Advances in Colloid and Interface Science 286 (2020) 102312

Contents lists available at ScienceDirect

Advances in Colloid and Interface Science

journal homepage: www.elsevier.com/locate/cis

Historical Perspective

The behavior of graphene oxide trapped at the air water interface ()

Check for
updates

David Lopez-Diaz !, M. Dolores Merchan, M. Mercedes Velazquez *

Departamento de Quimica Fisica, Facultad de Ciencias Quimicas, Universidad de Salamanca, 37008 Salamanca, Spain

ARTICLE INFO ABSTRACT

Article history: Graphene oxide is a derivate of graphene obtained by oxidation of graphite and other carbonaceous materials. The
6 Augusls 2020 more accepted structure consists in carbonyl and carboxyl groups located at the edge of the graphene network and
28 October 2020

hydroxyl and epoxy groups attached to the basal plane. The percentage of O-groups depends on the synthesis
route and the material used as carbon source. In addition, highly oxidized fragments, called oxidative debris, OD,
are produced during the oxidation process. These fragments are adsorbed onto the graphene oxide network and
can be removed by alkaline washing. The purified material has lower O/C ratio than graphene oxide and its prop-
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gg;vggse. oxide erties are also quite different. Due to its structure, graphene oxide can be adsorbed at the air-water interface of the
Purified graphene oxide aqueous solution by diffusion, Gibbs monolayers, or by spreading on a clean water subphase resulting in a Lang-
Oxidative debris muir film. This review is intended to provide information on the importance of controlling the chemical composi-
Langmuir film tion, structure, size, and oxidative debris, on the manufacture of graphene oxide films. To this end the review
Surface activity shows the influence of the synthesis route and the starting material on the structure of graphene oxide and ana-
lyzes several examples of the behavior and properties of films prepared with different types of graphene oxides.
The great variability of behaviors of graphene oxide films caused by the different structure of this material provides

a great opportunity to fine-tune the properties of films according to the needs of different applications.
© 2020 Published by Elsevier B.V.
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1. Introduction strong oxidants. This material was known much before pristine

graphene [1] and it is considered as one of the most important materials

Graphene Oxide (GO) is a carbon-based nanomaterial obtained by precursors of graphene [2]. Due to the presence of oxygen functional
the chemical oxidation of natural graphite or carbon nanofibers by groups, GO must be reduced by thermal [3] or chemical procedures
[4] to obtain graphene. However, these procedures do not completely

restore the structure of graphene and some O-groups remain attached
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[8], and photovoltaic cells [8,9]. In applications such as biosensing
[10,11], design of inks [12], drug delivery vectors [13] or bioimaging
[14], graphene oxide presents several advantages because the oxygen
groups can bind polymers, nanoparticles or other molecules to tune
the properties of new materials according to the needs of the different
applications. Furthermore, the O-groups provide aqueous dispersibility
to graphene oxide, which is an important property in biomedical
applications [15-17].

An interesting property of graphene oxide is that it can behave as a
surfactant due to its ability to adsorb at the air-water interface [18,19].
This behavior can be interpreted by the existence of hydrophilic moie-
ties such as carboxyl, epoxy or hydroxyl groups and a more hydrophobic
region constituted by the hexagonal carbon network. Due to this fea-
ture, graphene oxide has been widely used to stabilize oil-water emul-
sions [19-23], Pickering emulsions [24-30] or miniemulsions [31], and
as a foam stabilizer agent [32]. Recent works have investigated the effect
of pH, GO size and concentration on the adsorption dynamics [33,34]
and mechanical properties [34] of GO films at the water-oil interfaces.
However, it is still controversial to consider graphene oxide as a conven-
tional surfactant, since one of the most salient properties of surfactant
molecules is the ability to form micelles and that ability has not yet
been reported for graphene oxide [35]. It is possible to find abundant lit-
erature stating that GO behaves as a surfactant [18,19,36,37] due to its
ability to locate at the interfaces. However, other works analyze its be-
havior as particle since it stabilizes different types of emulsions
[20,23,29,30] or form liquid crystals in concentrated solutions due to
the preferential alignment of GO sheets [38,39]. A recent review
discusses the possible reasons for this dual behavior [40].

