
molecules with assorted molecular structure has been closely studied in the past 10-15
years.* 12.14.1719 |n recent work, we have carried out systematic studies under stringently
controlled sonication/centrifugation conditions, which provided dispersibility curves (i.e.
concentration of dispersed CNT vs. concentration of dispersant) with high precision and
detail in profile, allowing for molecular insight on the mechanisms of the dispersing
process.' 1% 20 As concerning polymers, the high molecular-weight dispersants, they
have also been extensively dealt with as CNT dispersants, namely block copolymers,?’
polysaccharides?? and proteins.?* 2* The polymer-nanotube interaction is expected to
have common features with surfactant-nanotube interaction. However, due to the much
larger size of polymer molecules, some differences emerge and are commonly described
according to two models: the “polymer wrapping” model?®, that implies strong attachment

and low diffusivity of the wrapped polymer coil along the tube, and the “loose adsorption”
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model,?® 27 that suggests polymer-nanotube interactions are limited to the adsorbing
block and hence higher mobility of the polymer chains exist. This interaction is
particularly interesting, as polymers have also been used to produce composites with
carbon nanomaterials, since they can be easily fabricated and are considered a group
of relatively inexpensive materials for many engineering applications.”: 2831

In surface and colloid science, polymer/surfactant (P/S) systems are of great
fundamental interest and have been comprehensively studied over the last decades.®*
37 Different types of polymer-surfactant interactions (namely hydrophobic, electrostatic,
H-bonding and London dispersive) and entropic effects (such as those related to polymer
chain configuration or to counterion release when charged molecules are involved) result
in rather complex phase behavior in solution. This behavior may assume the form of
association or segregation, precipitation or complex coacervation, and formation of
different types of P/S complexes or aggregates.®> 34 3% Polymer and surfactant often form
molecular complexes or mixed aggregates over a wide range of surfactant concentration,
starting well below the neat surfactant critical micelle concentration, cmc. In fact, the
polymer chains often induce aggregation of the surfactant at a critical aggregation
concentration, cac, which is sizably lower than cmc.®> * In some cases, surfactant
micelles or vesicles can also act as bridging points when hydrophobically modified
polymers are used, resulting in the crosslinking of the systems.**%° Because of this
versatility of properties and effects, P/S systems have also found a wide range of
technical and industrial applications, inter alia in encapsulation and emulsification,*'
rheological control of colloidal suspensions®® 4?2 and hydrogel formulation for drug
delivery.#3 44

There is also a high potential of mixed PS systems as dispersants of
nanomaterials and for the development of composite materials. However, the interaction
between P/S complexes and hydrophobic surfaces and nanoparticles, and the
consequent interaction between the coated surfaces (or particles), remains relatively
less studied and less understood.®” 4548 |n the particular case of the interaction of P/S
systems with CNTs, this field is basically unexplored in the literature.

Herein, we aim at filling in this gap, contributing to unravel the features of
polymer/surfactant mixtures as dispersants for CNTs. To investigate the mechanisms
that lead to optimal CNT dispersion using P/S mixtures, a systematic study was carried
out, encompassing different polymer/surfactant mixtures and strictly controlled
processing conditions. For this purpose, the following molecules were chosen:
surfactants sodium dodecylbenzene sulfonate, SDBS, cetyltrimethylammonium
bromide, CTAB, and t-octylphenoxypolyethoxyethanol (Triton™-X 100), TX-100, (Fig.
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1a) and the polymers polyvinylpyrrolidone, PVP, poly(diallyldimethyl ammonium
chloride), PDDA, and sodium polyacrylate, PAS (Fig. 1b). To probe the role and
applicability of the P/S mixtures in the dispersibility of carbon nanotubes, two types of
basic systems were selected, in a total of four combinations: 1) non-ionic polymer (PVP)
with ionic surfactant (CTAB, cationic, or SDBS, anionic) and 2) ionic polymer (PDDA,
cationic, or PAS, anionic) with non-ionic surfactant (TX-100).

This systematic study could be a first set to lay the basis for a proper design of
polymer/surfactant mixtures as effective and efficient dispersants for CNTs. Moreover,
P/S systems could be used to non-covalently functionalize carbon nanotubes, aiming at
the application of these nanomaterials as building blocks for robust hybrid materials,

where the polymers could be key to impart adhesion and organization on the CNT

surface.
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Fig. 1. Chemical structure of the dispersants used in this work: a) surfactants SDBS, sodium
dodecylbenzene sulfonate, CTAB, cetylirimethylammonium bromide and TX-100, t-
octylphenoxypolyethoxyethanol; and b) polymers, PVP, polyvinylpyrrolidone, PDDA,

poly(diallyldimethyl ammonium chloride) and PAS, sodium polyacrylate.

2. Experimental Section

2.1. Materials

Multiwalled carbon nanotubes (produced by catalytic chemical vapor deposition, purity >
95%) with outer diameter d = 8-15 nm and length L = 10-50 uym, were purchased from
Cheap Tubes Inc. and used as received. All the polymers (PVP, PAS, PDDA) and
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surfactants (CTAB, SDBS and TX-100) were acquired from Sigma Aldrich (purities = 99
%) and used as received (see Supporting Information, Table S1, for further information

on molecular properties).

2.2. Preparation of MWNT dispersions
Stock surfactant and polymer solutions were prepared in ultrapure water above Krafft
temperature (viz. set to 25 °C, except for CTAB, 30 °C) to ensure full dissolution. Since
our aim was to study the P/S interactions with MWNTSs, the nanomaterial was dispersed
in pre-prepared P/S solutions. Thus, the surfactant and polymer solutions were prepared
separately and then mixed together for 24 h to ensure homogeneity in the final solution.
To prepare MWNT-polymer/surfactant dispersions, 9 mg of MWNT powder were
weighted, followed by addition of the desired dispersant solution, 3 mL, resultingina 0.3
wt% MWNT mixture. Sonication was performed using a Bandelin Sonoplus Vb 2070
probe (70 W output power; 20 kHz processing frequency) with a freshly polished 3 mm
microtip, with sonication time set to 8.5 min and vibration amplitude to 30 %. A rigorous
procedure, previously established,' was followed: 1) the sonication probe was always
placed in the same position inside the same type of vial (1 cm from the bottom); 2) the
sonication average power density transferred to the sample was kept constant at 1.0
W-mL"" (controlled by calorimetric measurements); 3) the temperature of the system was
controlled with an external thermostatic bath and set above the Krafft temperature of the
surfactants. After sonication, the samples were centrifuged during 20 min at 4000 g.
Finally, the top 30% of the supernatant were separated from the precipitate and MWNT

concentration in the obtained dispersions was measured.

2.3. Quantification of MWNT concentration and dispersibility studies

The absolute carbon nanotube concentration in the supernatant was determined using
a previously published method.*® First, an accurately measured aliquot of MWNT
dispersion was lyophilized during 24-48 h. The mass fraction of dispersant present on
the solid was then determined by thermogravimetric analysis (TGA), using a Netzsch TG
209 F1-Iris under N atmosphere (flow rate of 50 mL-min™"). The resulting mass balance
allows to quantify the concentration of MWNTSs in the analyzed sample (therefore, in the
supernatant of the dispersion).*® The absorbance versus cont at A = 660 nm (where the
absorption from surfactant is null)®® 5! of dilutions from a stock dispersion with known
MWNT mass concentration was measured, and calibration curves (TGA-UV-vis) were
then obtained. A single-beam UV spectrophotometer Agilent 8453 was used, with a

plastic cuvette with an optical path of 1 cm.
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On the basis of Beer-Lambert law and the linear regimes observed, the apparent
extinction coefficient, ¢, was determined yielding a value of 40 £ 2 mL-mg™"-cm™, in line
with previous reports.' %52 The MWNT concentration in the final dispersions was then
determined through the absorbance values obtained by UV-Vis spectrometry.

The dispersibility curves show the concentration of dispersed MWNTSs (in mg-mL-
") versus the dispersant concentration (in weight percent, wt%). The curves obtained
typically follow a sigmoidal profile, as depicted in Fig. 2, similar to those previously
obtained for monomeric'® and dimeric (gemini) surfactants.™ Statistical metrics can be
withdrawn from the plots with this profile: cdc, critical dispersibility concentration, the
concentration of dispersant needed for dispersibility to take off; cwwnT@cee, the
concentration of MWNT dispersed at the cdc; caispmax, the dispersant (surfactant or
polymer) concentration where maximum concentration of dispersed MWNT is attained:
and cuwnT,max, the latter value. For comparative purposes, the dispersing effectiveness
(or yield), n, defined as the ratio (cmwnt /cmwniniiat) X 100, and efficiency, n* defined as
the ratio (n/cqispmax), are also introduced. The effectiveness parameter measures the
capability of the dispersant to disperse MWNTs with respect to the initial loading
concentration, cuwn,inital (herein, 3 mg-mL™"). The efficiency is related with the dispersant
concentration required to attain maximum MWNT dispersibility; an efficient dispersant

should attain maximum MWNT dispersibility at the lowest cqisp possible.

Pp—— mg'mL"1

cdisp,max

t %

Fig. 2. Representative dispersibility curve with the graphical definition of the dispersion
parameters.

163



164

FCUP
1D and 2D nanomaterials as building blocks for 3D composites: surfactant-mediated assembly, characterization
and electrocatalytic studies

2.4 Characterization of dispersed MWNTs by scanning electron microscopy (SEM)
The morphology of the dispersed MWNTs was characterized by scanning electron
microscopy (SEM). To prepare the samples, a drop of MWNTSs dispersion (diluted 100
times) was casted on a pre-heated (~110 °C) silicon wafer, followed by rinsing with
ethanol to remove excess of surfactant. SEM imaging was performed on a FEI Quanta
400FE operated at 25 kV in SE mode, at CEMUP — Centro de Materiais da Universidade
do Porto. A distribution of MWNTs (individual or small bundles) was recorded and
statistically analyzed for each of the systems characterized. It should be noted that only
the apparently individualized MWNTs were measured in the SEM micrographs. To
ensure meaningful statistics, more than 100 objects were measured for each sample,
except for MWNT/PAS system, where the entanglement of most nanotubes into larger

aggregates precluded proper measurement of their width.

2.5 Zeta potential measurements

The zeta potential, ¢, of the dispersed particles (amphiphile-coated MWNTs) was
measured using a zeta sizer Nano ZS, ZN 3500, with a 4 mW He-Ne laser (633 nm) and
DTS 1060C disposable zeta cells, at 25 °C. The electrophoretic mobility, x, was
measured using a combination of electrophoresis and laser Doppler velocimetry
techniques and ¢ was calculated from x using the known Henry equation.® % A dielectric
constant of 78.5, a medium viscosity of 0.89 cP and a f(ka) function value of 1.5 were
used, following previously reported assumptions.> 5 All 7 values are average values

based on at least 2 independent dispersions.

3. Results and Discussion

3.1 Dispersibility studies

To investigate the effect of surfactants, polymers, and their mixtures as dispersants of
MWNTSs, dispersibility curves of the selected systems were built using strictly controlled
sonication/centrifugation conditions, allowing to compare the performance of individual
dispersants with the P/S mixtures. It is worth mentioning that these curves represent the
concentration of dispersed MWNTs vs. the initial dispersant concentration, i.e. the
concentration prior to the sonication/centrifugation procedure, since during centrifugation
some dispersant is lost to the precipitate.’ As noted in section 2.3, the effect of surfactant
concentration in the dispersibility of carbon nanotubes was assessed in previous works

by our group.' 20 Herein we report high-precision curves not only for surfactants, but
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also for polymers and mixtures of these two dispersants. To prepare the
polymer/surfactant systems, the approach followed was to fix the surfactant
concentration while varying the polymer concentration. The aim was to investigate the
influence of the addition of polymer to a small concentration of surfactant, to be more
precise, at the minimum surfactant concentration required to take-off the MWNT
dispersion, cdc (see Fig. 2).

To quantify the effect of the mixture in MWNT dispersibility compared to the

individual dispersants (at the same conditions), a parameter S is defined:

Cg+s (1)

d d
CP + Cs@cdc

where cf, s is the MWNT concentration dispersed by the mixture of P/S mixture, cg is
the MWNT concentration dispersed by the polymer and clpcqc is the MWNT
concentration dispersed by the surfactant at the cdc (the surfactant concentration used
in the mixtures). S > 1 implies that the P/S mixture shows synergism in nanotube
dispersibility, while S = 1 denotes a null effect, and S < 1 indicates antagonism, i.e. a
detrimental effect in the ability of the mixture to disperse compared to its components.
The results are organized as follows. First, we show the dispersibility curves
obtained for the selected systems, divided into i) non-ionic polymer + ionic surfactant
mixtures (PVP + SDBS and PVP + CTAB) and ii) ionic polymer + non-ionic surfactant
mixtures (PDDA + TX-100 and PAS + TX-100). Some molecular level considerations on
the main effects observed are presented for each system. In the following section, the
SEM characterization of the dispersed MWNTs is presented for those systems that yield
synergism at the plateau of the dispersibility curve, and lastly the zeta potential of the
dispersed MWNTs is shown and discussed (confirming the non-covalent

functionalization of the nanotubes).

3.1.1 Non-ionic polymer/ionic surfactant mixtures

Fig. 3a) shows the dispersibility curves obtained for the non-ionic polymer PVP, the
anionic surfactant SDBS and the P/S mixture. It should be noted that the dispersant
concentration for the mixture is the total polymer + surfactant concentration in the

system.
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Fig. 3. Dispersibility curves obtained for a) PVP, SDBS and the mixture PVP + SDBS@cdc and
b) PVP, CTAB and the mixture PVP + CTAB@cdc. Uncertainty bars are estimated as ca. + 10 %
for cmwnt, based on at least 3 independent dispersions for each dispersant concentration
reported. For the P/S mixtures, cdispersant is the total polymer + surfactant concentration; the

polymer concentration is varied, while the surfactant is fixed at the cdc.

Table 1. Parameters obtained from the dispersibility curves of the ionic surfactants (SDBS and
CTAB), non-ionic polymer (PVP) and respective mixtures (PVP + SDBS@cdc and PVP +
CTAB@cdc).2

PVP SDBS CTAB PVP+ PVP +
SDBS@cdc CTAB@cdc
cde/wt% 0.019 0.018 0.032 - 0.0073
. -1
Cowntaee MEMLT 0017 0,069 0.078 - i
dispamax| W0 0.030 0.080 0.084 0.030 0.011
. -1
CMWNT,max/mg mL 0.81 1.3 0.90 091 1.3
nl % 27 44 30 30 43

@The precision is estimated as ca. £10% for cuwntmax, While higher, ca. £20% for the other two parameters, cdc and
Cdisp,max, SiNCe the latter depend strongly on the availability of many enough and clearly assignable points in the quickly
ascending parts of the respective dispersion curves.

From Fig. 3a), it can be seen that although the polymer is per se a good
dispersant, with an effectiveness of n = 27 % (Table 1), comparable to that of previously
reported systems,’® '* SDBS is an even better one, showing n = 44 %. When PVP is
added to SDBS (at a fixed concentration, cdc = 0.018 wt %) and this mixture is used as

MWNT dispersant, interesting features emerge. Although at the plateau of the
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dispersibility curve, the performance of the P/S mixture is clearly inferior to that of the
surfactant alone, a beneficial effect is observed at low P + S concentrations (before the
plateau is reached), as shown in more detail in the inset of Fig. 3a), with the mixture
inducing higher MWNT dispersibility than the individual P and S dispersants. To
demonstrate this point, at Caispersant = 0.023 wt % (where cpvp= 0.005 wt % and cspes=
0.018 wt %), cuwwnt of the mixture is 0.58 mg-mL'. However, at the referred
concentrations, individual dispersants only reach cuwnr = 0.069 mg-mL™" for SDBS and
emwnt = 0.012 mg-mL-" for PVP. To quantify this effect, equation 1 can be applied (see
S.1., Section S2 for details), yielding S = 7.2, i.e., showing that the mixture is 7 times
more effective than the sum effect of the parts. Indeed, for a dispersant concentration up
to 0.04 wt%, the mixture shows an average S = 5.9, that is, a strong synergistic effect of
the PVP + SDBS mixture when low polymer concentrations are added to the surfactant.

These observations suggests that, at low concentrations, polymer/surfactant
association may lead to enhanced ability of the dispersants to adsorb at the surface of
the nanotubes. This could be a phenomenon similar to that occurring in the bulk, in which
the polymer chains act as regions where the surfactant molecules tend to aggregate,
giving rise to a cac lower than cmc. In the case of CNTs, the polymer (if in sufficient
concentration) could readily adsorb at the clefts between entangled tubes that form due
to the shear forces induced by sonication. If so, the adsorbed polymer chains could act
themselves as sites for surfactant rapid binding. Alternatively, one could think that the
adsorption takes place by the P/S complexes already formed, through the hydrophobic
moieties. Some indirect support for this hypothesis comes from previous studies where
it was experimentally observed that the anionic surfactant SDS strongly interacts with
PVP.%

Upon increasing polymer concentration in Fig. 3a), the surfactant effect is
overtaken by the high polymer concentrations. At the plateau of the curve, the
dispersibility metrics shown in Table 1 can be applied to equation 1, and S determined.
Although above 1, S decreases significantly to 1.03 and, given the uncertainty associated
to the metrics, a null value can be considered. These observations suggest that at high
excess of polymer compared to surfactant, the strong association between surfactant
and polymer in the bulk may supersede with the adsorption at the carbon surface,
resulting in a CNT dispersibility that is just dominated by the available polymer
concentration and its rapid adsorption when the inter-tube clefts are produced by
sonication.

The same methodology was applied using a cationic surfactant, CTAB (Fig. 3b).

For these systems, although the polymer starts dispersing at lower concentrations than
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the surfactant (thus being more efficient, i.e. having higher n"), the yield performance of
the individual dispersants (CTAB and PVP) is similar. When PVP is added to CTAB
(again, fixed at the cdc of the surfactant), first, in the low dispersant concentration region,
the performance of the mixture appears between that of the individual dispersants.
However, and interestingly, a plateau appears at higher concentrations of dispersed
MWNTs, indicating a higher effectiveness of the mixture. The corresponding MWNT
concentration dispersed by CTAB at its cdc is 0.078 mg-mL™"; for PVP, cmwnt,max = 0.81
mg-mL™. The cmwntmax for this mixture is 1.3 mg-mL™", corresponding to an increase of
46 % in effectiveness (i.e., S = 1.46) and hence indicating the presence of synergism at
high polymer concentrations, in contrast to the previous system. A possible explanation
for the latter effect could be the onset of repulsions between polymer chains caused by
the surfactant binding to the polymer.®6-° This in turn would case the polymer chains to
uncoil (i.e. become more expanded), thus providing more active sites for adsorption of
surfactant unimers at the nanotube surface. This view assumes, however, that for this
particular system, the polymer/surfactant bulk interaction is comparatively weaker than
that occurring when a surface is available (in contrast, with the PVP/SDBS). We
performed similar experiments with CTAB concentration fixed at ¢smax (at the plateau of
its dispersibility curve). Since one is working at the cqispmax Of the surfactant, only the
dispersion plateau appears, not allowing to withdraw the dispersion metrics (cf. S.I., Fig.

S3.1). Also, no synergism occurs at the conditions used.