Much of the studies on the surface activity of graphene oxide have
been focused on the effect of pH and ionic strength. As in some surfac-
tant molecules [41,42], the surface activity of GO depends on the pH of
the solutions as well as the ionic strength [43]. Therefore, the ability to
stabilize emulsions also depends on both, the pH [44] and the presence
of electrolytes in the solution [45]. This behavior was discussed in terms
of the existence of carboxyl groups at the edges of the sheets which can
be protonated or deprotonated by changing the pH of the solution. Thus,
in acidic medium, pH < 1, the acidic functionalities protonate, and
graphene oxide becomes more hydrophobic, while when the pH in-
creases, graphene oxide sheets retain the negative charge and are stable
in aqueous solutions [44]. However, not only the properties of the
medium, such as pH or ionic strength, can modify the surface activity
of graphene oxide, but also structural properties such as size and oxida-
tion degree affect its adsorption capacity at the interfaces. The
amphiphilicity of GO has been shown to depend on the size of the sheets
[43]. Besides, the reduced graphene oxide is more hydrophobic than
graphene oxide due to its lower percentage of O-groups and conse-
quently, presents a higher affinity for hydrophobic phases than
graphene oxide [36]. However, there is a significant lack of knowledge
about the effect of the graphene oxide structure on its surface activity.
This is especially important considering that the GO structure and the
degree of oxidation are influenced by the oxidation route, and the
starting material. Therefore, it is crucial to analyze how the chemical
and structural variability of graphene oxide can influence its surface ac-
tivity. A deep study is specially required for applications in which GO
must be adsorbed at the interfaces. On the other hand, the structural
variability of GO could be the origin of the diverse surface behaviors
reported in the literature.

This review focuses on unraveling the complexity of the interfacial
adsorption properties of GO by analyzing the role of the structure and
chemical composition in the surface activity of graphene oxide. The
work is organized as follows: firstly, the synthesis routes and the chem-
ical structure of graphene oxides will be summarized, paying attention
to the dependence of the chemical structure on the synthesis route
and the starting material. In the next section, we will discuss the surface
activity of graphene oxide dispersions and the surface properties of
Langmuir films of different graphene oxides. At the end of that section,
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we analyze the role of oxidative impurities, referred as oxidative debris
(OD), in the organization of graphene oxides films studied by neutron
reflectivity.

2. Graphene oxide synthesis and structure
2.1. Synthesis of graphene oxide

The first synthesis of graphene oxide was done by Brodie [1] in 1859.
He used a mixture of graphite and fuming nitric acid in the presence of
potassium perchlorate at 60 °C for three or four days. The material thus
obtained was washed and the oxidation process was repeated four
times and finally the solid was dried at 100 °C. The C:H:O ratio of the
light-yellow solid thus obtained was: 61.04: 1.85: 37.11. The solid mate-
rial disperses in water or basic aqueous solutions and Brodie named it as
graphic acid.

Staudenmaier improved the synthesis procedure [46] by adding
small among of potassium perchlorate and acidifying with sulfuric
acid. The procedure leads to the same C/O ratio as that obtained by
Brodie but avoids the repetitive oxidation. A few years later, the fuming
nitric acid was replaced by non-fuming nitric acid by Hofmann [47] and
in 1958 Hummers and Offeman [48] replaced nitric acid by potassium
permanganate as oxidant and a mixture of concentrated sulfuric acid
and sodium nitrate. This method produces nitric acid in situ and is one
of the most widely used today.

To avoid the production of the toxic gases, NO, and N,04, Tour
[49,50] replaced the sodium nitrate by phosphoric acid. The authors
state that this procedure leads to more oxidized GO than the Hummers'
method and the basal plane also remains more intact. These methods
have been used interchangeably for years assuming that the properties
of GO are almost the same. However, when graphene oxides were
characterized by X-ray photoelectron spectroscopy (XPS), Fourier
transform infrared (FTIR), and Raman spectroscopies and electrochem-
ical techniques, the results showed a large disparity between the oxy-
gen functionalities, and the electron-transfer rates [51]. These facts
showed large differences between graphene oxides obtained by differ-
ent oxidation routes.

In all these methods the starting material was graphite; however, we
recently reported that the chemical composition, surface charge den-
sity, and size of the graphene oxide sheets can be tuned using the
same synthesis method, the Hummer's procedure, but modifying the
starting material [52]. Accordingly, the starting material and the oxida-
tion route must be chosen to obtain the graphene oxide adapted to the
needs of each application.

2.2. Graphene oxide structure

Although the synthesis of GO has been known for more than 100
years, its structure is still under debate. This is because its stoichiometry
depends on the type of starting material [52] and the oxidation protocol
[53,54].

The structure of graphene oxide is made up of graphene sheets with
several oxygen groups attached at the basal plane. '3C and 'H magic
angle spinning nuclear magnetic resonance (MAS NMR) [55-57] and
X-ray photoelectron spectroscopy (XPS) studies [57,58] identified
these O-groups as hydroxyl, carbonyl, epoxy, and carboxyl groups. The
most accepted model was proposed by Lerf and Klinowski [55-57]
and considers the carboxyl and ketone groups are mainly located at
the edges of sheets, while the 1.2 epoxy and hydroxyl groups are
found attached to the basal plane, Fig. 1. Recent scanning transmission
X-ray microscopy (STXM) and high-resolution near-edge X-ray absorp-
tion fine structure (NEXAFS) spectroscopy experiments have confirmed
the GO structure proposed by Lerf and Klinowski.

Recently, the structure of graphene oxide was revisited since it was
proved that the oxidation of graphite, nanotubes and other carbona-
ceous materials originates highly oxidized organic fragments referred
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Fig. 1. Graphene oxide structure according to the Lerf and Klinoswki model [57].

to as oxidative debris (OD). The OD composition found by high-
resolution mass spectrometry [59] was C;9H350g and C;gH3309 (1,1).
These highly oxidized fragments are adsorbed on graphene oxide sheets
through m-m stacking [16] and are removed by alkaline washing, Fig. 2.

Graphene oxide purified by alkaline washing has lower amount of
oxygenated groups than the non-purified material, and exhibits a
quite different structure and properties [52,60-62]. It has been demon-
strated that the OD adsorbed on the GO sheets decreases the electric
conductivity around five orders of magnitude [59] and increases the
water dispersibility of GO. Besides, OD also modify the spectroscopic
properties of graphene oxide [63]. An example is the absorption of
UV-Vis light, Fig. 2. The main feature of the absorption UV-Vis spectrum
of GO is an intense band at 228 nm, characteristic of the transition
1 — 1" and a shoulder around 300 nm attributed to the n — m* electronic
transition of (=0 bonds [64,65]. After alkaline washing, the band cen-
tered at 228 nm is red shifted to 250 nm, Fig. 2, due to the restoration
of the sp? conjugation [64,65] produced by removing the highly oxi-
dized fragments of OD. This behavior is easily visualized by the different
color of the dispersions, light brown for graphene oxide and grey for pu-
rified graphene oxide, Fig. 2. The Photoluminescence properties are also
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quite different for these two materials. The purified material does not
emit fluorescence [66], while GO presents an important blue emission
assigned to OD [67,68]. As will be shown later, the surface properties
of purified and unpurified graphene oxides are also quite different.

Starting from the oxidation by the Hummer's method slightly mod-
ified [5] and using five different starting materials combining with the
alkaline washing, we have synthesized ten different graphene oxides
with distinct chemical composition, size, surface charge and structural
defects [48]. Therefore, we think that this strategy can be used to tune
the structure of GO according to the needs of each application.

Another structural aspect which modifies the mechanical, chemical
and electronic properties of graphene oxide is the presence of defects
in the basal plane [69,70]. Defects are categorized as intrinsic and extrin-
sic. The intrinsic defects are caused by the existence of some non-
hexagonal rings, referred as vacancies, or by line defects referred as
grain boundary. The extrinsic defects in graphene oxide correspond to
O-groups attached to the basal plane. Therefore, it is crucial to identify
and quantify the different types of defects.

Defect identification can be carried out by Raman spectroscopy since
the phonon modes provide information about them. Works carried out
by different groups [71-78] have shown that the Raman spectrum of
graphene presents two prominent bands centered at 1582 cm™! (G
band) and at 2700 cm ™! (2D band) band, see Fig. 3a; but, when defects
on the periodic lattice of graphene appear, two new bands, referred as D
(1350 cm~ ') and D' (1626 cm™!), also appear. As can be seen in Fig. 3b
these two new bands are also in the Raman spectrum of graphene oxide,
indicating the existence of defects.

However, despite the Raman spectrum of graphene is currently un-
derstood, the Raman spectrum of GO is controversial, due to the great
variability of experimental results referred to the position and the
width of some peaks and the attribution of the new bands [79,80]. On
the other hand, ab initio calculations [81,82], used to simulate the
Raman spectrum of GO, showed that the intensity and width of some
Raman peaks and the appearance of new bands are related to the local
atomic configuration. Therefore, we think that to interpret the Raman
spectrum of GO a systematic study of the evolution of the Raman spec-
trum of GO with the chemical composition and structural defects is nec-
essary. We recorded the Raman spectra of the graphene oxides
synthesized with different starting materials and using the alkaline
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Fig. 2. The scheme shows the process of purification by alkaline washing of graphene oxide. Photographs of 0.1 mg/ml solutions of graphene oxide and purified graphene oxide (OD free).