3.1.2. lonic polymer/nonionic surfactant mixtures

The same procedure described previously was applied for ionic polymer + non-ionic
surfactant systems. The surfactant concentration was fixed at its cdc, and polymer was
added to the system at different concentrations. Figure 4a) shows the dispersibility
curves for a cationic polymer, PDDA, a non-ionic surfactant, TX-100, and the mixture
PDDA + TX-100. As individual dispersant, the polymer has a significantly superior
performance than the surfactant. In fact, the polymer is more effective, dispersing 40%
of the initial MWNTs compared to 26% for the surfactant (Table 2), and more efficient,
starting the dispersion of MWNTSs at a concentration 2 orders of magnitude lower than
TX-100. However, using PDDA + TX-100 mixture as dispersant, the results were rather
surprising. It was virtually impossible to obtain any meaningful dispersion of MWNTs with
this system. A possible explanation for this effect could be the strong P/S association in
the bulk driven by the hydrophobic segment of TX-100 and hydrophobic backbone of
PDDA, competing with the fast adsorption of these parts at the MWNT surface, thus

inhibiting any effective ability to disperse the nanotubes.
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Fig. 4b) shows the MWNT dispersibility curves using an anionic surfactant, PAS. In stark

contrast to PDDA, PAS shows a poor performance as MWNT dispersant, with the lowest

effectiveness determined in this work, n = 4%.
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Fig. 4. Dispersibility curves obtained for a) TX-100, PDDA and the mixture PDDA + TX-100@cdc
and b) TX-100, PAS and the mixture PAS + TX-100@cdc. Uncertainty bars are estimated as ca.
1 10 % for cmwnt, based on at least 3 independent dispersions for each dispersant concentration
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reported.

Table 2. Parameters obtained from the dispersibility curves of the non-ionic surfactant (TX-100),
ionic polymers (PDDA and PAS) and the mixture PAS+TX-100@cdc.?

TX-100 PDDA PAS PAS + TX-100@cdc

cde Iwt% 0.073 0.0018 0.0037 -

T -1
cMWNT@cdc/ mg-mL 0.011 0.00055 0.013 -

disp,max/ Wt 0.11 0.011 0.0051 -

T -1
CMwn, max/ mg-mL 0.78 1.2 0.13 0.85
0! % 26 40 4 28

@ The precision is estimated as ca. £10% for cuwnrmax, While higher, ca. +20% for the other two parameters, cdc and
Caispmaxs SinCe the latter depend strongly on the availability of many enough and clearly assignable points in the quickly
ascending parts of the respective dispersion curves.

The addition of PAS to a fixed concentration of TX-100 (0.073 wt %,
corresponding to the cdc), and the use of the mixed system as dispersant shows,
however, notable results. For the PAS+TX-100@cdc mixture, the existence of synergism
is clear. The cwwnt max Of the mixture is 0.85 mg-mL™", while the values for TX-100 at the
cdc and PAS at cqispmaxare 0.011 and 0.13 mg-mL™", respectively, which yields S =6, i.e.
a 6-fold increase in effectiveness. PAS is a highly hydrophilic polymer, and so one can
presume that the binding of surfactant molecules onto the polymer chains will introduce

therein hydrophobic segments, improving the adsorption rate on the MWNT surface and
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hence providing higher dispersing power to the polymer/surfactant system compared to

the individual components.

3.2. Morphological characterization of MWNTSs in the dispersions

The aggregation state of the dispersed carbon nanotubes is an important parameter to
determine the applicability of the mixtures as dispersants. An ideal dispersant attains a
high concentration of well-separated CNTSs (ideally, in individual state). The systems that
presented stronger synergism at the plateau (thus dispersing high concentration of
MWNTSs), PVP+CTAB@cdc and PAS+TX-100@cdc, were imaged by SEM, and the size
of the tubes (individualized or in thin bundles) was measured and critically compared
among individual dispersants and mixtures. For this, dispersions at the respective
plateau regions of the dispersibility curves (Figures 3b and 4b) were analyzed. SEM
representative micrographs and respective distribution of the bundle diameters are
shown in Fig. 5 and 6.

The average tube diameter, d, was obtained through a log-normal fitting of the
size distributions. Fig. 5 shows that, for PVP + CTAB system, no significative differences
exist between the dispersions obtained by the individual dispersants or the mixture, with
the average d lying in the range of 14 and 18 nm, indicative of a very high degree of
individualization (since the tube diameter as indicated by the supplier is within 8-15 nm).
In Fig. 6, however, one can observe a high degree of entanglement of the MWNTs
dispersed by PAS (which does not allow us to get a measure of diameter for a statistically
representative number of distinctly dispersed MWNTS), contrasting with the images
obtained for the MWNT/TX-100 and MWNT/(PAS + TX-100) systems. In fact, the MWNT
dispersions obtained by the PAS + TX-100 mixtures show a smaller average tube
diameter (and a size distribution shifted to lower values) than those dispersed just by TX-
100, evidencing that, for this specific system, the beneficial effect of the
polymer/surfactant combination is not only quantitative, but also concerns the quality of

the obtained dispersions.
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Fig. 5. Representative SEM micrographs and respective histograms of MWNT dispersed by PVP,
CTAB and PVP + CTAB@cdc. The histograms obtained based on SEM imaging of PVP and
PVP/CTAB systems were fitted to a lognormal distribution.
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Fig. 6. Representative SEM micrographs and respective histograms of MWNT dispersed by PAS,

TX-100 and PAS + TX-100@cdc. The histograms obtained based on SEM imaging of TX-100
and PAS + TX-100@cdc systems were fitted to a lognormal distribution.

3.3 Zeta potential studies of the MWNT dispersions
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For most of the studied systems, electrostatic repulsions are responsible for the
stabilization of the MWNTSs, since the adsorbed dispersant molecules impart effective
charge to the coated tubes. The extent of electrostatic repulsions can be quantified by
the electric potential in the surroundings of the dispersed MWNTSs.%® Zeta potential, ¢,
was measured for solutions of each dispersant (individual components and mixtures)
and for their respective MWNT dispersions at the plateau of the dispersibility curves (Fig.
7). For the MWNT dispersions with PDDA + TX-100, ¢ values could not be obtained due

to the poor performance of this system as dispersant.
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Fig. 7. Zeta potential values obtained for the solution of the neat polymers (P), neat surfactants
(S) and polymer/surfactant (P/S) mixtures, and for the MWNT dispersions obtained with each type
of dispersant, (P, S and P/S). a) non-ionic polymer/ ionic surfactant systems; b) ionic polymer/

non-ionic surfactant systems.

A general view of Fig. 7 shows that | { | for the MWNT dispersions (i.e. for the
amphiphile-coated MWNTSs) is similar or higher than that for the respective neat
dispersant, in line with previous works.%* °* The exception for this trend is the PVP +
SDBS@cdc system, which shows a ( value less negative than the neat dispersant
solution and close to the ¢ of the MWNT/PVP dispersion. Zeta potentials of polymer or
surfactant-coated CNTs tend to reflect the charge of the adsorbed particles.®>® Therefore,
a ¢ similar to that of PVP-coated MWNTs is in line with the analysis of the curve in Fig
3a, where it was observed that at high polymer concentrations (i.e. at the plateau) the
effect of SDBS in MWNT dispersion is overshadowed by the polymer. Regarding the
MWNT dispersions with PVP + CTAB@cdc, a zeta potential slightly inferior to + 30 mV
was obtained, thus considerably less positive than that for the surfactant alone ({ = + 57

mV). The former value can be reasonably understood, since partial charge neutralization
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induced by CTAB is expected due to the negative { observed for the MWNT/PVP
particles. Surfactant or polymer-stabilized particles are expected to show colloidal
stability when | { | > 30 mV. If the adsorbent has a non-ionic nature, particles with | { | <
15 mV can also be kinetically stable due to steric repulsions.5® Therefore, the PVP +
CTAB@cdc dispersions, with { = + 25 mV, are possibly stabilized by both electrostatic
and steric repulsions, imparted by the surfactant and the polymer, respectively.

Regarding the ionic-polymer/ non-ionic surfactant systems (Fig.7b),
MWNT/PDDA stands out, since { is much more positive than the value measured for the
neat polymer solution. This can be attributed to the adsorption of the polymer
hydrophobic moieties on the MWNT surface, resulting in the stretching of the polymer
chains on the carbon surface and consequent exposure of the charges. The PDDA +
TX-100@cdc solution (no MWNTSs present) shows a { value similar to that of the PDDA
neat solution, suggesting the entanglement of polymeric chains and reduced charge
exposure.

The enhanced dispersibility of the PAS + TX-100@cdc mixture observed in the
dispersibility curves (Fig. 4b) indicates that this system clearly stands out regarding
synergism in MWNT dispersion, as previously discussed. In fact, this polymer/surfactant
mixture has more negative ( than the polymer itself (which is a polyelectrolyte and thus
the intrinsically charged component in the mixture), implying that the polymer charges
are more exposed, due to the uncoiling of the polymeric chains with the surfactant
binding and consequent adsorption on the nanotube surface through the hydrophobic

moieties.

4. Conclusions

The effect of polymers, surfactants, and their mixtures as dispersants of multiwalled
carbon nanotubes was assessed by applying a robust methodology that allowed to
obtain comparable dispersibility curves and rationalize the influence of the mixture of
dispersants. Six individual dispersants (SDBS, CTAB, TX-100, PVP, PDDA and PAS)
and four polymer/surfactant combinations (PVP+SDBS@cdc, PVP+CTAB@cdc,
PDDA+TX-100@cdc and PAS+TX-100@cdc) were studied regarding their ability to
disperse in quantitative terms, their separation degree and their zeta potential.
Dispersibility curves for PVP + SDBS system show synergism when low concentrations
of polymer are added to the surfactant; however, the surfactant effect is overshadowed
at the plateau of the dispersibility curve, with the mixture showing a performance close

to PVP individually. Changing the surfactant to CTAB, the opposite effect is observed: at
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low PVP concentrations, the mixture shows a performance between that of the individual
dispersants; however, on increasing polymer concentration, a beneficial effect of the
mixture is observed at the plateau of the dispersibility curve.

The PAS + TX-100@cdc mixtures show strong synergism, that is, a significant
increase in the maximum concentration of MWNT dispersed, compared with that of the
individual dispersants. This is attributed to the surfactant binding to the polymer, resulting
in interchain repulsions and stretching of the polymer chains, hence increasing the
effectiveness of dispersal. However, results for the PDDA + TX-100@cdc system
suggest that hydrophobic effects might result in the blocking of the polymer adsorption
sites, decreasing the effectiveness for these MWNT dispersions.

SEM analysis confirmed that well-dispersed MWNTs (individual or in thin
bundles) are obtained in the systems that present quantitative synergism. Zeta potential
results also permit us to infer that the nanotubes in the as-obtained dispersions are non-
covalently functionalized and stabilized mostly by electrostatic repulsions.

Overall, the results presented in this paper unveil the potential of
polymer/surfactant mixtures for producing high quality dispersions of carbon nanotubes,
showing that specific mixtures yield strong synergistic effects. Moreover, one could think
that the presence of polymer/surfactant moieties in the nanotube surfaces could be an
interesting asset to explore, namely for the development of nanocomposites or coating

films containing MWNTSs.
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Section S1: Additional data on the surfactants and polymers used

Table S1.1. Further information on the surfactants and polymers used in this work.

Surfactant / Polymer Mw ! g-mol! cmc | mmol-kg™!
SDBS 342.4 1.82

CTAB 364.5 0.972

TX-100 647.0 0.2-0.9

PVP ~40 000 -

PDDA ~200 000- 350 000 -

PAS ~15 000 -

@ Obtained from conductivity measurements,’ at 30 °C for CTAB and at 20-25 °C for the remaining

dispersants.
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Section S2: Determination of synergism

Synergism, S, can be calculated, as described in the MS, as:

d
S — Cp‘l'S

d d
Cp + Cs@cdc

where c{}+s is the MWNT concentration dispersed by the mixture of polymer+surfactant,
c;} is the MWNT concentration dispersed by the polymer at the concentration used in the
mixture (it should be noted that the dispersibility curves of the mixtures indicate the total
amount of dispersant in the system, Cpolymer*Csurfactant, SO the Cpoymer COrresponds to the
subtraction of the cdc of the surfactant to the Cispersant total), @and can be determined through
fittings in the linear regions of the curve (as illustrated in Fig. S2.1), and ¢, is the
MWNT concentration dispersed by the surfactant at the cdc (the surfactant concentration

used in the mixtures), in this case 0.069 mg-mL"".

0.8
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Fig. S2.1. Linear fitting of the dispersibility curves at a fixed concentration range for PVP, SDBS
and PVP+SDBS@cdc systems.

Therefore, S can be determined at each point of the dispersibility curves. In the
case of the PVP+SDBS@cdc mixture at the low dispersant concentration range (before
the plateau), cg is determined from the linear fitting of the PVP dispersibility curve in the
dispersant concentration range 0.0001- 0.02 wt%. S at Cdispersant = 0.023 wt % can be

determined as:



182 FCUP

1D and 2D nanomaterials as building blocks for 3D composites: surfactant-mediated assembly, characterization
and electrocatalytic studies

0.58

= 0012+ 0069 2

S > 1 indicates the presence of synergism in the mixture, therefore, at the concentration
of PVP+SDBS@cdc considered, the system presents a strong beneficial effect when

compared to the individual dispersants at the same conditions.
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Table S3.1. Dispersibility parameters obtained from the dispersibility curves in Fig. S3.1. The
precision is estimated as ca. +10%.

PVP+CTAB@Cdisp,max PAS+TX-1 Oo@cdisp,max
A
CNT,maxl mgmL 11
n’% 37
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Abstract

The study of two-dimensional materials beyond graphene, in particular transition metal
dichalcogenides (TMDs), has been gaining interest over the last decade due to their
applicability in a wide number of areas. Surfactant-assisted liquid-phase exfoliation has
been commonly applied as a preparation method of layered nanomaterials, giving well-
exfoliated nanosheets stabilized by the amphiphiles adsorbed at the surface. However,
a fundamental understanding of the TMD features that influence the dispersal process
is still lacking. In this work, we present a systematic study that addresses the
dispersibility of MoS;, WS, and MoSe: in aqueous medium using the surfactants
cetyltrimethylammonium bromide (CTAB) and sodium cholate (SC) in a representative
concentration range. High precision dispersibility curves (concentration of dispersed
TMD versus surfactant concentration) were obtained, allowing insight on the influence of
the TMD metal and chalcogen in the dispersion, as well as the effect of surfactant charge.
The metal (Mo, W) is found to influence the dispersibility at low surfactant concentrations,
while the chalcogen (S, Se) plays a more significative role as the surfactant concentration
is increased, determining the dispersibility yield in combination with the surfactant.
Surfactant charge has a marked influence in the dispersibility profile, as evidenced by
zeta potential measurements. Structural characterization provides further information on
the size and number of layers of the TMDs in the as-obtained dispersions, showing that
the sonication/centrifugation methodology applied gives well-exfoliated nanosheets with

controlled mean lateral dimension and thickness.
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1. Introduction

The interest in layered nanomaterials found a massive growth after the discovery of
graphene,” due to the electronic, mechanical and optical properties of these
nanomaterials and their potential for practical applications.? * Among the families of 2D
inorganic graphene analogues that emerged, transition metal dichalcogenides (TMDs)
are one of the most remarkable.* TMDs electronic properties range from insulators (e.g.
HfS,), semiconductors (e.g. MoS; and WS3), semimetals (e.g. WTe2 and TiSe») to true
metals (e.g. NbS; and VSe;),® finding applications in flexible transistors,* transparent
optoelectronics® and nanoelectronics.” TMDs possess a MX; structure, with M being a
transition metal atom (e.g. Mo, W) and X a chalcogen atom (e.g. S, Se), and can be
illustrated as one layer of M atoms “sandwiched” between two layers of X atoms."”

Due to the combination of strong in-plane chemical bonds with weak out-of-plane
interactions (namely van der Waals forces), 2D sheets can be obtained from the bulk
crystals of TMDs, not only preserving the bulk properties, but also leading to additional
features due to confinement effects.® The exfoliation of nanomaterials of the MX, family
into thin layers exposes the prismatic edges and basal planes, and hence the resulting
material exhibits distinct surface chemistry, which can be additionally tuned by controlling
the shape or size of the exfoliated MX; layers.5 ® ' MoX, and WX, are among the most
studied families due to their applicability in electronic devices, since they are
semiconductors and the band gaps can be tuned by controlling the number of stacked
layers.3

Liquid-phase exfoliation (LPE) is a widely used and versatile method to prepare
few-layer particles of 2D materials." "¢ In particular, nanosheets can be exfoliated in
aqueous media and stabilized in the presence of surfactants or polymers."”-'° This
methodology involves the use of sonication or shear forces to exfoliate the 2D layers
from the bulk crystal. When amphiphiles are used, the hydrophobic moieties adsorb on
the freshly exposed nanosheet, while the polar segments point towards the solvent (in
this case, water), stabilizing the exfoliated particles by electrostatic or steric interactions,
depending on the nature of the dispersant.’®2! This process allows to overcome the
cohesive sheet-sheet energy, preventing the restacking of the suspended particles.??

Despite the clear interest in TMD research and their applicability over the last
years, studies regarding the preparation of reproducible few-layer TMDs with controlled
size, and the understanding of the dispersion process at a molecular level, did not follow
the growth, remaining scarce or lacking in detail. Extensive research has been carried in
this domain for carbon nanotubes?*?” and graphene,?®3" highlighting the importance of

the experimental conditions (i.e. sonication, centrifugation) and the surfactant choice on
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the dispersal yield, and final concentration and morphological characteristics of the
dispersed particles. Regarding graphene inorganic analogues, and more specifically
TMDs, relevant work has been carried out in the past 5 years, enhancing the importance
of understanding the surfactant-assisted dispersion at molecular level and establishing
methods that allow to obtain exfoliated TMDs with controlled size and thickness.® 10 9. 32
Nevertheless, the influence of nanosheet features on the dispersal process still lacks
understanding, due to the reduced dispersant concentration ranges usually studied and
absence of systematization in the variables investigated.

In an attempt to overcome this gap in knowledge, herein we employed a
systematic approach to study three different MX, materials, MoS,, WS, and MoSe>, over
a wide range of surfactant concentrations. A rigorous methodology was applied,
previously reported by us,?® 2633 that combines sonication and centrifugation in strictly
controlled conditions to disperse nanomaterials in aqueous surfactant solutions. To gain
insight on the surfactant role, the three TMDs were dispersed using the surfactants
cetyltrimethylammonium bromide, CTAB, cationic, and sodium cholate, SC, anionic,
previously deemed as highly effective.’® ?° The surfactant concentration range used,
from 10 to 10> mmol-kg™, allows a comprehensive view of the dispersing process and
proper comparisons to be withdrawn. Determination of zeta potential of specific
dispersions highlights the effect of surfactant charge in the dispersibility profile. Further,
by comparing MoS; vs. WS, and MoS; vs. MoSe; the role of TMD features can be
addressed, providing further insight. Finally, structural characterization of the obtained
dispersions by SEM and Raman spectroscopy shows that the applied methodology leads

to a controlled size and number of layers of the TMD nanosheets.

a)
0 0,0, 0 0.0,
0,0,0,0.0 0
0, ,0,0,0,0.0, ® M (=Mo, W)
0,0,0,0.0 0 ® X (=S, Se)
0,0,0,0,0,0,
0,0,0,0,0 0,
b)
CTAB ONa
/ Br~
B T i T T T T W W
! sc

Fig. 1. Nanomaterials and surfactants used in this work: a) generic structure of MXz transition
metal dichalcogenides; b) molecular structure of the cationic surfactant CTAB and the anionic
surfactant SC.
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2. Experimental Section

2.1 Materials and reagents

The transition metal dichalcogenides molybdenum (IV) sulfide, MoS,; tungsten (IV)
sulfide, WSz; and molybdenum diselenide, MoSe,, with purity = 99 %, were acquired
from Sigma-Aldrich®. The powders were imaged by SEM, as shown in Fig. 2, and as it
can be seen they consist of aggregated or stacked particles of large sizes (hundreds of
nm to um-sized). The surfactants cetyltrimethylammonium bromide, CTAB (purity = 98
% MW = 364.5 g-mol”, cmc = 0.9 mM at 20-25 °C) and sodium cholate hydrate, SC
(purity = 99 % MW = 430.6 g-mol™!, cmc = 9-15 mM at 20-25 °C) were also purchased
from Sigma-Aldrich®. All the materials were used as received.

4

& B
" A Pl -
-~ I tﬁ "#500 nm

Fig. 2. Representative SEM micrographs of the TMD starting powders: MoS2, WSz and MoSe:.