UV-Vis spectrum of aqueous solutions of: GO (0.012 mg/ml) and PGO (0.0051 mg/ml).
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Fig. 3. Raman spectra of (a) graphene and graphene oxide (b). Graphene was obtained by
exfoliation of graphite flakes and graphene oxide was synthesized by oxidation of graphite
flakes. Dashed lines in (b) are the functions into which we split the experimental spectrum
(circles), and the solid line represents the fit to the experimental data.

washing as purification procedure; the results allowed us to correlate
the relative intensity, the position and the width of the band with the
percentage of different O-groups determined by XPS and with structural
defects, respectively [52].

All the graphene oxide Raman spectra showed D and G bands at
1350 and 1585 cm ™! and three bands corresponding to the second-
order spectrum above 2600 cm™'. We also detected new bands cen-
tered at 1610 cm ™! (D' band), 1530 cm ™! (D" band), and 1150 cm ™!
(D* band), see Fig. 3b. It is well established that D and D' bands appear
when defects break the periodic lattice of graphene [83]. However, in
the case of the Raman spectrum of GO, there is lack of acknowledge-
ment of the type of defects involved. On the other hand, to interpret cor-
rectly the origin of D" and D* bands in graphene oxide, we used organic
elemental analysis and X-ray diffraction measurements apart of the
Raman spectroscopy [6]. We were able to relate the D" band with the
crystallinity of the material [84] and the D* band with the disorder of
the graphitic lattice due to the existence of sp> bonds [85-87].

Three bands centered at 2690, 2930, and 3190 cm ™!, constitute the
second order spectrum. The band centered at 2690 cm™"! is unequivo-
cally ascribed to the 2D band [77]. However, there were some contro-
versies in the assignment of the two other bands. To assign these
bands we compare the frequencies of the 2D, the combination of
bands D + D' and 2 D' band with twice the frequency of band D, the
sum of the frequencies of bands D and D' and twice the frequency of
the D' band, respectively and the values agreed very well. These facts
made it possible to unambiguously assign these peaks to the bands
2D, D + D', and 2D’ bands, respectively [52]. In Fig. 3b is possible to
see a weak band around 2500 cm ™. This peak named as G* has been
shown in other Raman spectra of graphene oxides and is due to an inter-
valley process involving one inplane transverse optical (iTO) phonon
and one longitudinal acoustic (LA) phonon [86]. We observed that the
peak is shifted 35 cm ™! to higher wavenumber values in the Raman
spectra of purified graphene oxides.

We have found correlations between the intensity and the position
of the D* band and the oxidation degree of graphene oxide [6]. Besides,
we found linear correlations between the Ip/Ig ratio, the positions of the
2D and D + D' bands and the percentage of Csp? determined by XPS [52]
as well. We have also interpreted the changes in the relative intensity of
D' and D bands with the type of structural defects according to the
double-resonance mechanism [88]. This model was proposed to inter-
pret the Raman spectrum of defective graphene. The model relates the
relative intensity values of bands D' and D with grain boundaries,
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vacancies and sp> hybridization defects, respectively. Our results
showed that vacancy-like defects predominate in large GO sheets (di-
ameter > 400 nm) while sp® hybridization defects predominate when
the sheet diameter is around 100 nm [52]. Finally, grain boundary de-
fects were observed for GO sheets synthesized by carbon nanofibers
and subsequently annealed between 100 and 800 °C [89]. Recently,
we have used these correlations to analyze the effect of thermal anneal-
ing on the structure of GO inserted between hexagonal boron nitride
flakes [89].

3. Graphene oxide trapped at the air-water interface

Due to its structure, graphene oxide can be trapped at the interfaces.
However, its behavior at the interfaces is quite different to that of con-
ventional surfactants. In this section, we analyze results reported
in the literature referred to the ability of GO to adsorb at the air-water
interface of water dispersions and the structure and properties of
Langmuir films of graphene oxide.

3.1. Surface activity of graphene oxide water dispersions

The stability of graphene oxide in water is attributed to the electric
charge produced by the ionizable groups attached to sheets. Three pK
values for graphene oxide have been reported: 4.3, 6.6, and 9.8 [90].
They were assigned to carboxyl groups close to the hydroxyl groups
(4.3), carboxyl (6.6), and phenolic groups (9.8), respectively.

We analyze the variation of surface electric charge of graphene oxide
and purified graphene oxide with pH in Fig. 4. The results of Fig. 4 cor-
respond to graphene oxide synthesized from graphite flakes, referred
as GO and to purified graphene oxide, called PGO, obtained by washing
GO in an alkaline medium. The C/O ratio are 1.6 and 4.3 for GO and PGO,
respectively [91]. As can be seen in Fig. 4, the GO sheets wear negative
electric charge even at pH = 1. It was no possible to work at pH < 1 be-
cause GO sheets aggregate [44]. The results also show that the zeta po-
tential of PGO solutions are lower than for GO. This behavior can be
interpreted by considering that when OD are removed by alkaline
washing, many O-groups are also removed, and the zeta potential
decreases compared to the non-purified material.

The stability of sheets in aqueous solutions also depends on the GO
concentration. Graphene oxide is stable even at concentrations of 60
mg/ml, while reduced graphene oxide is stable at concentration values
below 0.5 mg/ml [64,92]. Rheological studies showed the existence of
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Fig. 4. Variation of the zeta potential with pH: GO (circles) and PGO (triangles).
Measurements were done at 293 K. The solution concentrations were 0.12 mg/ml. Lines
are just visual guides.
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a critical concentration [93] below which GO sheets are dispersed and
above which they aggregate or dismantle depending on whether a
Brownian diffusion mechanism or convective flows predominate [94].
The transition between dispersed sheets and aggregates is similar to
isotropic-nematic liquid crystal transitions [95]. Furthermore, the con-
centrated dispersions behave as thixotropic materials [95]. These results
do not evidence micelle formation in concentrated GO dispersions;
however, there are several experimental evidences for the formation
of highly ordered self-assembled nematic crystal liquids above 10 mg/
ml [96]. Other 2D systems such as graphene or molybdenum disulfide
sheets present the same behavior [97]. The formation of nematic crystal
liquids in highly concentrated GO solutions was attributed to attractive
interactions between sheets through m-m staking [96,98]. Some works
reported that GO sheets in the nematic structure are fully extended
[99]; however, recent neutron scattering measurements showed a scat-
tering pattern compatible with crumpled structures [100]. The high
flexibility of graphene oxide sheets favors the interactions between
the hydrophobic domains and could be responsible of crumpling.

The ability of GO to adsorb at the interfaces from solutions is due to
its amphiphilic character. Since graphene oxide presents carboxyl
groups at the edge of sheets, the difference between the hydrophilicity
of the O-groups and the hydrophobicity of the aromatic domains can be
tuned by changing the pH. Accordingly, one expects that at high pH
values, the GO behaves like a surfactant molecule with affinity by the
air-water interfaces, since the carboxyl groups are deprotonated. How-
ever, surface tension measurements at pH of 14 and 1 showed that at pH
= 14 the surface tension is independent on the GO concentration and it
remains constant at the value of the pure water (72.8 mN/m). Neverthe-
less, at pH = 1, the surface tension of the GO solutions decreases until
52 mN/m when the GO concentration reaches a value of 1 mg/ml. This
means that GO behaves as a surfactant at pH = 1 [44], while at high
pH remains stable in aqueous solutions. The cause of this behavior is
the great hydrophilicity of sheets in alkaline medium due to the depro-
tonation of the carboxyl and phenolic groups at the edges of the sheets
[44]. To increase the adsorption of GO at the air-water interface, Kim
et al. proposed a method consistent in bubbling gas in the GO solutions
[18]. They suggest that the diffusion of GO sheets from bulk to the inter-
face is very slow due to the large dimensions of sheets; therefore, the
bubbling procedure accelerates the diffusion process.

Apart from the pH, the amphiphilic character of the GO sheets can
also be modified by changing the size, oxidation degree, and purity.
Smaller sheets have been shown to be more hydrophilic than large
sheets because they contain more O-groups at the basal plane [43]
and have a higher superficial charge density [52]. Conversely, the
sheets of reduced graphene oxides are more hydrophobic than the
graphene oxide sheets, since they have lower charge density at the
edges [36]. Therefore, it is expected that the ability of graphene
oxide to be transferred from the aqueous solutions to the air-liquid
interface can be adjusted by changing the structure of sheets. How-
ever, the mechanism of adsorption of GO is still an object of study.
Thus, in a recent work the effect of a cycling pH on the GO surface
coverage was studied [43]. Results show that GO is only surface ac-
tive in acidic aqueous subphase, but when the pH of the aqueous
subphase increases, most of the GO sheets remain trapped at the in-
terface. This behavior is quite different to that observed in the case of
surfactant molecules adsorbed at the air-water interface and was at-
tributed to the high values of desorption energy (10°-107 kT) [101]
compared to the values corresponding to the anionic surfactants. Be-
sides, the larger size of GO sheets compared with conventional sur-
factant molecules makes the desorption slower than that of
surfactant molecules, improving its stability at the interface [20].
Consequently, to achieve high GO coverages, it is necessary to simul-
taneously consider the structural aspects that can modify the amphi-
pathic character of GO sheets and the thermodynamic aspect of the
desorption process of the sheets trapped at the interface.
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3.2. Langmuir films of graphene oxide