2.2 Preparation of dispersions

All the dispersions were prepared using the same stringently controlled procedure, based
on previous reports.*®* The nanomaterial powder was added to the desired dispersant
aqueous solution yielding an initial loading concentration of 3 mg-mL™" in nanomaterial.
These mixtures were tip-sonicated, using a freshly polished VCX500 13 mm tip (500 W,
20 kHz), with a vibration amplitude set to 50% and sonication time to 23 min, assuring
the energy density transferred to the sample was kept constant at 0.8 kJ-mg™. An
external bath was used to dissipate the heat generated by the sonication procedure,
stabilizing the temperature of the sample. Following sonication, the samples were
centrifuged (Centurion Scientific Centrifuge Model K241R) for 10 min at 1500 g, and the
top of the supernatant was carefully removed, extracting the most exfoliated materials
for quantification. The nanomaterial concentration was finally determined by UV-Vis
spectrophotometry, according to the procedure described in Section S1 of the Supporting

Information (SI) file.
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2.3 Zeta potential measurements and scanning electron microscopy (SEM)

Zeta potential measurements were performed in an Anton Paar Litesizer™ 500
equipment. In zeta potential determinations samples were placed in a disposable
capillary polycarbonate U-shaped cuvette, with gold coated electrodes. Samples were
left inside the instrument to reach thermal equilibrium 120 seconds at temperatures
above the surfactant Krafft temperature. The electrophoretic mobility, u, was measured
using a combination of electrophoresis and laser Doppler velocimetry techniques and ¢
was calculated from p using the known Henry equation, a dielectric constant of 78.5, a
medium viscosity of 0.89 cP and a f(ka) function of 1.5.3*

To analyze the morphology of the dispersed nanomaterials, SEM imaging was
performed at Centro de Materiais da Universidade do Porto (CEMUP), on a FEI Quanta
400FE microscope with an electron beam of 25 kV at different magnifications, in
secondary electrons (SE) mode. The samples were prepared on pre-heated silicon
wafers (>100 °C) by drop casting 10 uL of the supernatant. The wafers were then rinsed
in ethanol to remove surfactant excess. Raman spectra of the aqueous dispersions were
recorded on a RAMOS RA532 Raman Analyzer using a laser emitting at 532 nm on

glass cuvette, at room temperature.

3. Results and Discussion

3.1 Surfactant-assisted dispersions of TMDs

3.1.1 General features of dispersibility curves

The reproducibility of the applied methodology allows the determination of the TMD
concentration in the obtained dispersions as function of surfactant concentration, cs.
These results are expressed in high precision dispersibility curves, shown in Fig. 3. A
few aspects should be considered regarding the curves: i) the surfactant concentration
corresponds to the initial value used to prepare the samples (the final concentration in
the obtained dispersions is estimated to be approximately 60-70% of the initial value,
since an amount is lost to the precipitate due to centrifugation®: 26 ); ii) each point
corresponds to at least 3 independent dispersions, prepared in the same exact
conditions. For each dispersion, the absorbance was measured in triplicate, assuring
meaningful results; iii) the zeta potential was measured for specific dispersions, in distinct

regions of the curves, indicated by the black arrows in Fig. 3.



FCUP
Results and Discussion

For quantitative comparisons between surfactants and TMDs, some metrics can be
extracted from the plots: ¢s max, the surfactant concentration at which the maximum value
of TMD dispersed is attained; crmp,max, the latter value; the dispersibility effectiveness (or
yield), n, defined as the ratio crmp,max/ Crmp,initiat X 100 (in this work, crmp,iniiar = 3 mg-mL™);
and efficiency, n*, related with the surfactant concentration at which ctvp max is attained
and defined as n / csmax and expressed in %-kg-mmol™.

The resulting curves, and their high-precision nature, allow us to get insight on
the study of several effects, namely the influence of surfactant charge, the roles of the
TMDs metal and dichalcogenide. Prior to a detailed analysis, a generic profile can be
described from the dispersibility curves. At low surfactant concentrations, a flat trend is
initially observed; upon increasing surfactant concentration, a new plateau level is
reached, followed by a sharp decrease in the dispersibility with further surfactant

addition, as also observed in previous works by us.?5 33
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Fig. 3. Dispersibility curves of the TMDs a) MoSgz; b) WS2; and ¢) MoSez with SC and CTAB. The
lines at the yy axis represent the concentration of nanomaterial dispersed in water. Dashed lines

are for visual guidance. Black arrows indicate zeta potential values measured at the specific point
in the curve.
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A closer observation indicates, however, a fundamentally distinct profile for each
surfactant: for the nanomaterials dispersed with the anionic surfactant, SC, the
dispersibility increases with increasing surfactant concentration, until the plateau is
achieved. However, when CTAB is used, a nonmonotonic variation is seen, with the
dispersibility first decreasing to a minimum (virtually to null values), and then increasing
again to reach the new plateau. The different behavior can be interpreted in terms of

surfactant and nanomaterial charges and will be discussed further.

3.1.2 Molecular considerations

As described previously, the curves show common features that allow proper
comparisons between the TMDs dispersibility and the surfactant performance. Some
effects may overlap. Therefore, this analysis will first address the similarities and
differences between the dispersibility of the TMDs as the surfactant concentration is
increased (and hence the effect of metal and chalcogen in the dispersibility), and then

the role of the surfactant.

Effect of metal and chalcogen on TMD dispersibility

Considering the low concentration segment of the dispersibility curves (from 10 to 103
mmol-kg™), interesting features emerge. At low surfactant concentration, for MoS, and
MoSe, (TMDs with generic structure MoXz) the maximum amount of nanomaterial
dispersed is close to the value dispersed without surfactant; for WS;, however, the
dispersibility is two times the value dispersed without surfactant. This implies that, for
low surfactant concentrations, the metal in the TMD has a stronger effect than the
chalcogen. A possible explanation is the anisotropic arrangement of TMDs, that
produces two types of surface sites: sulfur (or selenide)-terminated basal planes and the
layer edges where metal atoms are partly exposed, exhibiting rather different chemical
properties.?® Exfoliated platelets typically have a relatively small lateral size, thus
enhancing the edge effects.'® Therefore, at first the surfactant molecules in highly diluted
solution will tend to adsorb preferentially at the exposed metal atoms, irrespectively of
the surfactant charge, likely due to the less polar nature of W compared to Mo. At the
plateau of the dispersibility curves, however, the chalcogen seems to play a role in the
dispersion effectiveness, n. Interestingly, in Fig.4a one observes that MoSe; attains n =
16-18 % for both surfactants, a 2-fold higher than MoS,. The yield of WS, dispersibility
appears to have a higher dependency on the surfactant charge, with n = 18 % for SC
and only 3 % for CTAB. Since the chalcogen is the external layer of the 2D TMDs, it is

reasonable that dispersibility is strongly influenced by this chemical feature of the TMD.
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Fig. 4. Dispersibility metrics obtained from the plateau of the TMD/surfactant dispersibility curves

a) effectiveness, n; and b) efficiency, n*.

Although the effectiveness attained for these systems is lower than that obtained
for carbon nanotubes, it is 2 orders of magnitude superior to the effectiveness of the 2D
analogue, graphene, as reported in our previous works.?> 33 Regarding the dispersion
efficiency (Fig. 4b), the MoS2/SC system stands out, with an efficiency of
77 %-kg-mmol? compared to the average 3.7 %-kg-mmol' obtained for the other 5
systems. This parameter falls in the values obtained for graphene nanoplatelets (1-4
%-kg-mmol™), indicating common features in the interaction of surfactant with 2D layered
materials. After the plateau, a significant decrease in TMD dispersibility is observed for

all the dispersions — this effect will be discussed below.

Effect of surfactant charge on TMD dispersibility

The effect of the surfactant charge on TMD dispersibility has been reported in the
literature?® 22 and will be now analyzed in light of the systematic work carried here. In the
surfactant concentration range from 10 to 102 mmol-kg™, the profile of the curves is
clearly contrasting for the cationic and the anionic surfactant. Observing the curves of
TMDs dispersed with CTAB, the concentration of TMD decreases to a minimum
(reaching zero for MoS; and MoSe:), which is explained by surface charge effects. The
cationic charge of the surfactant neutralizes the negative charge of the nanomaterial
surface upon increasing concentration of the former. At some point, typically c¢s between
102 and 10" mmol-kg™, the charge of the surfactant-coated particles is null and the
dispersion has no colloidal stability. This phenomenon is thus similar to a precipitation
effect due to charge neutralization, induced by the surfactant. As the surfactant

concentration increases and more molecules adsorb at the TMD surface, there is a
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charge reversal to positive values and a new stage of colloidal stability is reached. At
this point and as described previously, a plateau for crmp is attained.

Regarding the dispersions with the anionic surfactant, SC, higher concentrations
of dispersed TMDs are obtained comparing to CTAB, evidencing higher effectiveness
for this surfactant (see also Fig. 4a). This effect that can be rationalized by the high
affinity of SC to the planar 2D surface. Sodium cholate, a bile salt, has an almost flat
structure with a hydrophobic and a hydrophilic facet. The hydrophobic side is constituted
by a rigid cholic acid ring system, which can attach to the hard 2D material basal plane.
The OH groups facing the same and opposite side of the ring system, together with the
anionic carboxylate headgroup, provide favorable interactions with the aqueous solvent
through H-bonding and dipolar forces."”

As pointed before, after the plateau and upon increasing surfactant concentration
up to 102 mmol-kg™, the dispersed TMD concentration falls abruptly. This effect can be
attributed to colloidal depletion forces and was observed in previous studies by us, for
1D* and 2D carbon nanomaterials. This phenomenon is surmised to arise from a
difference in the osmotic pressure, due to high concentration of bulk micelles in the
vicinity of the dispersed nanomaterial particles. The solvent between these particles
tends to flow to the surroundings according to its chemical potential gradient, causing
the particles to flocculate. Interestingly, for the current TMD systems, the depletion
flocculation seems to occur at roughly similar surfactant concentrations than observed
for carbon nanotubes and graphene nanoplatelets, underpinning a fundamental aspect

of the dispersibility of 1D and 2D nanomaterials by surfactants.

3.2 Structural characterization of the dispersions

3.2.1 Particle size distributions from SEM

To address the effect of the surfactant in the morphology of the final dispersed particles,
scanning electron microscopy and Raman spectroscopy were performed.
Representative SEM micrographs of the studied systems suggest the surfactant plays
an important role in the individualization of TMD layers. The images of the nanomaterials
exfoliated without surfactant show heterogeneous domains of aggregates, while the
surfactant-dispersed materials appear more homogeneous and/or in particles apparently
separated from the stacked flakes (Fig. 5). Moreover, the MoSe; systems show the
smallest and most individualized particles. To have a clearer monitoring of the particle
size, the particles in the TMD/surfactant systems were measured and the mean lateral

dimension, MLD, was determined through the geometric mean of length and width of the
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particle. For each particle, three different measurements were performed, and the
average value was used to obtain the frequency histograms. The results were fit using a
lognormal distribution (Fig. 6). Since the morphology of the exfoliated layers varies
between systems, a representative image is shown in the inset of the histograms, with
the respective measurements. Due to rapid aggregation after preparation of the
dispersions, it was not possible to perform the measurements for the TMD/H.0 systems.

i.e. in the absence of the surfactants.

Fig. 5. Representative SEM micrographs of the obtained MoS2, WSz and MoSe: dispersions

without surfactant (in water), and in aqueous surfactant solutions. Insets show the particles at

higher magnifications.
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The histograms show clear differences between the systems. The nanomaterials
dispersed with SC (Fig.6a-c) show a broad distribution of MLD, specially MoS2/SC, with
the larger particles showing MLD = 450 nm. For the TMD/CTAB systems (Fig. 6d-f), the
measured particles showed an average MLD < 100 nm. These results suggest that the
applied dispersion methodology allows to control the size of the dispersed layers to a

considerable extent, a commonly reported obstacle in the obtention of exfoliated TMDs.®
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Fig. 6. Frequency histograms obtained through measurements from TMD/surfactant
micrographs: a) MoS2/SC; b) WS2/SC; c) MoSe2/SC; d) MoS2/CTAB; e) WS2/CTAB and
f) MoSe2/CTAB. Inset shows a representative particle of the dispersion. Lines represent
lognormal fitting.
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From a general standpoint, it can be inferred that CTAB yields the most
homogeneous TMD dispersions. A possible explanation is, again, the charge effect.
TMDs show a residual negative charge, so, presumably, as the ultrasonication shear
forces peel off the 2D sheets from the bulk particles, rapid adsorption of the CTAB
cationic molecules in the freshly exposed surface results in a high degree of
individualization and stabilization of the nanosheets.?® Despite that the hydrophobic
effect is the driving force for surfactant adsorption, if the surfactant and the hard surface
bear the same charge, electrostatic repulsions can act as a kinetic barrier, reducing
considerably the adsorption rate. For the TMD/CTAB systems, this kinetic barrier not
only does not exist, but faster adsorption and hence more extensive exfoliation can be

induced due to the favorable electrostatic interactions.

3.2.2 Raman studies

To complement the structural characterization of the dispersions, Raman spectra of the
dispersions were obtained (Fig. 7). Raman spectroscopy has become a pivotal
characterization technique for TMDs, graphene and other layered materials.®® For the
current materials, two Raman absorption peaks can be observed, one concerning the
E2q (in-plane) vibration mode, and another corresponding to the Aig (out-of-plane)
vibration mode. The extent of exfoliation of the TMDs affects Raman shifts, as the
frequencies of the Raman active modes of TMDs can be shifted from the values for the
monolayer or bulk material due to the weak interlayer interactions. Generally, E>; and
A1ig modes undergo blue and red shifts, respectively, with a decreasing number of
stacked layers for MoS;, WS;, and MoSe,, that is, as the nanosheet thickness

decreases.3¢ %7

a) b) c)
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Fig. 7. Raman spectra of the TMD systems a) MoSz; b) WSz; and c) MoSe2 in CTAB, SC and

without surfactant. Dashed line represents the band assignment for few-layer materials according

to ref, 37-38
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The layer number of MX; particles can be assessed by the relative frequency
difference, Aw, of the high-frequency modes, compared to the corresponding modes in
the bulk.®® According to Fig. 7 a), for MoS,, Aw was determined as 25.3 for the
dispersions with SC and 25.4 with CTAB and without surfactant. For WS, (Fig. 7b), the
Aw parameter was determined as 68.3 for the dispersion with SC, 69.8 with CTAB and
68.2 without surfactant. In all cases, these values correspond to less than 5 stacked
layers.®® 3° Fig. 7c) shows, however, that for the MoSe; systems, the Ey mode
undergoes an evident red shift relatively to the band frequency typically assigned for the
few layer material. The expected upshift of Exg with decreasing thickness is assigned to
a decrease in magnitude of the long-range electrostatic forces between particles. In fact,
as the number of layers is reduced, electrostatic forces between the charged particles
become weaker.3**! The observed downshift of the Eg mode in MoSe,; may be due to
interactions between the Se outer-layer of the nanosheets and the surfactant. This is
further evidenced by the MoSe,/CTAB Raman spectra: since there are now attractive
electrostatic forces between the positively charged CTAB and negatively charged
MoSe,, the magnitude of electrostatic forces increases, which could result in the
observed downshift of the E>g mode.

In summary, Raman spectra do not suggest significative differences in the
number of layers of the dispersed systems. Therefore, when selecting the best system
for further applications, other factors should be considered. Regarding the particle size,
SEM analysis indicates the larger sheets are obtained for MoS2/SC. Hence, this system
shows a reduced number of layers (< 5) and higher lateral dimensions, being the most
promising for further applications. Another advantage is the low surfactant concentration
required to attain maximum dispersed concentration, 0.1 mmol-kg™, according to the
dispersibility curves (Fig. 3). Although higher concentrations of MoSe; can be obtained,

the required surfactant concentration is superior by a 2-fold factor.

4. Conclusions

Different TMD systems were successfully dispersed and functionalized with ionic
surfactants and their dispersibility behavior in aqueous solution was studied. Results
indicate that at low surfactant concentrations the metal in the TMD plays a stronger role
than the chalcogen or the surfactant charge. With increasing surfactant concentration,
the surfactant charge shows a higher influence in the dispersibility behavior. In terms of
dispersibility yield, results indicate that the chalcogen has the dominant effect on the final

concentration of dispersed TMD obtained. Comparing the surfactants directly, sodium
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cholate (SC) has a higher capacity to exfoliate and disperse than
cetyltrimethylammonium bromide (CTAB). Structural characterization allowed to clarify
the role of the surfactant in the morphology of the final dispersions. Raman spectra
suggests that all the TMDs dispersions can be classified as few-layer materials, whereas
SEM micrographs indicate that the systems containing surfactant are more
homogeneous and show more individualized particles.

Overall, the results allow insight on the role of surfactant charge, TMD metal and
chalcogen in the dispersibility behavior of this family of nanomaterials, facilitating a
proper selection of systems and the processing conditions to use them for further

applications.
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Section S1. Quantification of TMD concentration

The apparent extinction coefficient for each nanomaterial used in this work was
determined by UV-Vis spectroscopy. The extinction coefficient is an intrinsic property of
the sample and its value can be determined from an absorbance calibration curve. The
amount of nanomaterial dispersed in a sample can consequently be determined by
measuring the absorbance relatively to an aqueous dispersion of known nanomaterial
concentration.

To quantify the nanomaterial concentration, an accurate volume of the supernatant
of nanomaterial/water dispersion was dried for 24 hours. The resulting dry powder was
weighted, and the concentration of nanomaterial in the dispersion was determined. The
apparent extinction coefficient, ¢, can be estimated for a wavelength, A, by measuring
the optical density for the same stock dispersion. The spectra were obtained using a
single beam Agilent 8453 spectrometer (Fig. S1.), and € was thereafter determined. The
nanomaterial concentration in each dispersion can be easily determined from the
absorbance through the Beer-Lambert equation. The apparent extinction coefficient for
each nanomaterial used - MWNT, GnPs, MoS,, WS, and MoSe; — was determined at
specific wavelengths. Absorbance was recorded at A = 660 nm for carbon nanomaterials
and MoSe; (to eliminate the surfactant absorbance contribution),” ? and at the absorption
peak for MoS,; and WS,: A = 678 nm for MoS; and A = 630 nm for WS, in line with

previous reports.>
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Fig. S1. Apparent absorbance versus TMD concentration for the systems studied. Each

calibration curve represents the average of at least 3 different measurements.
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Section S2. Colloidal stability of the obtained TMD dispersions

Smith et al. studied the preparation of SC-coated MoS; nanosheets and the zeta
potential was measured to be -40 mV, suggesting high colloidal stability for the particles
in aqueous solution.® However, herein we show that the profile of the dispersibility curves
differs among surfactants and among MX. materials. The stability of the obtained
dispersions is an important aspect since some applications may require higher
preparation times. Therefore, this parameter was evaluated by zeta potential
measurements for 3 weeks, since the charge of the hard surfaces relates with its colloidal
stability. Analyzing zeta potential results, this parameter does not vary significantly with
time for all the systems investigated, suggesting the degree of surface coverage by the
ionic surfactants does not change appreciably. This constancy of zeta potential with time
is especially seen in the case of the CTAB dispersions. This may have to do with the
different charges of the materials, anionic TMDs and cationic CTAB. Colloidal
dispersions can be considered kinetically stable when | ¢ |> 30 mV; the higher | C |, the
higher stability. Thus, from the observation of Fig. S2 one can infer that surfactant-

exfoliated nanomaterials are expected to be more than the materials exfoliated without

dispersant.
a) b) c)
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Fig. S2. Variations in zeta potential of the dispersed nanomaterials through time: a) TMDs
dispersed with SC; b) TMDs dispersed with CTAB; and c) TMDs dispersed without surfactant.
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Abstract

The development of composites from 1D and 2D nanocarbon building blocks, namely
carbon nanotubes and graphene layers, with enhanced properties or novel functionalities
is an emerging challenge in material science. Herein, we developed a colloid-based
approach using surfactants and polymers to non-covalently functionalize multiwalled
carbon nanotubes (MWNTs) and graphene nanoplatelets (GnPs), and to fabricate
GnP@MWNT nanocomposites via an electrostatic-driven assembly process in aqueous
solution. In the assembly process, two building methods were used and compared (bulk
mixing and adapted layer-by-layer assembly), using surfactant and polymer/surfactant
combinations as the dispersants for the initial nanomaterials. After their characterization
by scanning electron microscopy, Raman spectroscopy and BET analysis, the
nanocomposites were evaluated as electrocatalysts for the oxygen reduction reaction
(ORR). Results show that the type of the dispersant (namely the presence of polymer)
plays a more relevant role than the specific building method in almost all the ORR
parameters. Further, the nanocomposites show selectivity towards the 2-electron
pathway oxygen reduction for the electrochemical production of hydrogen peroxide. The
development and optimization of further nanocomposite electrocatalysts can be pursued

using this type of versatile and robust assembly method.
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1. Introduction

During the past decades, research in carbon has focused on the study of its low-
dimensional forms — 0D fullerenes, 1D carbon nanotubes (CNTs) and 2D graphene (G)
—unraveling and rationalizing their properties. ' After the discovery of these archetypical
forms, however, there has also been great interest in combining them into more complex
architectures, namely different types of hierarchical nanocomposities, in order to create
synergisms and obtain novel or more advanced functionalities." For instance, 0D/1D
nanocomposites (involving fullerenes and CNTs) have been fabricated*® and
characterized in terms of their optical,” thermal,® and electrocatalytic® properties. The
building of 0D/2D structures has revealed promising features for applications as support
materials for electrochemical reactions™ and photovoltaic devices.!" Strategies to
combine 0D with 1D and 2D nanomaterials have also been developed resorting to
molecular dynamics simulations'? and experimental studies.'