Another way of trapping graphene oxide sheets at the air-water in-
terface is across the manufacture of Langmuir monolayers. Monolayers
of surfactant agents floating at the air-water interface are referred as
Langmuir monolayers and are prepared by dissolving amphiphilic mol-
ecules or nanoparticles in a volatile organic solvent, typically chloro-
form, and then placing a small volume of the spreading solution on a
clean water surface using a Langmuir-Blodgett trough. After the solvent
evaporation, the amphiphilic molecules remain irreversibly pinned at
the interface. The intermolecular distance can be modified by symmet-
rical compression with two barriers. Different degrees of compression
can lead to phase transitions between gaseous, liquid, and solid surface
states, and can eventually lead to collapse in multilayers, [102,103]. In
the case of graphene oxide, stable Langmuir monolayers have been re-
ported by spreading GO sheets dissolved in methanol/water mixtures
on acidic aqueous subphases [5,18,19,36,91,104-106].

To study the influence of the chemical composition of the different
types of graphene oxide on the surface states of the monolayers, we pre-
pared Langmuir monolayers of different graphene oxides synthesized
by the oxidation of graphite flakes and the carbon nanofibers GANF®,
and purifying these graphene oxides by alkaline washing [91,105]. The
C/0 ratios of these materials ranged from 1.6 to 4.3 [52]. Fig. 5 shows
the surface pressure, m and compressional elastic modulus, C5 !, versus
the surface area, A, isotherms of graphene oxide obtained from graphite
flakes GO and purified graphene oxide PGO, respectively [91,105,106].
Similar results were obtained for graphene oxides obtained from carbon
nanofibers. The surface compressional elastic modulus was calculated
from the surface pressure isotherms by using the following equation:

C;l =—A (%)p]'

To deepen the morphology of the different surface states, different
authors obtained Brewster Angle Microscopy (BAM), Atomic Force Mi-
croscopy (AFM) and Scanning Electron Microscopy (SEM) images of
monolayers at different surface states [91,104]. Fig. 6 shows a SEM
image of graphene oxide synthesized from graphite and deposited by
the Langmuir-Blodgett methodology at 4 mN/m.

It was demonstrated that the monolayers at surface pressure and
compressional modulus close to zero, present a density of sheets too
low to be observed by BAM. This behavior is consistent with isolated
GO sheets [37,91]. As the surface pressure increases, BAM images
show the GO sheets approach each other and both, the surface pressure,
and the compressional elastic modulus increase [91]. AFM and SEM im-
ages of films transferred onto a solid showed that the distance between
sheets is very small in this surface state referred as close-packed region
[104]. When the GO film is further compressed, the surface pressure
slightly increases. SEM images obtained by other authors showed folded
sheets at the contact points [104].

As can be seen in Fig. 5c and d, at higher surface pressure values
(30-40 mN m™ 1), the compressional elastic modulus presents two dif-
ferent behaviors. In the non-purified GO films, the compressional elastic
modulus decreases, while in films of purified graphene oxide, the com-
pressional elastic modulus increases and goes through a maximum
[91,106]. The decrease of the compressional elastic modulus is attrib-
uted to the collapse [104] and as show results in Fig. 5c and d, the two
monolayers collapse; however, in the isotherms of the purified material,
prior the collapse, the surface pressure and the compressional elastic
modulus increase with compression. This region has been assigned to
a dense monolayer of interlocked GO sheets with wrinkles [104]. This
interlocked region drives to the collapse after further compression.
The differences observed between the monolayers of purified and
non-purified graphene oxides are due to the presence of oxidative
debris, OD as discussed below.