Other emerging architectures using lower dimension nanocarbons involve the
combination of nanotubes and graphene sheets.’*'® The building of the mentioned
hybrid CNT/G structures is a considerable challenge, and essentially two major routes
can be followed. It can be achieved by covalent (i.e. chemical) functionalization of one
or both of the carbon nanomaterials involved' ¢ 7. 1922 or through non-covalent
methods.? 2* While chemical functionalization may change the carbon surface and its
properties, non-covalent functionalization (e.g. by physical adsorption of amphiphilic
dispersants such as surfactants and polymers) is suitable if one wants to preserve the
original properties of CNTs and G.* 2> 26 |n the hybrid, the interposed CNTs and G layers
could either lie mutually parallel or mutually perpendicular (see Fig. 1), as the limiting
cases, or in a combination of both in the same material. In the former case, i.e. if the
nanotubes lie horizontally within large-area graphene sheets, the mechanical strength of
the latter could be significantly reinforced due to the excellent flexibility and strength of
CNTs." Conversely, in the perpendicular arrangement, aggregation of the G layers would
be avoided and thus electronic transport,?” thermal transport,?® and hydrogen storage?®
could be enhanced. Studies regarding the design and building of CNT/G hybrid materials
via non-covalent functionalization (using surfactants or polymers) are still very scarce,
indicating that this area of research remains largely unexplored and unexploited. The
exfoliation and dispersion of carbon nanotubes or graphene nanoplatelets with ionic
surfactants would impart the carbon surface with charge due to the charged surfactant

headgroups that remain exposed to water, while the hydrophobic chains adsorb onto the
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surface. Furthermore, the use of polymer/surfactant mixtures as dispersants could
enhance the organization of the obtained materials.3% 3!

Among the possible applications for the CNT/G hybrids, sustainable
electrochemical-related technologies, in particular, have gained increasing attention over
the last years.® The hybrids could be applied as metal-free electrocatalysts for the
oxygen reduction reaction (ORR), a sustainable and cost-effective alternative to the
state-of-the-art platinum-based catalysts.®-% In this realm, the reduction of oxygen can
follow two pathways: the direct 4-electron process, generating water; or the indirect 2-
electron process, generating hydrogen peroxide as an intermediate product.*® ORR via
direct pathway is a pivotal reaction in fuel cells, the most promising of the clean energy
generation devices.®” *8 Fuel cells can convert chemical energy directly into electricity
with high efficiencies.?® The oxygen reduction occurs at the cathode of the cell and
controls the global device performance due to its slow kinetics,*® making the use of an
effective electrocatalyst a crucial feature.*' In parallel, the indirect pathway presents
applicability in the electrochemical production of H,O,, and could be employed to replace

the anthraquinone oxidation process (i.e. the main industrial process for H:O.

surfactant  polymer-
TTAB | . surfactant

eV -
Br

GnP
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A
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o
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Fig. 1. Schematic representation of the building process of the 3D GnP@MWNT nanocomposites.
A: exfoliation and dispersal of the 1D blocks, MNWTs, by surfactant TTAB or polymer/surfactant
PVP-CTAB complexes (top) and similar process for the 2D blocks, GnPs, by surfactant SC (bottom).
B: formation of aqueous dispersions of positively charged MWNTs and negatively charged GnPs.
C: assembly of the nanocomposites via electrostatic attractions, with two possible limiting
configurations shown: top two structures, layers of orthogonally placed MWNTSs alternating with GnP
layers; bottom two structures, MWNT layers lying horizontally over the GnP layers, with the lowest

sketch showing the MWNTSs coated by the polymer-surfactant (PVP-CTAB) complexes.
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generation), which currently requires massive infrastructures, significant energy input
and involves hazards and high costs.*?

In this work, we have developed 3D composites from multiwalled carbon
nanotubes (MWNTs) and graphene nanoplatelets (GnPs) using an original non-covalent
colloid assembly approach, and then explored the obtained materials as electrocatalysts
for oxygen reduction reactions as a proof of concept. The individual carbon building
blocks were prepared using amphiphiles as dispersants (namely, two cationic
alkyltrimethylammonium bromide surfactants, TTAB and CTAB, the anionic surfactant
sodium cholate, SC, and the neutral polymer polyvinylpyrrolidone, PVP) and a strictly
controlled dispersal procedure in aqueous media.?® 4> The rationale relies on taking
advantage of electrostatic interactions between the surfaces of the two types of blocks
by previously functionalizing them separately with oppositely charged amphiphiles. A
schematic depiction of the assembly process is conveyed in Fig. 1. In step A, the
entangled MWNT powders are exfoliated and dispersed by sonication using either TTAB
or a PVP-CTAB mixture, while the GnP powder undergoes a similar process using SC.
The surfactants or polymer/surfactant aggregates adsorb onto the surface of the
nanocarbons by mainly hydrophobic interactions owing to their hydrocarbon chains,
while the charged surfactant headgroups are exposed to the aqueous medium. Two
types of dispersions, step B, are thus obtained: those containing positively charged well-
dispersed MWNTs (or thin bundles thereof) and those having negatively charged
dispersed GnPs, with both types of particles having their respetive electrical double
layers and zeta potential (z) values. In step C, mixing the two types of functionalized
blocks leads to the assembly of the composites via electrostatic attractions. As
mentioned before, two idealized configurations of the resulting materials are shown. The
two uppermost sketches in Fig. 1C depict snapshots of the composite structure where
the nanotubes are positioned perpendicularly to the graphene layers, with the surfactant
or polymer/surfactant molecules acting as gluing moieties. Conversely, the two bottom
sketches depict structures where the nanotubes lie horizontally over the graphene layers,
with the lowest sketch depicting the tubes covered by the cationic polymer-surfactant
(PVP-CTAB) complexes interacting with the anionic SC-coated graphene layers, where
the polymer may act as further reinforcement agent. Other assorted intermediate
configurations are likely formed, with randomly tilted MWNTs between GnP layers or
mixed orthogonal/parallel/tiited nanotubes.

Two procedures were tested and compared, designated here as i) bulk method
(BM) and ii) adapted layer-by-layer deposition method (LM). These methodologies were

aimed at the fabrication of reproducible nanocomposites under optimized conditions. A
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key aspect of this work in relation to the literature is the building of the 3D carbon
structures using a mild experimental method, namely an assembly process in aqueous
solution via non-covalent functionalization. This procedure bears strong advantages
compared to the more conventional fabrication methods, which typically rely on covalent
functionalization** and/or use of organic solvents.? 4> We deem it facile, cost-effective,
sustainable and timesaving. The designed materials were characterized using a
combination of techniques, and their performance as electrocatalysts for the oxygen
reduction reaction was assessed. We highlight that the use of controlled experimental
conditions (i.e. delivered energy per carbon mass, and type and concentration of
surfactant used), inexpensive materials and equipment can be extended to other

nanocomposites and applications, and may also open the door to scale-up processes.

2. Experimental Section

2.1. Materials

Multiwalled carbon nanotubes from Cheaptubes® (outer diameter d = 8-15 nm and
length L = 10-50 ym) and graphene nanoplatelets (xGnP® Graphene Nanoplatelets
Grade M-5) from XG Sciences were used as received. The commercial surfactants,
tetradecyltrimethylammonium bromide (TTAB), cetyltrimethylammonium bromide
(CTAB), sodium cholate hydrate (SC), all with purity = 99 %, and the polymer
polyvinylpyrrolidone (PVP), were acquired from Sigma-Aldrich and used as received.
The reagents used in the electrocatalytic studies, namely potassium hydroxide (KOH,
Riedel-de-Haen), Nafion (Aldrich, 5 wt% solution in lower aliphatic alcohols and water),
2-propanol (Aldrich, 99.5 %), and 20 wt% Pt/C (HISPEC® 3000, Alfa Aesar) were also
used as obtained. All aqueous solutions and dispersions were prepared using ultra-pure

water from a Millipore system (resistivity 18.2 MQ cm at 25 °C).

2.2. Surfactant-mediated preparation of building blocks

All the aqueous dispersions of MWNTs and GnPs were prepared according to a
published method that combines tip-sonication and centrifugation.?® To build the 3D
materials, the surfactants were chosen according to our previous studies®:** considering
the following aspects: i) the building blocks were functionalized with ionic surfactants of
opposite charge, since electrostatic interactions are the driving force for the composite
assembly; ii) TTAB was selected as the cationic surfactant to functionalize MWNTSs, due
to its high effectiveness in dispersing the nanotubes and its low Krafft temperature®?; iii)
given the importance of using polymers to obtain robust and well-structured

composites,’® *' the polymer/surfactant mixture PVP-CTAB was also used to



FCUP
Results and Discussion

functionalize the MWNTSs owing to the highly effective dispersing ability of this mixture
and the net positive charge obtained (cf. Supporting Information, section S1); iv) SC was
used as the anionic surfactant to functionalize GnPs, as it shows also good effectiveness
in dispersing graphene (cf. S.1., section S2) and is oppositely charged to TTAB; v) the
surfactant concentration for each system was selected from the respective dispersion
curves, at the maximum dispersibility, according to previous studies.?® 43

All preparation steps were carefully monitored. To prepare the dispersions of
building blocks, the nanocarbon powders (MWNTs and GnPs) were weighted, followed
by addition of the desired aqueous surfactant solution, resulting in an initial m/v loading
of 3 mg-mL" of nanocarbon in water. The samples were then tip-sonicated, with a total
of energy delivered of 0.6 kJ-mL"". Sonication was carried out using a Sonics VCX500
probe (500 W output power; 20 kHz processing frequency) with a freshly polished 13
mm tip, at 60 % amplitude. Temperature was controlled with a thermostated bath, to
avoid overheating. After sonication, the MWNT dispersions were centrifuged for 20 min
at 4000 g, and the supernatant collected. Centrifugation causes the larger aggregates,
viz. impurities and big bundled MWNT particles, to precipitate, hence providing isolated
tubes and thin bundles. For the GnP dispersions, the centrifugation step was seen to
cause sedimentation of the larger 2D particles and drastically reduce the sheet mean
lateral dimension (cf. S.I., section S2), as also reported before.*® Therefore, for GnPs,
this processing step was eliminated and the final concentration of GnPs remained equal

to the initial loading (3 mg-mL™).
2.3. Nanocomposite assembly

Two approaches were followed to build the GnP@MWNT nanocomposites: i) bulk mixing
method and ii) adapted layer-by-layer method. '® 7 i) In the bulk mixing method (B-
method), identical volumes of MWNT/TTAB (or MWNT/PVP-CTAB) supernatants and
GnP/SC as-obtained dispersions (without centrifugation) were added to a vial and tip-
sonicated using the same energy density applied to the starting dispersions. The
obtained dispersion was vacuum-filtered using a cellulose acetate membrane, rinsed
with ethanol to remove the excess of surfactant, and dried overnight. ii) In the adapted
layer-by-layer (LbL) method (L-method), identical aliquots of MWNT/TTAB (or
MWNT/PVP-CTAB) supernatants and GnP/SC dispersions were added alternately to a
cellulose acetate membrane, inserted in a vacuum filtration system. Each layer was
deposited after the previous one was apparently dried and at the end, the film was rinsed
with ethanol and dried overnight.

For easier understanding henceforth, the composites built using MWNT/TTAB

and GnP/SC dispersions (i.e. with only surfactants as building agents), are denoted as
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S/S. When a polymer/surfactant (PS) mixture is used to functionalize the MWNT, the
resulting composites are denoted as PS/S. The prefixes B or L refer to the building

method, bulk or adapted LbL, respectively.

2.4. Materials characterization

The zeta potential, ¢, of the water-dispersed particles (MWNT and GnP) was measured
at 25 °C using an Anton Paar LitesizerTM 500 with a 40 mW semiconductor laser (658
nm) and DTS 1060C disposable zeta cells. The electrophoretic mobility, y, was
measured using a combination of electrophoresis and laser Doppler velocimetry
techniques and ¢ was calculated from u using the known Henry equation, a dielectric
constant of 78.5, a medium viscosity of 0.89 cP and a f(xa) function of 1.5.4 4% SEM
images of the MWNT, GnP and nanocomposite powder materials were obtained at
Centro de Materiais da Universidade do Porto (CEMUP), on a FEI Quanta 400FE
microscope with an electron beam of 25 kV at different magnifications. The
nanocomposite films were fractured in liquid nitrogen to obtain cross-section images.
Raman spectra of the solid-state nanocomposites were recorded on a RAMOS RA532
Raman Analyzer using a laser emitting at 532 nm on a glass cuvette, at room
temperature. The surface area and pore size of the nanocomposites were determined
by a nitrogen adsorption analyzer (TriStar Plus, Micromeritics, Norcross, USA). The
samples were dried at 100 °C and treated under nitrogen flow overnight. The specific
surface area (SSA) was evaluated using the BET method, and the average pore

diameter (Dp) using the BJH theory applied to the desorption branch of the isotherm.*°

2.5. Electrocatalytic activity towards the oxygen reduction reaction (ORR)

The catalytic performances towards ORR of MWNT, GnP and as-produced
GnP@MWNT nanocomposites were assessed at room temperature in a three electrode
compartment cell. A rotating disk electrode (RDE) of glassy carbon (3 mm of diameter,
Metrohm) was used as working electrode, an Ag/AgCl (3 mol dm= KCI, Metrohm) as
reference electrode and a glassy carbon rod (2 mm of diameter, Metrohm) as auxiliary
electrode. The modified electrodes were prepared by the following procedure: 1 mg of
the prepared material was dispersed by ultrasonication (for 15 min) in 250 uL of a mixture
of isopropanol/water (1:1 v/v) and Nafion (20 L) to form a homogeneous ink. Then, three
drops of 2.5 uL of the selected ink were deposited onto the RDE surface and dried under

an air flux, yielding an electrocatalyst loading of 99.05 ug-cm. Prior to modification, the
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electrode was conditioned by a polishing/cleaning procedure (cf. S.I., section S3, for
further details).

The electrocatalytic tests were performed in N2- or Oz-saturated (purged for 30
min before the measurements) 0.1 mol dm? KOH solutions. Cyclic voltammetry (CV)
experiments were conducted at the scan rate of 0.005 V s and the linear sweep
voltammetry (LSV) measurements at 0.005 V s for rotation speeds ranging from 400 to
3000 rpm. The ORR current was obtained by subtracting the current measured in Na-
saturated electrolyte from the current measured in Oz-saturated electrolyte. The onset
potential (Eonset), defined as the potential at which the O; reduction reaction starts, was
calculated as the potential at which the slope of the voltammogram exceeds
0.1 mA cm2 V-1, as described elsewhere.*® The
LSV data was analyzed by the Koutecky-Levich (K-L) equation (cf. S.I., section S3, for
further details).4% 51

For the bipotentiostat measurements, a rotating ring-disk electrode (RRDE) of
glassy carbon disk (d =5 mm) with a platinum ring (d =375 ym, Metrohm) was used as
working electrode. The modified disk-electrode was swept cathodically at a scan rate of
0.005V s and 1600 rpm in Oz-saturated 0.1 mol dm~ KOH solution, while the potential
of the Pt ring was kept constant at E = 0.2 V vs. Ag/AgCl to assure the oxidation of the
hydrogen peroxide species formed during the ORR. Calculation of the peroxide
percentage was performed according to established methods (cf. also S.1., section S3).52
The evaluation of the electrochemical stability was performed by chronoamperometry in
Oz-saturated 0.1 mol dm™ KOH solution, with the RDE electrode at E =-0.45 V vs.
Ag/AgCl and 1600 rpm during 20000 s. To facilitate comparisons with the literature, the
E values determined vs. Ag/AgCl were converted to the reversible hydrogen electrode

(RHE) scale according to the Nernst equation (cf. S.1., section S3).52
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3. Results and Discussion

3.1. Structural characterization of the nanocomposites

The assembly of MWNTs and GnPs into the 3D composite structures is expected to
occur via electrostatic attractive interactions between the carbon surfaces functionalized
with surfactants of opposite charge. This type of non-covalent functionalization occurs
through the adsorption of the hydrophobic moieties of the surfactant or
polymer/surfactant system at the carbon surface. The hydrophilic groups point towards
the solvent, conferring charge to the nanomaterials. To confirm this charge
functionalization, the zeta potential was measured for the building block dispersions, and
the results are shown in Fig. 2. The graphic also shows the zeta potential for the
GnP@MWNT nanocomposite dispersions, measured after the B-method was applied
and before vacuum filtration, i.e. immediately after sonication of the mixture of MWNT
and GnP dispersions (note that the L-method does not produce composite dispersions).
The zeta potential of the MWNT dispersions show positive values, as expected, since
the nanotubes are coated with cationic surfactant, either TTAB (yielding { = +37 mV) or
the CTAB-PVP mixture ( = +17 mV); conversely, the GnP dispersions are negatively

charged due to the adsorption of anionic surfactant (§ = -54 mV).
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Fig. 2. Zeta potential values of the aqueous dispersions of the 1D (MWNT), 2D (GnP) and final
3D (GnP@MWNT) nanomaterials; uncertainty bars within + 5%.
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The GnP@MWNT nanocomposite obtained using TTAB shows { = +18 mV, a
value intermediate in module compared to the initial building blocks (hence indicating
partial charge cancelling), but positive, suggesting that the exposed surfaces of the
composite particles may be slightly enriched with TTAB or TTAB/MWNT. Significantly,
the other GhP@MWNT based on CTAB-PVP shows virtually null surface charge, hence
suggesting in this case full charge neutralization and the formation of precipitate-like
particles of the composite. These results overall confirm the non-covalent
functionalization via surfactant (or polymer/surfactant) adsorption and indicate that
electrostatic attractions are indeed the driving force for composite assembly.

B-method L-method

MWNT/TTAB
+ GnP/SC

MWNT/PVP-CTAB
+ GnP/SC

Fig. 3. Representative SEM micrographs of cross-section cuts of the built MWNT/GnP
nanocomposites: top, MWNT/TTAB + GnP/SC solid prepared by the bulk (B) method, a1-a2, or
adapted layer-by-layer (L) method, b1-b2; bottom, the MWNT/PVP-CTAB + GnP/SC solid
prepared by the B-, c1-c2, or L-, d1-d2, methods, respectively. The blue and orange arrows point

to specific morphological features described in the main text.

To evaluate the structure of the obtained GnP@MWNT composites and gauge
their level of organization, these materials were characterized by SEM. Representative
micrographs are depicted in Fig. 3, through a cross-section view. At least 3 different
samples of each composite were analyzed, and several sections were scanned to
establish and consolidate the observations. The results show a clear influence of both
the assembly method and the use of polymer in the structure of the resulting composite
materials. Fig. 3a1 and a2 show a random distribution of the MWNTs and GnPs when
surfactants are used as dispersants and the bulk method is employed (B_S/S material).

In contrast, and as might be expected, one observes an organized structure of the layer-
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by-layer composites, L_S/S and L_PS/S (Fig. 3b1 and 3d1, respectively), with visible
layers of nanotubes (blue arrows in Fig. 3b2 and d2) and parallelly stacked graphene
nanoplatelet layers (yellow arrows in Fig. 3b2 and 3d2). Regardless of being built via the
bulk methods, the B_PS/S composite (Fig. 3c1 and c2) also exhibits a parallelly-stacked
structure, clearly contrasting with the aforementioned B_S/S. Therefore, the results show
an evident influence of both the assembly method and the use of polymer in the structure
of the resulting composite materials. From this analysis we can infer that
polymer/surfactant mixtures as functionalizing agents of MWNTs, even at low
concentration, play a relevant role in the fabrication of organized 3D architectures.
Further, the combination of this dispersant composition with a LbL building procedure
gives the most organized composites, with defined and continuous layers of MWNTSs and
parallel GnPs. Regarding the orientation of MWNTs, SEM results suggest that they do
not acquire a preferred orientation between the GnPs. Nevertheless, vertical tubes
between the GnP layers are observed (blue arrows in Fig. 3b2), which is a further
indication of the strong interaction between the two building blocks.

The materials were milled to smaller fragments for Raman and BET analysis, and
redispersed to form an ink for the modification of the electrode in electrocatalytic studies.
The obtained milled powders and ink were characterized by SEM (cf. S.1., section S4)
confirming that these preparations retain a similar structure with respect to the original

composites, with MWNTSs placed between the GnP layers.

— B.S/S

—— B_PS/S
G — L SiS
- D —— L PS/S
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Fig. 4. Raman spectra and respective Ip/ls ratios obtained for the four composites.
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To provide further insight on the structure and defects of the four composites,
Raman spectroscopy was also carried out (Fig. 4). The Raman spectra of carbon
nanomaterials shows three characteristic peaks: i) the D band (~1360 cm™"), assigned to
the breathing modes of the sp? atoms in rings, and related with structural defects and
disorder on the sp? domain; ii) the G band (~1560 cm™), due to the bond stretching of all
pairs of sp? atoms, thus related to the C atoms in the bulk of the graphitic layers and iii)
the 2D band (~ 2700 cm™), due to second order phonons and related to the number of
layers of the carbon nanomaterial.>* % In the case of graphene, the 2D band tends to
disappear when the material has more than five layers.*® From the Ip//s ratio in Raman
spectra, one can obtain information on the defective features of the carbon composites.
The higher the ratio, the more disordered the carbon material.”™ ** B-method materials
show the higher Ip/ls ratios, which reflects the observations of SEM imaging: for the
composite B_S/S, MWNTs and GnPs are randomly distributed, making their defective
edges more exposed. The lower Ip/lc values obtained for the L-method composites
suggest a decrease of the defect density, particularly for the material prepared with
carbon nanotubes non-covalently functionalized with a polymer/surfactant mixture
(L_PS/S). A possible justification for this effect is the increased organization of the
material, as observed by SEM imaging, which masks the defects of the building blocks,
since the edges of GnPs are parallelly stacked and MWNTSs stand between the horizontal
sheets.

BET analysis was performed for a better understanding of the porosity and
surface area of the composites (Fig. 5). The N2 adsorption-desorption isotherms of the

four GhP@MWNT composites belong to type I1,°° characteristic of non-porous or

Fig. 5. N2 adsorption-desorption isotherms at -196 °C, closed symbols represent the desorption

points; inset shows the isotherms between 0 < p/p° < 0.6.
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macroporous materials. The gradual curvature at lower p/p° suggests an overlap of

monolayer coverage and the onset of multilayer adsorption.*®

Table 1. Textural properties of the MWNT/GnP composites, obtained from N2 adsorption-

desorption isotherms at -196 °C.

Composite BET surface area/ m? g
B_S/S 41.1+0.2
B_PS/S 422 +0.2
L_S/S 61.2+0.1
L_PS/S 78.3+0.3

The determined BET surface area (Table 1) is significantly lower for the
composites built by bulk method, indicating a stronger packing of MWNTs and GnPs in
the 3D assembly. The higher BET surface area obtained for L_PS/S composite is
consistent with the imaging results, which shows more organized, detached layers for
this material, and with the Raman results, that indicate lower defect density.

Thus, the combination of SEM, Raman and BET results suggests that the
composites can be qualitatively sorted by structuration degree, as follows: B_S/S <
B_PS/S<L_S/S<L_PS/S.

3.2. ORR electrocatalytic activity of the nanocomposites

Following the building of the 3D nanocomposites, alongside the assessment of the effect
of dispersant and assembly method on their final organization, we proceeded to evaluate
their effectiveness as electrocatalysts for the electrochemical oxygen reduction reaction.
Our goal here was two-fold: (i) to probe the materials performance towards ORR
catalysts as a proof-of-concept; (ii) to gauge the effect of the preparation methods on
this performance. For this, the ORR electrocatalytic activity of the built composites was
evaluated in alkaline medium (0.1 mol dm KOH). The obtained results are shown in
Figs. 6 and 7, and complementary electrochemical data is also provided in Supporting
Information, section S3.

Cyclic voltammograms (CVs) obtained for the four composite-modified electrodes
in N2- and O»- saturated solutions are shown in Fig. 6a (cf. also S.I., section S3, Fig.
S3.1, for the separate voltammograms of starting MWNTs, GnPs and the four
GnP@MWNT composites). The voltammograms show that no electrochemical
processes occur in N2-saturated solution, while all the materials display an irreversible
electrochemical process in Oz-saturated solution, indicative of their electrocatalytic

activity for ORR. As can be seen in Fig. 6a, the composites have cathodic peaks at E =
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0.65 V vs. RHE for L_S/S and at E = 0.71 V vs. RHE for B_S/S and the materials
containing polymer/surfactant mixtures, B_PS/S and L_PS/S.

The electrocatalytic activity of the four composites in ORR can be compared
regarding onset potential, diffusion-limited current density, and number of exchanged
electrons. These parameters can be determined from the linear sweep voltammetry
(LSV) plots.® The linear sweep voltammograms (LSVs) obtained on RDE, at 1600 rpm
in Oz-saturated solution are shown in Fig. 6b. For comparison, the LSVs of 20 wt % Pt/C,
of the non-modified glassy carbon electrode (GCE), and of the starting nanomaterials
(non-covalently functionalized MWNTs and GnPs) are presented. The ORR polarization
curves at several rotation rates for the four composites can be found in S.I., section S3,
Fig. S3.2. Since the surfactant was rinsed in the preparation of the MWNTs for
electrocatalysis, the aggregation state of this material after sonication and centrifugation
is expected to influence its electrocatalytic performance. We also note that preliminary

characterization studies suggest that there is similar debundling degree of nanotubes for
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Fig. 6. a) CVs using RDE in N2-saturated (dashed line) and O2-saturated (full line) 0.1 mol-dm-3
KOH solution at 1600 rpm and 0.005 V s'. b) LSV using RDE in O2 saturated 0.1 mol-dm-3 KOH
solution at 1600 rpm and 0.005 V-s'; ¢) number of electrons transferred at different potential

values, determined through the Koutecky-Levich equation; d) respective ORR Tafel plots.
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the MWNT/TTAB and MWNT/PVP-CTAB dispersions, and hence only one system,
MWNT/S (or MWNT/TTAB), was used for comparison with the composites.

The performance of the four composites lies between that of the starting materials,
GnPs and MWNTs, with the first showing the lowest diffusion current value
JL(032V,1600 rpm) = —2.1 MA - cm~2) and the latter presenting the higher diffusion current
value (jr(032v.1600 rpm) = —4.0 mA - cm™2), only inferior to the value obtained for the
commercial Pt/C (20 wt%) reference (ji(0.32v.1600 rpm) = —5.1 mA - cm™2). Despite the
lower electrocatalytic performance of the composites compared to one of their building
blocks, MWNTs, and with commercial Pt/C (20 wt%), the composites show higher
diffusion current values than the bare GCE (ji,(0.32 v,1600 rpm) = —1.0 mA - cm™2), which

shows the advantage of the GCE modification with these materials. Furthermore, the
electrochemical performance of the nanocomposites is enhanced compared to the
performance of the starting GnPs, revealing the combination with MWNTs as a route
towards optimization of the GnP properties. All composites show similar onset potentials
(Egnset = 0.76 Vvs.RHE) , in line with the values previously reported for doped
graphene/carbon nanotube nanostructures(E, et = 0.8 Vvs.RHE)' and more positive
than the bare GCE (E, st = 0.6 Vvs.RHE).The results provide insight on the effect of
the dispersant and building method on the final electrocatalytic activity of the materials,
offering the route to optimization in future work. Diffusion currents are slightly higher for
composites containing polymer  (ji(0.32v,1600 rpm) = — 2.5 MA - cm~2 for materials
containing only surfactant, B_S/Sand L_S/S, and ji (932 v,1600 rpm) = — 2.8 mA - cm™? for
the composites containing polymer, B_PS/S and L_PS/S). We note here that Chen et al.
reported similar diffusion currents for nitrogen-doped graphene/carbon nanotube
composites.' The structures reported are, nevertheless, doped, requiring additional
preparation steps compared to the methodology used in our work.

The slight difference in the diffusion currents for polymer-containing composites
can be explained by the polymer-surfactant interactions, since neutral polymers
interacting with charged surfactants can effectively act as polyelectrolytes.>” Wang et al.
found that for the polycation PDDA, the quaternary ammonium functional groups along
the backbone have a strong electron-acceptor ability, withdrawing electrons from carbon
atoms in the nanotube surface to induce a net positive charge, hence facilitating the ORR
catalytic activity of the CNTs.58

Similarly, the complex formed by neutral PVP chains with CTAB molecules, which
have quaternary ammonium polar headgroups, can be conceived to behave as a

polyelectrolyte on the MWNTSs surface, increasing the ORR activity of the composites.
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The ORR kinetics of the materials were evaluated by the Koutecky-Levich (K-L)
plots at various potential values, using the LSVs obtained at different rotation rates (cf
S.1., section S3, Figs. S3.2 and S3.3).

The increase of limiting current density with rotation rate for all materials reveals
that the electron transfer reaction is limited by diffusion. The K-L plots of the four
nanocomposites exhibit a linear relationship between j' and w2, suggesting a first-order
electrocatalytic O, reduction reaction with respect to the concentration of dissolved O..

Furthermore, almost parallel straight lines and, consequently, similar slopes over the
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Fig. 7. a) LSV using RRDE in O2 saturated 0.1 mol-dm-3 KOH solution at 1600 rpm and 0.005 V-s-1; b)
Estimated percentage of H202 formed; c) chronoamperometric responses of the materials at E = 0.51 V
vs RHE, in O2 saturated 0.1 mol-dm-3 KOH solution at 1600 rpm for 20000 s.
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potential range analyzed were obtained, which suggests an independence of the
transferred electron number, n, over 0.32 and 1.05 V vs. RHE.

To gain insight on the ORR mechanism of the built electrocatalysts, the number

of electrons was determined for several potentials (Fig. 6c), through the K-L plots.
MWNTs show a strong dependence of no2 with potential, increasing from no, = 2.5 at
more positive potentials to no2 = 3.6 electrons as the potential becomes less positive,
suggesting no selectivity for either the 2- or 4-electron process. This dependence,
although existent and typical of carbon nanomaterials, is less prominent in the
composites, which show an almost constant no, through the potential range analyzed.
An average noz of 2.3 for B_S/S and L_S/S, Fo2 = 2.5 for B_PS/S and o2 = 2.6 for
L_PS/S, were obtained indicating a higher selectivity of the composites for the 2-electron
process (indirect reduction through peroxide pathway).
The diffusion-corrected Tafel plots for the nanocomposites and the building blocks (Fig.
6d) were obtained from the LSV curves (Fig. 6b). In the low current density region,
ranging from E = 0.84 to 0.70 V vs. RHE, the lowest Tafel slope of 38 mV dec’ was
obtained for MWNTs. The four composites show similar slopes, ranging from
46 mV dec” (for L_PS/S) to 51 mV dec™ (for B_S/S), which indicates a similar ORR
mechanism for the built nanocomposites.>® &

To validate an apparent selectivity of the nanocomposites for the 2-electron
process, and to evaluate their possible application in the electrocatalytic production of
hydrogen peroxide, LSV studies in the bipotentiostatic mode using a RRDE electrode
were performed. Fig. 7a shows the LSVs obtained at the electrode disk and ring.
Considering the potential of 0.40 V vs. RHE, at which the reaction occurs at full extension,
Fig. 7b shows that all composites produce higher percentages of H.O- than the starting
materials, exhibiting higher selectivity and higher applicability for this process. At the
defined potential, the determined %H>O- produced reaches 99% for B_S/S, 97% for
L_S/S, 95% for L_PS/S and 92 % for B_PS/S. For the building blocks, however, the
values are significantly lower: 82% for MWNT/S and 86% for GnP/S. The results suggest
that similar %H-0- is attained for the same material composition, independently of the
building method. As expected, this feature relates with the fio, determined through the
K-L plots, slightly higher for the materials built using the polymer/surfactant mixture as
the MWNT dispersant. At less positive potential values, among the composites, B_S/S
still shows the highest %H202 (95 %) while B_PS/S shows the lowest (87 %), However,
the LbL materials exhibit similar performances for H,O» production at 0.32 V vs. RHE
(92%). The values obtained for MWNT show a dependency of process selectivity with

the potential, with a %H-0, decreasing from 90 % to approximately 65 %.
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We further evaluated the electrochemical stability of the GnP@MWNT
composites using chronoamperometry, in Oz-saturated 0.1 mol dm=KOH solution during
20 000 s (Fig. 7c). The chronoamperogram shows a higher current decay for the L-
method nanocomposites, suggesting that the materials produced via the B-method have
higher stability. This is consistent with the BET results presented above: the B-method
composites possess lower specific surface area, which can be due to a higher packing
density, a consequence of the more abundant contact sites between MWNTs and GnPs
due to a lower degree of organization. Finally, we note that the composite B_S/S, which
exhibits higher selectivity for the production of H2O- and higher stability, has the potential
to be further studied for electro-Fenton process,®' to expand its range of applicability.

The reported electrocatalysts were built using a facile and time-saving
methodology, that uses electrostatic attraction between non-covalently funcionalized
surfaces. Additionally, the use of mild temperatures and water as dispersion medium
facilitates further scale-up processes. This methodology differs from reported procedures
that typically use high temperatures, organic solvents, covalently functionalized
nanomaterials (CNTs, graphene, or both) or add a graphene reduction step to the
procedure, when graphene oxide is used as a building block.' 16-19.32.45 Previous studies
published by our group also show that the choice of surfactant plays a determinant role
in the dispersibility of carbon nanotubes.?% 3 Thus, through proper selection of dispersant
(surfactant or polymer/surfactant mixture), the versatility of the procedure allows to

extend its applicability to other families of nanomaterials.

4. Conclusions

Multiwalled carbon nanotubes and graphene nanoplatelets were employed to form
nanocomposites resorting to two simple, cost-effective and mild procedures, taking
advantage of electrostatic interactions between previous non-covalent functionalization
of the carbon surfaces. The influence of the fabrication method and choice of dispersant
(surfactant vs. polymer/surfactant mixture) on the final structuration and electrocatalytic
performance of the material was evaluated. Characterization by SEM imaging, Raman
spectroscopy and BET analysis overall indicate a higher MWNT/GnP organization in the

composites built via adapted layer-by-layer (L) methods (namely MWNT layers placed

between parallelly packed GnP layers) than in the structures built via the bulk (B) method.

This organization increases when MWNTs are functionalized by a polymer/surfactant
mixture, PVP-CTAB.
The electrocatalytic activity towards ORR was evaluated for the four composites.

The choice of the dispersant has a stronger influence than the building procedure in
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almost all the ORR parameters, with composites containing polymer presenting higher
diffusion current values, and the materials containing only surfactant possessing a
marked selectivity for the oxygen reduction via a 2-electron pathway. This selectivity was
evaluated through RRDE, confirming that high amounts of H>O. are produced.
Chronoamperometry studies indicate higher stability for the materials built via B-method,
which may be attributed to the stronger MWNT/GnP packing of these materials, as
determined by the lower BET surface area.

This work contributes to the understanding of the parameters that influence the
hierarchical organization of 3D structures using simple 1D and 2D blocks, while
establishing a facile and versatile procedure for their fabrication. When tested for proof-
of-concept functionality with respect to ORR, the produced materials exhibit selectivity
towards the 2-electron pathway, with the electrochemical production of hydrogen
peroxide. We envisage future development and optimization towards both direct and
indirect pathways of oxygen reduction, and related applications, using the general

assembly strategies presented in this work.
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S1. Dispersion of MWNT with polymer/surfactant mixture PVP/CTAB
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Fig. S1. Dispersibility curves for MWNT using polymer PVP, surfactant CTAB and a mixture of

Cdispersant

PVP/CTAB. The polymer/surfactant mixture is more effective in dispersing MWNT than the

polymer and surfactant per se.
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S2. Dispersion of GnP with surfactant SC and SEM characterization
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Fig. S2.1. Dispersibility curves for GNP using surfactant sodium cholate.

Fig. $2.2. Representative micrographs of GnP dispersions without centrifugation (left) and after

centrifugation (right).
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S3. Supplementary electrochemical information and data

The electrochemical measurements were carried out using an Autolab PGSTAT 302N
potentiostat/galvanostat (EcoChimie B.V.), controlled by NOVA 2.0 software.

The electrode polishing/cleaning procedure (cf. S.I., S3, for further details) was
performed using diamond pastes of 6, 3 and 1 um (MetaDi Il, Buehler) and aluminum
oxide of particle size 0.3 ym (Buehler), on a microcloth polishing pad (BAS Bioanalytical

Systems Inc.).