To describe the isotherms of graphene oxides trapped at the air-
water interface, we used a model derived by Miller's group [107]. The
model is based on another one proposed to describe the behavior of
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Fig. 5. Surface pressure isotherms of GO (a) and PGO (b). The isotherms are recorded at 293 K.

permission from Ref. [106]. Copyright (2020) American Chemical Society.

proteins at fluid interfaces [ 108], generalized for nanoparticles and used
by Imperiali et al. [101] to describe GO isotherms. For a Langmuir mono-
layer, assuming interactions between nanoparticles, the state equation
is [107]:

KT(w/A)

= ol —(0/A)]

- l_Icoh ( 1 )

In Eq. (1) ® and ®q represent the total surface area occupied by
graphene oxide sheets and by water molecules, respectively. I'lcop, iS

EHT = 6.68kV WD = 7.5mm

4.05e-004 Pa

Fig. 6. SEM image of a graphene oxide film prepared by the Langmuir-Blodgett
methodology. The inset is a magnification to show the morphology of sheets.
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(c) Surface compressional elastic modulus isotherms of GO (c) and PGO (d). Reprinted with

the surface pressure cohesion and k and T are the Boltzmann constant
and the absolute temperature. The surface pressure cohesion includes
the contributions to surface pressure from all interactions within the
surface, solvent-solvent, solvent-solute and solute-solute.

In Fig. 7, the experimental surface pressure values corresponding to
NGO and PNGO are plotted against the trough area and lines are calcu-
lated from Eq. (1). As can be seen, the model interprets acceptably the
experimental values in the close-packed region [87,101], however, it
fails outside the closed-packed region, Fig. 7. This behavior has been re-
ported by Imperiali [101] who considered that the model was proposed
to describe particle films in the liquid expanded state [103]. Therefore,
in the case of graphene oxide films, it should be used in the region
where there is no deformation in the film caused by wrinkles or platelet
overlapping [97], i.e. the closed-packed region. Results plotted in Fig. 7
correspond to monolayers of purified and non-purified graphene
oxide synthesized from carbon nanofibers GANF®, but the same behav-
ior was observed for graphene oxides obtained by oxidation of graphite
flakes [105].

The cohesion pressure parameter values obtained from fits, Fig. 8a,
are positive and linearly correlate with the percentage of carboxyl
groups attached at the basal plane of graphene oxide [105]. The positive
value of the cohesion pressure parameter indicates the existence of net
attractive forces between sheets. It is well established that capillary
forces and line tension can contribute together with specific interac-
tions to the lateral attractive interactions between sheets. However, it
has been shown that the magnitude of capillary and line tension forces
is not very large [101], so that, specific interactions constitute the main
contribution to the value of the cohesion parameter. We consider that
attractive interactions between carboxyl groups through hydrogen
bonds [109] may be an important contribution to the cohesion pressure
parameter. Therefore, we analyze the effect of pH on the cohesion
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pressure [105], Fig. 8b. The results show that the highest values of cohe-
sion pressure are observed for monolayers deposited on acidic aqueous
subphases, pH < 3, where the carboxyl groups are protonated [105].
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Consequently, the formation of hydrogen bonds between carboxyl
groups attached to the sheets [109] seems to be one of the most impor-
tant contribution to the surface pressure cohesion parameter.

We also found a correlation between the cohesion pressure parameter
and the sheet packing of in the closed-packed region. In Fig. 8c the cohe-
sion pressure parameter values are plotted against the surface compres-
sional modulus taken at the end of the closed-packed region. As can be
seen in Fig. 8c the cohesion pressure parameter linearly depends on the
compressional elasticity modulus. To interpret this behavior, it is neces-
sary to consider that, according to our results, the most important contri-
bution to the cohesion pressure parameter is the formation of hydrogen
bonds between carboxyl groups attached to the sheets [109]. Therefore,
when attractive interactions increase, which means high Il values,
the GO sheets are strongly packed through the hydrogen bonds and the
compressional elasticity modulus increases as well.

3.3. Effect of oxidative debris on the structure of Langmuir films of
graphene oxide

As mentioned above, the oxidation of graphite or other carbona-
ceous materials results in the formation of oxidative debris, OD. This ox-
idative debris is adsorbed on the graphene networks modifying its
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Fig. 8. (a) Variation of the cohesion pressure parameter with the percentage of COOH obtained by XPS measurements. (b) Variation of the cohesion pressure with pH. Data correspond to
graphene oxide obtained by oxidation of graphite flakes, GO. Adapted with permission from Ref. [105]. Copyright (2015) American Chemical Society. (c) Variation of the cohesion pressure
parameter with the compressional elasticity modulus of the closed-packed region. The cohesion pressure parameter values were taken from ref. [105].
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properties. The effect of OD on the properties of graphene oxide in bulk
is well known and was previously commented, but there is little infor-
mation about the role of OD on the properties and structure of graphene
oxide films trapped at interfaces. However, we think that the organiza-
tion of OD at the interfaces, and its effect on the surface properties of
films are crucial in those applications where graphene oxide is adsorbed
at the interfaces. Therefore, we use neutron reflectivity measurements
to study the effect of OD on the structure of graphene oxide films.