S$3.1 LSV data analysis
LSV data was analyzed through Koutecky-Levich (K-L) equation (S1). The number of

electrons transferred per O, molecule (n,) in the ORR process was calculated from the

slopes of the K-L plot " 2:

11,1 41 (S1)

j L Jk Bz ji

where j is the experimentally measured current density, j;, is the diffusion-limiting current
density, ji is the kinetic current density and w is the angular velocity; B is related to the

diffusion limiting current density expressed by the Equation (S2):
B = 0.2no,F(Do,)*3v~*4C, (S2)

where F is the Faraday constant (96 485 C mol™"), Co,is the bulk concentration of O
(1.15%10° mol dm= in 0.1 mol dm KOH), v is the kinematic viscosity of the electrolyte
(0.008977 cm? s for 0.1 mol dm?® KOH) and Do, is the diffusion coefficient of O
(1.95%x10° cm? s'in 0.1 mol dm= KOH). The constant 0.2 was adopted, once the rotating
speed is in rpm.® The Tafel plots (Exyg vs.logiy) for oxygen reduction kinetics were
obtained after the measured currents in LSV were corrected for diffusion to give the
kinetic currents. The mass transport correction was made using the diffusion-limiting

current density j;, calculated by combination of equations (S1) and (S2).4
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S$3.2 Calculation of hydrogen peroxide percentage

The hydrogen peroxide percentage (%H-0.) was calculated based on Eq. (S3) °:

9%H,0, = 200 x —=/*_ (S3)

ip+ir/N

where i, and ig are the disk and ring currents, respectively, and N is the current

collection efficiency of the Pt ring (calculated as N = 0.25). ©

S3.3 Conversion of E values vs. RHE

The E values determined vs. Ag/AgCl were converted to the reversible hydrogen

electrode (RHE) scale according to the Nernst equation:

Erug = Eng/agct + 0.059pH + Epg/agcy (S4)

where Eryg is the converted potential vs. RHE, E;g/AgCl =0.1976 at 25 °C and Exg/agc1 is
the experimentally measured potential against Ag/AgCl reference.’
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S$3.4 Complementary electrochemical data
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Fig. 83.1. CVs of the (a) MWNT/S, (b) GnPs/S, (c) B_S/S (d) L_S/S, (e) B_PS/S and (f) L_PS/S
electrocatalysts in 0.1 mol dm-3 KOH N2- and O2-saturated solutions at 0.005 V s-'.
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S4. SEM imaging of milled powders and inks for electrode modification

milled powder ink for electrode modification

A

B_PS/S

Fig. S4 Representative micrographs of two composites, B_PS/S (up) and L_PS/S (down) built using the
two different procedures, after milling (left) and ink preparation for the electrode modification (centre and
right), as described in the experimental section. Blue arrows point the MWNT domains, yellow arrows
indicate the GnP.
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Abstract: Fuel cells are emerging devices as clean and renewable energy sources, provided their
efficiency is increased. In this work, we prepared nanocomposites based on multiwalled carbon
nanotubes (MWNTs) and transition metal dichalcogenides (TMDs), namely WS, and MoS,, and eval-
uated their performance as electrocatalysts for the oxygen evolution reaction (OER) and the oxygen
reduction reaction (ORR), relevant to fuel cells. The one- and two-dimensional (1D and 2D) building
blocks were initially exfoliated and non-covalently functionalized by surfactants of opposite charge
in aqueous media (tetradecyltrimethylammonium bromide, TTAB, for the nanotubes and sodium
cholate, SC, for the dichalcogenides), and thereafter, the three-dimensional (3D) MoS,@MWNT and
WS,@MWNT composites were assembled via surfactant-mediated electrostatic interactions. The
nanocomposites were characterized by scanning electron microscopy (SEM) and structural differences
were found. WS, @MWNT and MoS;@MWNT show moderate ORR performance with potential
onsets of 0.71 and 0.73 V vs. RHE respectively, and diffusion-limiting current densities of —1.87
and —2.74 mA-cm ™2, respectively. Both materials present, however, better tolerance to methanol
crossover when compared to Pt/C and good stability. Regarding OER performance, MoS,@MWNT
exhibits promising results, with 7719 and jmax of 0.55 V and 17.96 mA-cm~2, respectively. The fab-
rication method presented here is cost-effective, robust and versatile, opening the doors for the
optimization of electrocatalysts’ performance.

Keywords: nanocomposites; transition metal dichalcogenides; carbon nanotubes; surfactants; non-

covalent functionalization; electrocatalysis; oxygen reactions

1. Introduction

Long-lasting and clean energies are vital to the development of future energetic
sustainability. The search for electrocatalyst-mediated energy conversion processes has
delivered some technologies that, when coupled with renewable energies, are able to
convert molecules present in the atmosphere (water, nitrogen or carbon dioxide) in added-
value products (hydrogen, hydrocarbons and ammonia). Such processes can be found in
many energy storage and conversion devices like metal-air batteries and fuel cells [1-3].

The charge and discharge processes of fuel cells and metal-air batteries are dominated
by the oxygen-based reactions, oxygen evolution reaction (OER) and oxygen reduction
reaction (ORR), respectively. However, the kinetics of these reactions are slow, making them
difficult to trigger. Therefore, electrocatalysts are pivotal to increase the rate, efficiency and
selectivity of these chemical reactions [1,3,4]. High-performance electrocatalysts should
also feature high stability /durability and ORR electrocatalysts resistance to methanol (in
direct methanol fuel cells) crossover, something that the current noble metal electrocatalysts
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do not provide. In addition, due to their scarcity and high price, noble metal catalysts
are economically unviable, which promotes the search for more stable and cost-effective
alternatives [3-5]. Ideally, in reversible fuel cells, electrocatalysts should be bifunctional for
ORR and OER and equally high performing. In practice, platinum-based electrocatalysts
are deemed the best for ORR, but not sufficiently effective for OER (Pt oxidizes easily at
large overpotentials). Likewise, the state-of-the-art OER electrocatalysts (RuO; and IrO5)
are less effective for ORR [2,3].

In this context, carbon-based nanomaterials emerged as potential alternatives to
Pt-based electrocatalysts, and, therefore, have been increasingly investigated. Carbon
quantum-dots (CQDs) [6,7], N-doped carbon nanotubes [8,9] and N-doped graphene [10,11]
have been reported to have good electrocatalytic behavior towards ORR. Graphene quan-
tum dots, either heteroatom-doped [12] or decorated with non-Pt metals [13,14], have also
been described as good ORR electrocatalysts. Many other materials have also exhibited
good electrocatalytic behavior toward oxygen reactions, among them polyoxometalates
(POMs) [4], perovskites [15], organometallics [16] and spinel family [17] compounds. With
respect to transition metal dichalcogenides (TMDs), they have been extensively reported
as promising hydrogen evolution reaction (HER) electrocatalysts [18-20], and their poten-
tial as single materials for oxygen reactions has also been investigated [21-23]. Recently,
Pumera et al. have studied the ORR electrocatalytic properties of undoped MoS; and WS,
and Ti-, V-, Mn- and Fe-doped layered WS, and MoS, [24], demonstrating that not all
doping is beneficial. As concerning the use of WS, or MoS, sheets as building blocks of
nanocomposite catalysts for ORR, there are only a few reports in the literature [25-27].

A promising route for the development and optimization of electrocatalysts is the
combination of basic building blocks into new structures, such as one/two-dimensional
(1D/2D) composites. In particular, the combination of carbon nanotubes and graphene has
been largely studied and was found to result in enhanced properties [28-31]. Nonetheless,
the replacement of graphene with 2D analogues, e.g., TMDs, in such hierarchical structures
could unveil improved features [32]. In fact, graphene analogues possess remarkable
electronic properties that are tunable according to the number of stacked layers (e.g.,
bulk 2H-MoS; shows an indirect band gap, but a direct band gap when exfoliated into
monolayers) [33-35]. Such properties vary relatively weakly with the number of layers as
compared to graphene, a material that in contrast requires full exfoliation to monolayers in
order to unfold its maximum potential [36].

Some studies regarding the building of CNT/TMD hybrids and their application
as electrocatalysts for energy conversion reactions have been reported, mostly dealing
with HER [37-41]. Huang et al. fabricated a composite of multiwalled carbon nanotubes
(MWNTs) and MoS, using solvothermal synthesis, with the coupling between covalently
functionalized nanotubes and MoS; leading to remarkable performance towards HER [37].
A similar type of electrocatalyst was developed by Ahn et al., who applied layer-by-layer
assembly to fabricate a MWNT/MoS, thin film, finding the catalytic performance to
be dependent on the 1D/2D bilayer number and hence demonstrating the importance
of composite architecture for electrocatalytic activity [38]. Notwithstanding their proven
applicability for HER, CNT/TMD structures have remained scantly investigated for oxygen
reactions, despite revealing potential benefits [42,43]. Recently, Lee et al. found a significant
synergistic effect for ORR electrocatalysis from the combination, via hydrothermal method,
of functionalized MWNTs and MoS; into a three-dimensional (3D) architecture [42]. In
the work of Tiwari et al., WS, and CNTs were interconnected via chemical bonding by the
formation of tungsten carbide bonding [43]. These authors showed that WS; sheets on
CNT surfaces provide active sites for electrocatalytic activity, while CNTs offer conducting
channels and a large surface area, resulting in a bifunctional electrocatalyst for both ORR
and OER, with performance comparable to state-of-the-art catalysts (e.g., Pt, RuO,).

In this work, we report the assembly of nanocomposites combining MWNTs and
two TMDs, WS; and MoS;, and the performance of the obtained WS,@MWNT and
MoS,@MWNT materials as ORR and OER electrocatalysts. The individual building blocks
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were prepared using surfactants as dispersants and a strictly controlled dispersal procedure
in aqueous media [44-47]. A schematic representation of the process, and its underlying ra-
tionale, is shown in Figure 1A-C. As depicted in Figure 1A, the entangled MWNT powder
are first exfoliated (by tip sonication) and dispersed using a cationic surfactant (tetrade-
cyltrimethylammonium bromide, TTAB), while the aggregated TMD powder is similarly
separated and dispersed using an anionic surfactant (sodium cholate, SC). The surfactants
adhere onto the surface of materials essentially by hydrophobic interactions through their
hydrocarbon tails, leaving the charged headgroups exposed to the aqueous environment.
The obtained dispersions, as shown in Figure 1B, thus consist of positively charged indi-
vidual MWNTs (or thin bundles thereof), on one side, and negatively charged particles of
metal dichalcogenides, on the other side. Both types of surfactant-coated particles possess
their electrical double layers and some values of positive and negative zeta potential, re-
spectively. In Figure 1C, mixing of the functionalized blocks in specific proportions leads to
the assembly of the composites via electrostatic attractions mediated by the surfactants. In a
simplified view, Figure 1C shows two limiting (or idealized) configurations of the resulting
materials: in the topmost sketch, the MWNTs are orthogonally placed with respect to the
TMD layers (basal planes), and alternate 1D /2D layers are formed; in the bottom one, the
MWNT lie horizontally over the TMD basal planes, forming more tightly bound alternate
layers. In reality, it is likely that assorted intermediate configurations will form, such as
those having randomly tilted MWNTs or mixed orthogonal /parallel/tilted MWNT layers.

MWNTs
A e p o B)
& e o’m A
surfactant TTAB
Br
TMDs (WS, or MoS;)

3D nanocomposite
& 4 TMD@MWNT

' gy g%
surfactant SC » e
H O\ ,0 wg‘
o //\/(o.
HO' OH

Figure 1. Schematic representation of the assembly process of nanocomposites of multiwalled carbon
nanotubes (MWNTs) and transition metal dichalcogenides (TMDs), TMD@MWNT: (A) exfoliation
and dispersal of the 1D and 2D blocks by cationic surfactant tetradecyltrimethylammonium bromide
(TTAB) and anionic surfactant sodium cholate (SC), respectively, (B) formation of aqueous dispersions
of the charged surfactant-coated particles, and (C) assembly of the TMD@MWNT composites via
electrostatic attractions, with two possible extremes configurations shown (top, orthogonal layers,

and bottom, parallel layers).

A relevant aspect of this work in relation to the above-mentioned literature is the
building of 3D structures resorting to a facile, cost-effective and mild experimental method
in aqueous solution via non-covalent functionalization. This methodology aims at fabricat-
ing reproducible nanocomposites under controlled and optimizable conditions. After their
formation, the designed materials were structurally characterized using SEM and their
individual performance as ORR and OER electrocatalysts was assessed. For this, we used
both cyclic (CV) and linear sweep voltammetry (LSV) as well as chronoamperometry for
the stability and methanol crossover studies. We also present some possible explanations
for the relation between the morphological structure and the electrocatalytic behavior of
the developed nanocomposites.
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2. Materials and Methods
2.1. Materials and Characterization Methods

Multiwalled carbon nanotubes, produced by catalytic chemical vapor deposition and
with purity > 95%, were purchased from Cheap Tubes Inc. (Grafton, MA, USA), having
outer diameter d = 8-15 nm and length L = 10-50 pm. Transmission electron microscopy
(TEM) imaging of the as-purchased MWNTs confirmed the absence of metal catalyst im-
purities; see Supplementary Material, Figure S1.1. Furthermore, SEM imaging of the
dispersed MWNTs (described in detail below) further confirmed the supplied dimensions
and absence of impurities (Figure 2A, and Figure 51.2). WS;, MoS,, tetradecyltrimethylam-
monium bromide (TTAB) and sodium cholate hydrate (SC), all with purity > 99%, were
acquired from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification.
Reagents used for the preparation and performance testing of the electrocatalysts, namely
potassium hydroxide (KOH, Riedel-de-Héen, Seelze, Germany), 2-propanol (99.5%, Sigma-
Aldrich), Nafion (5 wt% solution in lower aliphatic alcohols and water, Sigma-Aldrich)
methanol and 20 wt% Pt/C (HiSPEC® 3000, Alfa Aesar, Haverhill, MA, USA) were used as
received. Ultra-pure Milli-Q® (Merck KGaA, Darmstad, Germany) water, with resistivity
18.2 MQ) cm at 25 °C, was used in the preparation of all solutions.

Characterization of the individual surfactant-assisted dispersions of the building
blocks, MWNTs and TMDs, was performed by SEM to show the good degree of exfoliation
of the materials (Figure 2A,B, and Supplementary Figures S1.2 and 51.3). A FEI Quanta
400FE SEM microscope (Hillsboro, OR, USA) at Centro de Materiais da Universidade do
Porto (CEMUP), was used, operating with an electron beam of 25 kV, at different magnifica-
tions and secondary electron (SE) mode. Detailed SEM studies were also carried out for the
fabricated nanocomposites (Figure 2C1-D2). For imaging of the MWNT and TMD disper-
sions, the samples were prepared by drop casting 10 uL of each dispersion on a pre-heated
silicon wafer (>100 °C, assuring fast solvent evaporation). The fabricated nanocomposite
films were fractured in liquid nitrogen, allowing a clean fracture, and the samples were
analyzed in a cross-section view for a better visualization of the nanocomposite structure.

2.2. Assembly of the Nanocomposite Materials

The assembly process started with the preparation of two dispersions, by surfactant-
assisted liquid phase exfoliation, using a previously reported procedure [46]. Briefly,
60 mg of the nanomaterial powder (MWNTs or TMDs) were added to 20 mL of a surfactant
aqueous solution (resulting in a 3 mg-mL ! initial loading of the dispersion). The surfactant
concentrations used were 5 mmol-kg~! TTAB for MWNTs and 10 mmol-kg~! SC for
TMDs. These values of surfactants concentrations were chosen to ensure that maximum
dispersibility of each nanomaterial was attained, according to our previous studies with
MWNTs [44-46] and to recent data on dispersibility of the two TMDs using SC (see
Supplementary Figure S1.4a).

Both mixtures were then tip-sonicated, using a Sonics VC 505 with a freshly pol-
ished 13 mm tip (500 W, 20 kHz). The vibration amplitude and sonication time were
set to 60% and 5 min for MWNTs, and 50% and 23 min for TMDs, as previously opti-
mized [44-46]. The total energy transferred per unit mass was 0.20 k]-mg_1 for MWNTs
and 0.84 k]-mg ! for TMDs. An external bath was used to stabilize the temperature of the
dispersions. Following sonication, the MWNT dispersions were centrifuged (Centurion
Scientific K241R, equipped with a BRK5324 rotor) for 20 min at 4000x g, in order to remove
impurities (including any residual metal catalyst particles) and large undispersed MWNT
agglomerates [46,48-50], and the supernatant was collected to build the composites. In
the case of the TMD dispersions, it was observed by SEM that the centrifugation step
led to a significant reduction of the size of the 2D particles in suspension (mean lateral
dimension, MLD < 0.3 pm), and since large sheets (typically, MLD > 1 pm) were needed
to build a well-structured composite, this experimental step was eliminated to build the
films (see Supplementary Figure S1.3). Therefore, the final concentration of dispersed TMD
nanomaterial corresponds to its initial loading on the samples (since no material is lost to
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centrifugation). A nominal TMD/MWNT mass ratio of ~3:1 was used to build the compos-
ites; as concerning the negative-to-positive charge ratio (due to the adsorbed surfactants),
it is also roughly 3:1 (taking into account that a fraction of the cationic surfactant TTAB
in the MWNTs is lost to the sediment due to centrifugation [44]). Overall, this implies
net excess of negative charge (owing to the SC-coated TMDs) in the preparation of the
nanocomposites, and so the underlying assumption is that basically all the TTAB-coated
MWNTs assemble into the composite material.

The individual as-obtained dispersions of the MWNTs and TMDs were then mixed
and sonicated together to form the nanocomposites, using the same value of energy per
mass used for the MWNTs (0.20 k]-mgfl), to avoid fracture of the nanotubes at higher
energy density. After this procedure, the composite samples were vacuum-filtered, rinsed
with ethanol and dried overnight.

2.3. Evaluation of the Electrocatalytic Activities

A potentiostat/galvanostat PGSTAT 302N (Metrohm Autolab B.V., Utrecht, The Nether-
lands), controlled by Nova v2.1 software, was used to carry out all electrochemical studies.
A conventional three-electrode cell setup was used: a glassy carbon rotating disk elec-
trode (RDE, diameter of 3 mm, Metrohm) as working electrode, a Ag/AgCl (Metrohm,
3 mol-dm—3 KCl(aq)) as reference electrode and a carbon rod (Metrohm, diameter of 2 mm)
for ORR or a platinum wire (Goodfellow, diameter of 0.6 mm, I = 0.5 m, >99.99%) for OER
as the counter electrode. All studies were performed at room temperature.

The RDE was conditioned with a polishing process using diamond pastes (Buehler,
MetaDI II, Lake Bluff, IL, USA) with particle sizes of 6, 3 and 1 um, before being modified
with the samples. Electrode modification consists of dropping two 2.5 uL droplets of a
dispersion containing the materials onto the glassy carbon surface of the RDE, and letting it
dry under a constant flux of hot air. The dispersions used to modify the RDE were prepared
by mixing the selected nanomaterial (1 mg) with 125 uL of 2-propanol, 125 uL of ultrapure
water and 20 pL of Nafion® 117, followed by a 15 min bath ultrasonication (Fisherbrand
FB11201, Hampton, VA, USA).

2.4. ORR Performance

All ORR studies used KOH aqueous solution (0.1 mol-dm~3, 100 mL) saturated with
oxygen or nitrogen gas as the electrolyte. To ensure proper gas saturation of the solution,
an initial degassing process was done for at least 30 min prior to the study. N»-saturated
studies served as a blank for the O,-saturated ones, and, thus, the current obtained in the
former was subtracted from that in the latter. Electrocatalytic performance of the materials
toward ORR was studied by cyclic voltammetry (CV) and linear sweep voltammetry (LSV).
The scan rate for both was 5 mV-s~!, and the rotation speed for LSV was 400, 800, 1200,
1600, 2000 and 3000 rpm.

The Eonset vs. Ag/AgCl values were converted to Eonset vs. RHE (reversible hydrogen
electrode), using Equation (1):

ErtE = Eag/agc1 +0.059 pH + E3/ aecy )

where Egrpg is potential vs. RHE, Exg/agc is potential vs. Ag/AgCland E°pg/agc1 = 0.1976 V
(at 25.0 °C).

The onset potential, defined as the potential at which the reduction of oxygen starts,
can be determined by different methods [3,51] and is generally assumed as the potential at
which the ORR current is 5% of the diffusion-limiting current density. Alternatively, it can
be calculated as the potential at which the slope of the voltammogram exceeds a threshold
value (j = 0.1 mA cm_z) [3,51,52]. Here, we considered both methods.
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To determine the number of electrons being transferred per O, molecule (1op) with
LSV data, the Koutecky-Levich (K-L) Equation (2) was used:

1 1 1 1 1
ks (2)

i Lk B2

where j is the measured current density, and j;, and ji are the diffusion-limiting current
density and the kinetic current density, respectively. The angular velocity is represented by
w and B is related to the diffusion-limiting current density, as shown in Equation (3):

B =02ng, F (Do,)*"? v=1/¢ Co, )

where F = 96,485 C-mol !, Do, is the O, diffusion coefficient (1.95 x 102 cm?-s7! for this
electrolyte), v is the electrolyte kinematic viscosity (8.977 x 1072 cm?-s~!) and Co, is the
bulk concentration of O, (1.15 x 1072 mol-dm~3 in this electrolyte). A constant of 0.2 was
used, since the rotation speeds are given in rpm.

Methanol resistance was carried out by chronoamperometry in O,-saturated KOH for
2500 s, at a fixed potential of E = —0.55 V vs. Ag/AgCl and speed rotation or 1600 rpm,
where, at 500 s, 2 mL of methanol was added to the electrolyte. Stability tests were
conducted by chronoamperometry in O,-saturated KOH for 20,000 s, at E = —0.55 V vs.
Ag/AgCl and 1600 rpm.

2.5. OER Performance

OER studies were carried out with an aqueous solution of KOH (0.1 mol-dm~3,
100 mL) degassed with oxygen gas. These studies involved acquiring LSV polarization
curves from 1.0 to 1.8 V vs. RHE, at a scan rate of 5 mV-s~! and a speed rotation of
1600 rpm. The ir-compensation (90% of uncompensated resistances, Ry) was applied to all
LSV tests where the Ry values were estimated from i-interrupt tests.

3. Results and Discussion
3.1. Structural Characterization of the Materials by SEM

The morphological features of the 1D and 2D building blocks were characterized by
microscopy methods in the bulk pristine state, and after the surfactant-assisted exfolia-
tion and dispersal process (see Supplementary Figures 51.1-1.3), in the light of previous
works [44,53]. Representative SEM micrographs of the dispersed MWNTs and TMDs are
shown in Figure 2A,B, respectively. Figure 2A shows that after the sonication-centrifugation
preparation method, the MWNTs are well-dispersed and individualized in aqueous dis-
persion by the cationic surfactant TTAB, from the initial bundled agglomerates. Most of
the tubes appear isolated (widths of less than 20 nm, consistent with the nominal width
provided by the supplier, 8-15 nm) and curvilinear in shape, with lengths of few tenths
of nm up to about 2 um. In Figure 2B, it can be observed that the negatively charged SC-
dispersed MoS, particles (sonicated but not centrifuged, as mentioned in Section 2.2), have
mean lateral dimensions mostly in the range of 0.5-2 um (similar results were obtained
for WS,, processed under exactly the same conditions). Following characterization of the
individual building blocks, the prepared WS;@MWNT and MoS,@MWNT composites
were also characterized by SEM, as illustrated in Figure 2C1-D2. For both materials, the
images suggest that the 1D and 2D blocks interact, forming tightly bound and mixed
composites, as could be expected from the fact that the blocks are coated by surfactants
of opposite charge, and hence strong electrostatic interactions in solution are at play (see
also Supplementary Figure S1.4b). It is worth mentioning that nanocomposites based on a
similar approach, using ionic surfactants and electrostatic interactions as an assembly driv-
ing force, have been previously reported [38,54]. Some differences can be seen, however,
between the WS,@MWNT and the MoS,@MWNT materials. Figure 2C1 shows that the
WS,@MWNT composite is mostly characterized by regions of entangled MWNTs (blue
arrows), and embedded and coated WS; 2D particles (orange arrows). Figure 2C2, at
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higher magnification, reveals further details: some of the TMD particles seem to be deeply
embedded in dense networks of MWNTs, with both the basal planes and edges of particles
covered by the tubes (as indicated by the dashed ovals).

Figure 2. Scanning electron microscopy (SEM) micrographs of the nanocomposite films: (A) well-
dispersed MWNTSs using surfactant TTAB, with arrows showing typical tube widths (<20 nm). (B) MoS;
particles dispersed by surfactant SC, with the calculation of a typical mean lateral dimension (MLD)
illustrated. (C1,C2), WS,@MWNT composites, (D1,D2), MoS,@MWNT composites. The arrows and
dashed ovals in C1-D2 highlight particular features described in detail in the text.

In contrast, Figure 2D1 and 2D2 show that the MoS,@MWNT composite seems to be
mostly composed of the 2D particles alternating with horizontally placed MWNTs (dashed
ovals), presumably resulting in more compact, stacked layers of the 1D and 2D blocks
than the previous material. Figure 2D2, in particular, shows that the nanotubes are lying
essentially on the basal planes of the particles (red arrows), with a relatively even separation
between them, presumably leaving the TMD edges more exposed to the medium (violet
arrows). Whether or not these differences in morphological features between the obtained
composites will reflect on their electrocatalytic behavior remained to be seen and was
subject to investigation in the next section.

3.2. ORR Activity of the Composite Materials

The ORR electrocatalytic performances of pristine WS;, WS, /SC, MWNT/TTAB,
WS2@MWNT, pristine MoS;, MoS;,/SC, centrifuged MoS,/SC (MoS;/SC w/CF) and
MoS,@MWNT were initially evaluated by cyclic voltammetry, in N»- and O;-saturated
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0.1 mol-dm~3 KOH solution. The results are provided in Supplementary Figure S2.1. In
the Nj-saturated electrolyte solution, none of the studied materials show electrochemical
processes in the potential window studied. In contrast, in the O,-saturated electrolyte, an
ORR peak can be distinguished for all the materials. This peak occurs at Epc = 0.58, 0.50,
0.52, 0.58, 0.54, 0.55, 0.55 and 0.72 V vs. RHE for MWNT/TTAB, WS; pristine, WS,/SC,
WS,@MWNT, MoS, pristine, MoS; /SC w/CF, MoS, /SC and MoS,@MWNT, respectively.
This confirms the electrocatalytic activity of the materials toward ORR.

Figure 3A shows the CVs in Oz-saturated KOH for WS,@MWNT, MoS;@MWNT and
the benchmark electrocatalyst Pt/C. It can be seen that the obtained results for the nanocom-
posites are still somewhat inferior compared to that obtained for Pt/C (Epc = 0.86 V). Still,
there are differences between the composites, with MoS,@MWNT showing better perfor-
mance than WS,@MWNT.

0.5 0
A) —— WS,@MWNT B) _
MoS,@MWNT -1
Q —PtC Q
50 5 2]
< <
g E -3
el = ——WS,@MWNT
—0.5; —44 ——MoS,@MWNT
—PUC
0.5 1.0 1.5 0.3 0.6 0.9 1.
E/V vs. RHE E/V vs. RHE
o 4 - " " " " v D) 44 2 WS,@MWNT
u a MoS,@MWNT
3 (] i L 1.0 o PYC
[] I
- L . s = " - 4 89 mV/dec
QO 5) g 0.9
> o, 49 MV/dec
1] = ws,@mwnT 208 g .
= MoS,@MWNT w
" . PUC 0.74 74 mV/dec
0.25 0.30 0.35 0.40 0.45 — 0 1 2
E/V vs. RHE log | jx / mA-cm? -mg” |

Figure 3. Electrochemical studies on WS2@MWNT, MoS2@MWNT and Pt/C. (A) Cyclic voltammo-
grams (CVs) (Oz-saturated 0.1 mol-dm—3 KOH, v = 0.005 V-s~1), (B) Linear sweep voltammograms
(LSVs) at 1600 rpm (O,-saturated 0.1 mol-dm 3 KOH, v = 0.005 V-s~1), (C) noy, at different potentials,
(D) Tafel plots.

To unfold the kinetics of the ORR process at the prepared materials, LSV studies
were carried out in a N»- and Os-saturated electrolyte solution (0.1 mol-dm 3 KOH), at
different rotation speeds. The LSVs at 1600 rpm for WS,@MWNT and MoS;@MWNT are
presented in Figure 3B. From the LSV curves, onset potential (Eonset), current densities
(jr) and the number of electrons transferred per O, molecule (1o;) were obtained and are
represented in Table 1. The values obtained for MoS;@MWNT (Eonset = 0.73 V vs. RHE and
jL=—274 mA-cm~2) are comparable to those obtained for WS,@MWNT (Eonset = 0.71 V
vs. RHE and jp = —1.87 mA-cm~2), however, both are still far from those obtained for the
Pt/C electrocatalyst (Eonset = 0.91 V vs. RHE and ji, = —4.67 mA-cm~2). The differences
observed in the Eqnset values are not significant and fall within the experimental uncertainty
(<3%).The slightly better performance of MoS,@MWNT in terms of ji, values (uncertainty
in ji, < 7%) may be related to the fact that, in this nanocomposite, the TMD edges are more
exposed to the medium, as observed by SEM.

The number of electrons transferred per O, molecule was estimated through Equa-
tions (2) and (3). Figure 3C shows the 1oy values at different potentials for WS;@MWNT,
MoS;@MWNT and Pt/C, while the results for the other materials can be found in the
Supplementary Material, Figures 52.2 and S2.3c. WS,@MWNT shows a 110, value close to
2 electrons, suggesting that the oxygen reduction reaction occurs via the 2-electron indirect
mechanism. Nevertheless, the no; values estimated do not vary with the applied potential.
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For MoS,@MWNT, the mean 1, value is close to 3 but the potential applied has an impact
on the noy values, which decrease as the potential increases. A nop = 3 suggests that the
reaction occurs via a mixed 2- and 4-electron mechanism. Although not optimal, since a
4-electron regime was not achieved, these results leave room for improvement.

Table 1. ORR (oxygen reduction reaction) activity parameters (Eonset, ji and nop) for WS,@MWNT,
MoS,@MWNT and Pt/C.

Eonset/V vs. RHE Eonset/V vs. RHE ! ’ s
Sample (5% of j) (= 0.1 mA-cm—2) jL/mA-cm 1oz
WS,@MWNT 0.71 0.70 -1.87 241
MoS,;@MWNT 0.73 0.74 —2.74 2.87
Pt/C 0.91 0.93 —4.67 4.00

I RHE—reversible hydrogen electrode.

A possible reason for these results may be related to the particle size of MoS; and WS,.
According to Li et al. [55], the catalytic activity toward both HER and ORR increased with
the decrease in particle size and more importantly, their results showed that selectivity
for the 4-electron process may also be related to the Mo edges on the extremely small
MoS; nanoparticles (=2 nm). As referred to in Section 2.2, larger sheets of the TMDs were
needed for the construction of the structured composites, justifying the elimination of the
centrifugation step. Although, apparently, no significant differences were observed in the
electrocatalytic activity of MoS; /SC by removing the centrifugation step (Supplementary
Figure 52.3), we cannot entirely exclude that in our final materials, the presence of larger
particles may affect the ORR activity. Recent work has also shown that different multi-
crystalline structures of TMDs, with distinct surface property and electronic performance,
greatly impact the materials’ performance in energy storage and conversion, with the
metallic phases presenting better results [56]. In our studies, we used the trigonal prismatic
structure which, on one hand, is better for exfoliation treatments but, on the other hand, as
we find out, leads to worse ORR performance.

Tafel plots, shown in Figure 3D, were obtained from LSV data in Figure 3B at 1600 rpm,
in Oz-saturated KOH. The ORR process exhibits Tafel slopes of 74, 49 and 110 mV-dec!
for WS,@MWNT, MoS,@MWNT and Pt/C, respectively. These results suggest that for
the built nanocomposites, the conversion of MOO™ (the intermediate surface-adsorbed
species) to MOOH (where M is an empty site on the electrocatalyst surface) rules the global
reaction rate, while for Pt/C, it is likely the first discharge step or the consumption of the
MOOH species that determines the reaction rate [57].

The ORR performance of the building blocks of the nanocomposites, in various steps
of the process, were also studied, and the results are shown in Supplementary Figures 52.2
and 52.3 (data in Supplementary Table S2.1). All TMDs, in the different stages of the
process (pristine WS, and MoS;, WS, /SC, MoS,/SC and MoS, /SC w/CF), show similar
results. This suggests that the presence of the selected surfactants used in this work has
little effect on the performance of the materials as electrocatalysts. Nonetheless, in the final
step of the assembly process, the nanocomposites were rinsed with ethanol to remove the
excess surfactant. Special attention was given to this as, according to recent published
works [18,20], the surfactant may play an important role in the electrochemical performance.
For example, de-Mello et al. [20] showed that the activity of MoS, towards the HER was
enhanced when the surfactant was absent. However, our studies show that presence or
absence of surfactant has no impact on the ORR activity.

Another relevant parameter that was subject to investigation was the tolerance of
the electrocatalysts to methanol crossover. In methanol-based fuel cells, fuel crossover
from the anode to the cathode may occur and hence reduce cathodic performance, if
electrocatalysts are sensitive to it [58]. As such, tolerance to methanol was evaluated using
chronoamperometric tests lasting 2500 s, at 1600 rpm and at E = 0.41 V vs. RHE. At the
500 s mark, 2 mL of methanol were injected in the electrolyte (0.1 mol-dm~2 KOH). These
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results are collected in Figure 4A. As it can be observed, Pt/C underwent a decrease in
ORR activity of 48%. In contrast, both nanocomposite materials showed better methanol
tolerance, with MoS;@MWNT retaining 82% of its activity and WS,@MWNT 80%. Even
though Pt-based materials have better ORR performance than most electrocatalysts, they
have the disadvantage of being highly reactive to the methanol oxidation reaction. This
affects its ORR activity performance, lowering the obtained current density [3,4]. CV tests
were also performed before and after the addition of methanol to further study its effect,
and results are depicted in Supplementary Figure S2.4. Once again, it is clear the effect of
methanol on the electrocatalytic activity of Pt/C towards ORR in contrast to the little effect
on the prepared electrocatalysts.

A) 1007 B) 100 = T
N | "X 95 —MoS,@MWNT
E N % B === 87%
£ 60; 285 83%
3 3 80
401 o 75
= — WS,@MWNT = 73%
@ 90 © 70
< 204 MoS,@MWNT -

[vd ___PHC o 65
0 r . , . x 60 . . : .
0 500 1000 1500 2000 2500 0 5000 10,000 15,000 20,000
Time/s Time/s

Figure 4. Methanol resistance and stability studies of the WS;@MWNT, MoS,@MWNT and Pt/C:
(A) chronoamperometric responses with the addition of 0.5 mol-dm 3 methanol (at 500 s) and

(B) chronoamperometric response at E = 0.41 V vs. RHE (O;-saturated 0.1 mol-dm~3 KOH, and at
1600 rpm) for 20,000 s.

Long-term stability of the electrocatalysts, another very critical point in the selection
of a good electrocatalyst, was also assessed. It was performed by CA during 20,000 s, in
O,-saturated 0.1 mol-dm—3 KOH, at 1600 rpm, and at E = 0.41 V vs. RHE, and the obtained
results are shown in Figure 4B. After 20,000 s, WS,@MWNT retains 83% of its initial current,
while MoS,@MWNT retains 73%. Even though these values are somewhat lower than that
obtained for Pt/C (87%), they suggest good stability of the prepared electrocatalysts.

3.3. OER Activity of the Composite Materials

The electrocatalytic performance of the nanocomposite materials towards OER was
also evaluated. For that, LSV studies were carried out, in a Op-saturated 0.1 mol-dm 3
KOH electrolyte, at a scan rate of v = 0.005 V-s~! and 1600 rpm. The polarization curves
obtained are presented in Figure 5. As for ORR, the results were benchmarked using, in
this case, one of the state-of-the-art OER electrocatalysts (RuO,).

A) 20 1.8

— WS,@MWNT B) 5 WS,@MWNT 171 mv/dec

15] —Mos,@vwNT 174 @ Mos,@MWNT e 5
"“E —Ru0, = o RO, @ e
5 T 16{
<10 - 82 mV/dec
€ >
= 2 151
~ 5 = M

w144 86 mV/dec
0 T T T T 13 T T T T
1.0 1.2 1.4 1.6 1.8 0.5 1.0 1.5 2.0 2.5
E/V vs. RHE log | jx / mA-cm2 -mg™|

Figure 5. (A) OER polarization curves obtained by LSV (O;-saturated 0.1 mol-dm~3 KOH,
v=0.005V-s~1, 1600 rpm) for WS,@MWNT, MoS,@MWNT and RuO;, and (B) respective Tafel plots.

As it can be observed in Figure 5A, WS, @MWNT did not present OER activity reaching
a value of jmax of only 2.45 mA-cm~2. On the other hand, MoS,@MWNT showed good
OER activity with a jmax of 17.96 mA-cm~2 and an overpotential of 0.55 V vs. RHE at
j =10 mA-cm~2. Regarding the benchmark material, RuO,, its polarization curves show
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much lower current density than expected. However, this benchmarking is not completely
reliable since the materials compared have different structures and consequently, very
different surface areas.

Table 2 gathers the main OER activity parameters, derived from the LSV plots. The
values of j at E = 1.8 V vs. RHE (j1 g8) were also included since neither WS,@MWNT nor
RuO; reached j = 10 mA-cm 2.

Table 2. OER (oxygen evolution reaction) activity parameters (1710, jmax, and j; g) for WS;@MWNT,
MoS,@MWNT and RuO,.

Sample {j= 101—11111[14‘-Icm—2) jmax/mA-Cm—Z jl'slmA.cm—z
WS,@MWNT - 2.45 1.57
MoS,@MWNT 0.55 17.96 11.88
RuO, - 3.94 3.64

Like for the ORR studies, the Tafel slopes were determined (Figure 5B) to get an insight
into the OER kinetics. Both MoS,@MWNT and RuO; presented relatively low values (82
and 86 mV-dec!) when compared with WS,@MWNT (171 mV-dec™!). The elevated Tafel
slope values for OER are characteristic of slow (rate-determining) initial steps, comprising
the adsorption of OH- groups on active sites. Therefore, the reduction of the Tafel slope
value for the MoS,@MWNT in comparison with WS,@MWNT indicates that the access of
the OH- groups to the active sites is favored in the former nanocomposite.

The building blocks of the nanocomposites (MWNT/TTAB, and pristine and SC-
coated WS, and MoS;) were also studied for OER (Supplementary Figures 52.5 and
52.6, data in Supplementary Table S52.2). MWNT /TTAB has OER activity, while the pris-
tine TMDs and TMDs with surfactant show poor results. Regarding MoS,@MWNT, the
nanocomposite has better OER electrocatalytic performance than the sum of its constituents,
and hence synergism of properties is suggested.

In short, concerning the electrocatalytic performance of the nanocomposite materials
towards the OER, results showed a large difference between them. While MoS,@MWNT
presented jmax values of 17.96 mA-cm 2 and 710 = 0.55 V, WS,@MWNT only reached
current densities of jmax = 2.45 mA-cm 2.

Overall, MoS;@MWNT has better electrocatalytic performance than WS,@MWNT
towards the oxygen reactions. While ORR activity is modest, OER activity is good, sug-
gesting that the nanocomposites may be developed towards bifunctional electrocatalysts,
using this fabrication method.

4. Conclusions

In this work, nanocomposites of multiwalled carbon nanotubes and TMDs were
successfully assembled via a colloidal method based on surfactant-assisted dispersions and
electrostatic interactions between oppositely charged surfaces. The final nanocomposite
materials were attained in aqueous media, by a simple and cost-effective process that can be
easily tuned to adjust the MWINT/TMD ratio. SEM studies showed that, morphologically,
the WS,@MWNT composite is essentially composed of dense regions of entangled MWNTs
with embedded and coated WS, particles, while MoS,@MWNT seems to be a tighter
composite with MWNTs layers adsorbed horizontally onto to the TMD layers, leaving the
edges of the dichalcogenide exposed to the medium.

These materials were then tested as electrocatalysts for both oxygen reactions, showing
electrochemical activity towards ORR, with modest performance and good methanol
tolerance. The MoS;@MWNT nanocomposite had a value of nop close to 3 (indicating a
mixed 2- and 4-electron mechanism) and a better overall ORR activity, Eonset and j, values
of 0.73 V vs. RHE and —2.74 mA-cm 2 respectively, when compared to WS,@MWNT
(Eonset = 0.71 V vs. RHE; j = —1.87 mA-cm~2). Additionally, MoS,@MWNT showed
good OER activity, with 719 and jmax values of 0.55 V and 17.96 mA-cm~2, respectively.
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These findings point towards potential improvement of the nanocomposites, in order, for
instance, to select the best TMD/MWNT combination and develop a good ORR and/or
OER electrocatalyst, while having a facile and cost-effective assembly method. Future
work will include studies on the role of the TMD/MWNT combination and also the use of
hetero-atom-doped MWNTs and other carbon materials, like graphene.