Specular neutron reflectivity (SNR) is a suitable technique to study
the structure of different systems trapped on fluids interfaces
[110,111], therefore, we used SNR to analyze the role of OD in the struc-
ture and properties of graphene oxide at the air-water interface. This
technique was previously used to evaluate the adsorption of different
organic solvents on GO films deposited onto silicon [112,113], but, as
far as we know, it has not been used to study the structure of GO sheets
at the air-water interface. Recently, measurements of X-ray reflectivity
(XRR) and grazing incidence X-ray diffraction (GIXD) were used to
study GO films at the air-water interface. The results show that the
graphene oxide films are constituted by a bilayer of GO sheets whose
thickness and roughness evolve with the surface density [114]. To
deepen the effect of the OD on the structure of GO Langmuir films,
SNR measurements of purified (OD free) and non-purified graphene
oxide Langmuir films were recorded at two surface pressure values
into the closed-packed region. Our results show significant differences
between the film structure of these two materials [106]. Thus, the re-
flectivity profile of GO films is satisfactory interpreted with a bilayer
model, in agreement with X-ray surface scattering results previously re-
ported [114]. The bilayer is made up of 2-3 graphene oxide layers in
contact with air and a second layer submerged in the aqueous subphase.
When the OD layer was removed by alkaline washing, purified
graphene oxide, the film is exclusively composed by the single layer of
GO. Our results allow us to demonstrate that the second layer is consti-
tuted by OD. Illustrative examples of the two different behaviors can be
seen in the reflectivity profiles collected in Fig. 9.

It is worth noting that the roughness of the GO and PGO layers in
contact with air far exceed the value originated exclusively by capillary
waves (3.1 A). This fact points to the existence of additional roughness
probably caused by protrusions at the interface. These protrusions
evolve as the molecular area decreases [106].

The existence of a second layer of highly oxidized molecules, OD, in
the GO films may explain the different behavior observed for the com-
pressional elastic modulus at the isotherms of GO and PGO. As discussed
above, PGO film collapses at higher surface pressure than GO film and,
before the collapse, presents higher compressional elastic modulus
values than the GO film (Fig. 5c and d). To interpret this behavior it is
necessary to consider that since the OD fragments are formed by highly
oxidized molecules adsorbed onto graphene oxide network, GO is more
hydrophilic than PGO, consequently, it collapses by expulsion at low
surface pressure values [115]. In contrast, the most hydrophobic mate-
rial, PGO, is subjected to stronger cohesive forces than GO and goes
through a surface solid state of high compressional elasticity modulus
prior the collapse.

4. Summary and outlook

This review summarizes the great variety of sizes, chemical compo-
sition, polydispersity degree, surface electric charge of graphene oxide,
obtained by different synthesis routes and starting materials. This vari-
ability makes possible to design materials according to the needs of each
application by selecting the synthesis procedure or the starting material.
This is especially important in the manufacture of sensors, biosensors,
catalysts, or hybrid materials in which the type of functional group, elec-
tric charge or the size of sheets are crucial.

We also analyze the influence of some structural characteristics of
graphene oxides on the properties of graphene oxide films at the air-
water interface and we show the complex behavior of this material at
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the interface. We show the possibility of improving the surface density
of graphene oxide films by decreasing the pH or by increasing the
O-groups attached at the basal plane. On the other hand, our results
show that the oxidative impurities, constituted by highly oxidized mol-
ecules, form a second layer at the interface submerged in water. This
second layer increases the surface density and decreases the elasticity
of the films compared with films of the purified material. This behavior
should be considered in some applications where graphene oxide acts
as a stabilizing agent of foam, emulsions, or Pickering emulsions.

Despite all this information, there are still several aspects to explore.
It is necessary to study the effect of the number of GO layers on the or-
ganization of the films and the effect of the structure and chemical com-
position of GO on the dynamic of adsorption and on the rheological
properties of the GO films. On the other hand, the GO films can be
transferred from the air-water interface onto solids by the Langmuir-
Blodgett or Langmuir Schaeffer methodologies. Therefore, it is also nec-
essary to study the influence of structure and rheology of different states
at the fluid interface on the transfer process and the solid coverage. Just
understanding the influence of all these factors on the structure and
properties of GO films, it is possible to design films with the necessary
properties to stabilize emulsions and foams, or to be transferred to
solids as components of biosensors, gas sensors, transparent electrodes
and photovoltaic cells.
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