Supplementary Materials: The following are available online at https://www.mdpi.com/1996-1
944/14/4/896/s1, Section S1 includes additional characterization data. Figure S1.1: representative
TEM images of the pristine MWNT powder; Figure S1.2: SEM micrographs of the MWNT/TTAB
dispersions at high magnifications. Figure S1.3: SEM imaging of the bulk MoS,, after sonication in SC
aqueous solution, and after the complete sonication/centrifugation procedure. A Raman spectrum
of the latter is also shown. Figure S1.4: dispersibility curves for the TMD /surfactant systems and
zeta potential values for the building block particles. In Section S2, further electrochemical data is
included. Figure S2.1: CVs of (a) MWNT/TTAB, (b) WS, pristine, (c) WS,/SC, (d) WS,@MWNT,
(e) MosS; pristine, (f) MoS, /SC w/CF, (g) MoS,/SC, and (h) MoS;@MWNT obtained in N, and
O,-saturated 0.1 mol-dm~2 KOH solution, at v = 0.005 V-s~!. Figure $2.2: electrochemical stud-
ies of Pt/C, WS,@MWNT nanocomposite, and its building blocks, WS, pristine, WS,/SC and
MWNT/TTAB. (a) CVs (O;-saturated 0.1 mol-dm 3 KOH, v = 0.005 V-s~1), (b) LSVs at 1600 rpm
(Oy-saturated 0.1 mol-dm—2 KOH, v = 0.005 V-s~1), (c) nop at different potentials, (d) Tafel plots.
Figure S2.3: electrochemical studies on Pt/C, MoS,@MWNT nanocomposite, and its building blocks,
MoS, pristine, MoS, /SC w/CF, MoS,/SC, and MWNT/TTAB. (a) CVs (O,-saturated 0.1 mol-dm—3
KOH, v = 0.005 V-s~1), (b) LSVs at 1600 rpm (O,-saturated 0.1 mol-dm—3 KOH, v = 0.005 V-s~1),
(c) nop at different potentials, (d) Tafel plots. Figure S2.4: methanol resistance studies: (a) chronoam-
perometric responses of the WS;@MWNT, MoS,@MWNT and Pt/C materials with the addition of
0.5 mol-dm 3 methanol (at 500 s), (b) CV of WS,@MWNT before and after methanol addition, (c) CV
of MoS,@MWNT before and after methanol addition, (d) CV of Pt/C before and after methanol addi-
tion. Figure S2.5 presents the OER polarization curves obtained by LSV (O,-saturated 0.1 mol-dm—3
KOH, v = 0.005 V-s~1, 1600 rpm) for MWNT /TTAB, WS, pristine, WS, /SC, WS,@MWNT and
RuO,; Figure S2.6 shows the OER polarization curves obtained by LSV (O,-saturated 0.1 mol-dm—3
KOH, v =0.005 V-s—1, 1600 rpm) for MWNT/TTAB, MoS, pristine, MoS,/SC, MoS,@MWNT and
RuO;. Table S2.1: ORR activity parameters (Eonset, jL, and nop) for MWNT/TTAB, WS; pristine,
WS, /SC, WS,@MWNT, MoS, pristine, MoS, /SC w/CF, MoS, /SC, and MoS,@MWNT. Table S2.2:
OER activity parameters (7710, jmax, and j1.g) for MWNT /TTAB, WS, pristine, WS, /SC, WS,@MWNT,
MoS, pristine, MoS, /SC w/CF, MoS;/SC, MoS,@MWNT, and RuO,.
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Section S1: Additional data on nanomaterial characterization
S1.1. Purity and exfoliation state of the dispersed materials

The morphology of the purchased MWNTs was evaluated by TEM using a Jeol JEM
1400 with STEM detector. The nanotube powder was mixed in ethanol and deposited on
a Cu grid for analysis. TEM imaging allows the identification of catalyst impurities as dark
spots in the micrographs, due to the higher atomic weight of these particles, as reported
by Loos et al [1]. Figure S1.1 (representative TEM micrographs) shows that there is no
significant presence of catalyst impurities in the as-received MWNTs used here. Due to
the 2D projection of TEM, the few darker regions seen are due to mass-thickness contrast
resulting from bending of the MWNTs or superimposed nanotube regions.

Figure S1.1. Representative TEM micrographs of the commercial MWNTs used in this work.

After dispersion with surfactant TTAB, MWNTSs were imaged by SEM (Figure 51.2).
The measured MWNT width is typically < 20 nm (consistent with the supplier’s range, 8-
15 nm) and no trace of metal catalyst particles (bright particles [1]) is seen.

Figure S1.3 depicts images of MoSzin three different conditions: as-received, after
sonication in SC aqueous solution and after the complete sonication/centrifugation
procedure described in the experimental section. To evaluate the exfoliation of the TMDs
after centrifugation, Raman spectroscopy of the final MoS:/SC aqueous dispersion was
performed on a RAMOS RA532 Raman Analyzer using a laser emitting at 532 nm on glass
cuvette, at room temperature. The obtained spectrum is depicted in Figure S51.3 and
indicates the presence exfoliated MoS, as described in the work of Saito et al. and Zhang
et al. [2,3].
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Figure S1.3. Representative SEM micrographs of the pristine MoSz and MoSz/SC dispersions,
without centrifugation (CF) and with centrifugation and Raman spectrum of the MoS/SC
centrifuged sample.

51.2 Non-covalent functionalization of MWNTSs and TMDs

Before the assembly of the nanocomposites, MWNTs and TMDs were physically
functionalized using oppositely charged surfactants. To select the optimal surfactant
concentration to attain maximum nanomaterial dispersibility, dispersion curves were
obtained for all the systems. The MWNT/TTAB curve is reported in [4]. The curves
obtained for WS2and MoS: dispersed with the anionic surfactant SC are shown in Figure
S1.4-a). To confirm the non-covalent functionalization of the nanomaterials (i.e. surface
charge conferred by the adsorbed surfactant), zeta potential was measured for the
dispersions at the selected surfactant concentrations (csc =10 mmol-kg* for WS2 and MoSy;
crras = 5 mmol-kg-! for MWNTs). The zeta potential was measured at 25 °C using using a
LitesizerTM 500 (Anton Paar, Graz, Austria) and DTS 1060C disposable zeta cells.

a) b)
= s, Sample Zeta potential / mV ()
B _ 08F X Mos,
‘+
[0}
Q £
s E 1 WS,/SC 55
s = 04}
c 8
S8 +
% g X * MoS,/SC - 47
9 = 0.2}
§ c
+ MWNT/TTAB + 37
0.0 al ul al 1 X
0.01 0.1 1 10 100
concentration of surfactant / mmol-kg'1 () Uncertainty within + 5%.

Figure S14. Dispersion curves obtained for TMDs/SC systems (a) and zeta potential determined at the maximum dis-

persibility point (b).
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Section S2: Further electrochemical data
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Figure S2.1. CVs of a) MWNT/TTAB, b) WS pristine, c) WS2/SC, d) WS2@MWNT, e) MoS: (pristine), f) MoS:2/SC w/CF, g)
MoS2/SC (without CF), and h) MoS:2@MWNT obtained in N2- (dashed line) and Oz-saturated (full line) 0.1 mol-dm- KOH
solution, at v = 0.005 V-s.



Materials 2021, 14, 896 5 of 8

a) 0.4~ MWNT/TTAB —— WS,@VWNT b) 04
— WS, pristine —— PtC 14
o 1—— Ws,/sC o
5 o 5 2
o & MWNT/TTAB
€ € -3 ——WS, pristine
"-0.4- ~ p ——WS,/SC
4 ——WS,@MWNT
. . — 5 : . —r
0.5 1.0 1.5 0.3 0.6 0.9 1.2
E/V vs.RHE E/V vs. RHE
4{ = . . . . u 1.2, ® MWNT/TTAB @ WS,/SC
c) d o WS, pristne 8 WS,@MWNT
3 - L:i:J o PY/C
= ] 89 mv/d
N v ] 1 . ] a e 14 S
o 2 ] | | o H (I)
< > 081 74 mV/dec
1] = MWNT/TTAB = WS,@VWNT e .
" WS, pristine = PYC w 0.6 76 mV/dec ® 74 mV/dec
ol" WS,/SC ' 98 mV/dec
0.25 0.30 0.35 0.40 0.45 -1 0 1 2
E/V vs. RHE log | jk / mA-cm?-mg”|

Figure S2.2. Electrochemical studies of Pt/C, WS:@MWNT nanocomposite, and its building blocks, WS: (pristine), WS2/SC
and MWNT/TTAB: a) CVs (Oz-saturated 0.1 mol-dm3 KOH, v=0.005 V-s'); b) LSVs at 1600 rpm (O2-saturated 0.1 mol-dm-
3 KOH, v =0.005 V-s); ¢) no2 at different potentials; d) Tafel plots.
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Figure S2.3. Electrochemical studies of Pt/C, M0oS:2@MWNT nanocomposite, and its building blocks, MoS: (pristine),
MoS:/SC w/CF, MoS2/SC (without CF), and MWNT/TTAB: a) CVs (Oz-saturated 0.1 mol-dm= KOH, v = 0.005 V-s7); b)
LSVs at 1600 rpm (Oz-saturated 0.1 mol-dm= KOH, v = 0.005 V-s™); c) noz at different potentials; d) Tafel plots.
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Figure S2.4. Methanol resistance studies: a) chronoamperometric responses of the WS2@MWNT, MoS:2@MWNT and Pt/C
materials with the addition of 0.5 mol-dm= methanol (at 500 s); b) CV of WS:2@MWNT before and after methanol addition;
¢) CV of MoS:@MWNT before and after methanol addition; d) CV of Pt/C before and after methanol addition.

151 —MWNT/TTAB
WS, pristine
o —WS,/SC
£ 10{ —ws,@uwNT
~ o
~
0

1.0 1.2 1j4 1i6 1.8
E/V vs. RHE

Figure S2.5. OER polarization curves obtained by LSV (Oz-saturated 0.1 mol-dm== KOH, v = 0.005
V-s7, 1600 rpm) for MWNT/TTAB, WS2 (pristine), WS2/SC, WS:2@MWNT and RuOs.
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Figure S2.6. OER polarization curves obtained by LSV (Oz-saturated 0.1 mol-dm- KOH, v = 0.005
V-s71, 1600 rpm) for MWNT/TTAB, Mo$S: (pristine), MoS2/SC, MoS:@MWNT and RuOs.

Table S2.1. ORR activity parameters (Eonset, ji, and noz2) for MWNT/TTAB, WS pristine, WS2/SC,
WS2@MWNT, Mo$: (pristine), MoSz2/SC w/CF, Mo0S:/SC, and MoS:@MWNT.

Sample Eonset / V vs. RHE Eonset/ V vs. RHE o[ oikgar? o,
(5% of jmax) (j=0.1 mA-cm?)

MWNT/TTAB 0.68 0.68 -2.07 213
WS: pristine 0.62 0.60 -1.27 2.09
WS/SC 0.61 0.57 -0.94 2.36
WS:@MWNT 0.71 0.70 -1.87 241
MoS: pristine 0.63 0.62 -1.63 3.25
MoS:/SC w/CF 0.64 0.63 -1.51 3.20
MoS:/SC 0.64 0.63 -1.90 2.81
MoS:@MWNT 0.73 0.74 -2.74 2.87

Table S2.2. OER activity parameters (110, jmay, and jis) for MWNT/TTAB, WS2 pristine, WS2/SC,
WS2@MWNT, MoS: pristine, MoS2/SC w/CF, M052/SC, M0oS:2@MWNT, and RuO:.

Sample G= 1311011/ I cm?) jmax / mA-cm2 j1s/ mA-cm2
MWNT/TTAB 0.59 14.55 10.15
WS pristine - 0.42 0.32
WS,/SC - 0.12 0.076
WS:@MWNT - 2.45 1.57
MoS: pristine - 0.071 0.039
MoS:/SC - 0.17 0.12
MoS:@MWNT 0.55 17.96 11.88
RuO: - 3.94 3.64
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4.1 Main conclusions

The combination of nanomaterials to build 3D composites is an emerging
research topic in a wide range of scientific and technical areas, from colloid and interface
science to material science, and nanotechnology. The building of these structures
usually involves three main tasks, that constituted the backbone of this work: i)
preparation of the building blocks; ii) fabrication of the composite and iii) application-
related studies. For the first task, a strictly controlled procedure, previously developed
by our group, was applied to disperse multiwalled carbon nanotubes and optimized to
exfoliate and disperse graphite, graphene nanoplatelets and three transition metal
dichalcogenides, namely molybdenum (IV) disulfide, tungsten (IV) disulfide and
molybdenum selenide. These systems were systematically studied, allowing insight on
the molecular aspects that govern surfactant/nanomaterial interactions and opening the
path for the optimization of these systems in the future.

First, multiwalled carbon nanotubes were exfoliated and non-covalently
functionalized using gemini surfactants (12-s-12, 14-s-14 and 16-s-16, s = 2, 6, 12 for
the C12 and C14 tails, and s = 2, 12 for the C16 tail) and their monomeric analogues
(DTAB, TTAB and CTAB). It was observed that lower concentration of gemini surfactant
is required to disperse the same amount of MWNT compared to the monomeric
analogue. However, the maximum MWNT concentration dispersed is similar. Comparing
the gemini surfactants, although the dispersion effectiveness appears to be independent
of the spacer and tail length, the concentration of surfactant at which the cuwnT max is
attained reduces with increasing spacer length. Thus, the spacer length is deemed to be
the key structural parameter that dictates the dispersion efficiency; for higher spacer
lengths, the tail effect is masked. Furthermore, and importantly, this study suggested that
the dispersibility process is independent of the assembly state of the surfactant (i.e.
unimer or micellar form).

The dispersibility process of 1D carbon nanotubes was compared with that of 2D
nanocarbon materials in another study, by using two different surfactants, sodium
cholate and TX-100 in strictly controlled processing conditions. Regarding the
preparation of the layered materials, the first step was the exfoliation of graphite — the
cost-effective bulk reservoir of graphene. Additionally, commercial graphene
nanoplatelets were dispersed, for further comparisons. One of the most important
outcomes was that a master dispersion curve was found for 5 of the 6 systems studied
(with the exception of the MWNT/TX-100 system), indicating that dispersibility process
follows common fundamental aspects for 1D and 2D nanocarbons. Structural

characterization confirmed the obtention of few-layer graphene from graphite.
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Nonionic polymers and polyelectrolytes are widely applied to build composite
materials. The interaction of polymers and surfactants brings about interesting features
that led us to conduct the next part of this work. Several polymer/surfactant systems
were studied, comparing the influence of ionic surfactants interacting with non-ionic
polymers (PVP+SDBS and PVP+CTAB), and the effect of polyelectrolytes interacting
with a neutral surfactant (PDDA+TX-100 and PAS+TX-100). Interestingly, synergistic
effects are found for PVP/CTAB and PAS/TX-100 systems when the surfactant
concentration is fixed at the cdc. For the first system, the surfactant interaction at the
hydrophobic moieties of the polymer causes the chains to uncaoil, stretching the polymer
and enhancing the adsorption at the nanotube surface. For the PAS/TX-100 system, the
surfactant likely adds hydrophobic segments to the hydrophilic polymer, increasing the
affinity with the carbon nanotube and improving the effectiveness of the system by a
factor of 6. The non-covalent functionalization of the MWNTs was confirmed by zeta
potential.

As an alternative to graphene, a similar comparative study was performed for
other class of layered materials — transition metal dichalcogenides. Three materials with
general structure X-M-X were selected, to compare not only the surfactant effect, but
also the influence of the metal (M) and chalcogenide (X) on the dispersion of these
materials. The charge of surfactant plays an important role in TMD dispersibility, due to
the negative charge shown by the suspended nanomaterials. Interestingly, the results
suggest that the TMD feature that rules dispersibility varies with surfactant concentration:
at low cs, the metal seems to have a stronger effect; however, the chalcogen governs
the maximum concentration of TMD dispersed. Structural characterization indicated that
the applied methodology yields well-dispersed, few-layered nanosheets of TMDs.

The preparation of well-dispersed, non-covalently functionalized 1D and 2D
nanomaterials based on a robust methodology allowed their applicability in composite
fabrication. Using electrostatic attractive interactions as the as driving force for composite
assembly, two procedures were applied to build the 3D structures: i) oppositely charged
MWNT and GnP aqueous dispersions were mixed and sonicated together, followed by
deposition in a membrane under vacuum filtration (bulk method); ii) identical aliquots of
the dispersions were added alternately in a membrane, under vacuum filtration, in an
adapted layer-by-layer approach. For each procedure, two combinations of 1D and 2D
systems were selected (based on the results of the first part of this project), namely
MWNT/TTAB@GnPs/SC and MWNT/PVP-CTAB@GnPs/SC. Both the dispersant and
building method play a relevant role on the organization of the final nanocomposite, with
the combination MWNT/PVP-CTAB@GnPs/SC built by the adapted layer-by-layer
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approach showing the most organized structure. The applicability of the four composites
as electrocatalysts for the oxygen reduction reaction was evaluated. Although their
performance was modest and inferior to the state-of-the-art catalyst, important
comparisons and effects were addressed: i) the material composition has a stronger
influence in ORR performance than the building method, with the materials containing
polymer showing a slightly better ORR activity; ii) regarding the material stability, bulk
composites present better results, which can be attributed to the lower specific surface
area (suggestive of a higher packing of the MWNTs and GnPs in the final structure). The
four materials showed selectivity towards the indirect pathway (or 2-electron) oxygen
reduction. This selectivity was evaluated through RRDE, confirming that high amounts
of H2O, are produced.

Considering the higher stability of the composites built through the bulk procedure
and the simplicity of the process, this methodology was applied to build TMD@MWNT
structures. Although the materials built with WS,;@MWNT presented poor results for
oxygen reactions, when the metal of the TMD was changed interesting effects appeared.
The MoS:@MWNT composite yields better results for both ORR and OER than the
building blocks, which can be interpreted as synergism from the combination of the 1D
and 2D nanomaterials. This nanocomposite displays no selectivity towards the 2- or 4-
electron mechanism of ORR (with a value of no; close to 3). Combined with the good
OER activity obtained, these results open a route to further performance improvement.

In conclusion, in this work, experimental developments and conceptual insights
were directed to the exfoliation and non-covalent functionalization of nanomaterials,
ultimately aiming at their application as building blocks for functional 3D structures. With
the selected systems, two simple, reproducible, time-saving, and environmental-friendly
methodologies to build 3D composites were established, using electrostatic attraction as
the driving force of assembly. One of the methodologies was applied with different 2D
materials, proving the applicability beyond the first tests. Application-related studies were
carried out, providing understanding on the influence of building method and dispersant

on the electrochemical performance of the composites.
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4.2 Future perspectives

The research work developed in this thesis left some open questions and further
research opportunities. Two major research lines could be explored. Firstly, regarding
the fundamental understanding of the nanomaterial dispersion using surfactants (or
polymers), it would be interesting to expand the methodology to other layered materials
(e.g. clays), to investigate the existence of common features in the dispersion process
beyond the nanomaterials covered in this work. Secondly, the methodologies developed
to build the composite materials pave the way for innumerous combinations of
nanomaterials, due to the relative simplicity of the procedure and the versatility of the
surfactant-assisted non-covalent functionalization of the hard surfaces. These
composites could be further tested for a wide range of applications.

Regarding the composites built in this work, the MWNT/GnPs composites exhibit
low BET surface areas, suggesting a strong packing of the materials. This feature may
be explored in the context of components for electronic devices, or mechanical
reinforcement of materials. Tribological studies could also be carried using the materials
built via layer-by-layer, taking advantage of their parallel-type organization.

The electrocatalytic studies conducted throughout this work indicated the
selectivity of the composites for the oxygen reduction through the indirect pathway,
generating hydrogen peroxide. Electro-Fenton studies could give further information on

the applicability of the materials.



