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A diverse range of molecular surfactants and polymers have been incorporated into aqueous

graphene oxide (GO) and reduced graphene oxide (rGO) dispersions in order to understand the
complex relationship between surface chemistry, surface forces and interfacial thermodynamics of
these materials with typical amphiphiles. Surfactant additives were systematically varied in terms
of their charge and hydrophobicity to reveal important structure—function relationships affecting
adsorption and interaction with GO and rGO surfaces. Small-angle (and ultra small-angle) neutron
scattering was employed to examine and monitor the interactions and self-assembly in each
system. Charge was found to be the overriding factor driving adsorption, as cationic surfactants
very readily adsorbed to both GO and rGO, whereas anionic surfactants gave little to no evidence
of adsorption despite possessing hydrophobic tail-groups. Molecules of neutral charge such as
nonionic and zwitterionic surfactants as well as neutral polymers also showed strong affinities for
GO and rGO, indicating that dispersion and dipole (induction polarisation) interactions also play
a significant role in adsorption with these materials. Modelling the neutron data revealed in many
cases a ¢~ slope in the low ¢ and ultra low ¢ regions, indicating that scattering was occurring
from large, flat surfaces (lamellae or bilayers), suggesting an effective flattening of the sheets
in dispersion. The results presented thus help to form a roadmap for the behaviour of GO and
rGO with surfactants and polymers, relevant to adsorption, stabilisation, formulation and coating
in aqueous environments as adsorbent and functional materials.
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1 Introduction 12-15

include emulsification,®!! foaming, coating, 16718 self-
assembly 12! and adsorption/decontamination;22 the findings
put forward in this study are most significantly applicable to the

Graphene oxide (GO) and reduced graphene oxide (rGO) have
continued to gain considerable research momentum in recent

years owing to their great potential in a wide variety of
fields and applications. Unlike pristine graphene, which is
composed of pure carbon,’2 GO and rGO have the useful
benefit of being processable in aqueous solution due to
their chemical functionalisation with oxygenated groups.3~>
This feature, combined with their exceptional surface area
to mass ratio, make GO and rGO sheets ideal substrates in
applications where adsorption is a central process.®8 Such areas
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latter two phenomena.

GO is highly compatible with water, and as such can form
concentrated dispersions and even hydrogels. 2324 The aggressive
oxidation of graphite using the improved Hummers’ method
(used in this work),2° results in a large proportion of oxygen
being introduced to the graphene sheets (up to 40% by mass),
in the form of epoxy, hydroxy and carboxy groups.® GO sheets
are thus exceptionally hydrophilic and exhibit large negative
surface potentials in water, readily resulting in their dispersion
through favourable solvation and electrostatic repulsions.26-27
However when reduced with hydrazine,® aromaticity on the
basal plains of the sheets is largely restored, and the oxygen
content controllably decreases down to approximately 20% by
mass, resulting in a material intermediate between graphene and
GO in terms of electrical, mechanical and adsorption properties.
Therefore, rGO sheets are inherently more hydrophobic, and
only form stable suspensions up to 0.5 mg/mL, despite retaining
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significant negative surface charge.® The effective hydrophilic—
lipophilic balance of these materials is thus a significant factor
influencing their dispersion and adsorption properties,?® and
realistically limits the use of rGO in aqueous applications.2°
However, deposition of rGO from water has been found to
be effective in technological processing, from anti-corrosion

layers3%:31 to supercapacitors32-33 and batteries 3437,

In spite of substantial research into the applications and
chemistry of GO and rGO as adsorbent materials,®822 a
clear understanding of their physical behaviour and interactions
with small molecules in solution has not been obtained. For
instance, contention exists surrounding the interfacial properties
and surface activity of GO and rGO, specifically on whether
their behaviour is more akin to that of molecular surfactants
or amphiphilic particles, with most works suggesting the
former. 9-2028,38 Theoretical chemistry computations, including
molecular dynamics, density functional theory and ab initio, have
been performed on model systems of GO and rGO to assist
in understanding their electronic structure, surface chemistry,
and wettability. 27-39-42 However, the relationship between these
important aspects of GO and rGO chemistry, and the way
that these materials interact with myriad organic and inorganic
compounds, remains poorly characterised. Further investigation
of aqueous GO and rGO dispersions with molecular additives
and the key criteria for adsorption are thus required before the
commercialisation and application of these materials in areas
such as industrial wastewater treatment and oil recovery becomes
viable.

In this work, we directly examine the response of aqueous
suspensions of GO and rGO to a variety of carefully selected
molecular surfactants and polymers. Using a combination
of small and ultra-small-angle neutron scattering (SANS and
USANS), we have monitored in situ the interactions and assembly
of these compounds with the carbon nanomaterials at nano and
microscopic length scales. The surfactant additives vary in terms
of their head-group chemistry, in order to understand the effects
of charge sign and hydrophilicity, and tail-groups to control
hydrophobicity and saturation (to explore m—n-stacking effects
with GO/rGO basal plain). Through this systematic variation, the
effects of electrostatic, polarisation and hydrophobic (dispersion
forces) interactions on the adsorption and co-assembly of the
surfactants with both GO and rGO can be compared. Thus, we
are able to gain insight into the fundamental physicochemical
phenomena underpinning the behaviour and basis for GO and
rGO as aqueous adsorbents, so that predictions can be made,
and more effective deployment of these materials in industrial
applications can be achieved.

2 Experimental

Materials

Graphene oxide was synthesised from graphite flakes (Sigma,
+100 mesh) by the improved method of Marcano et al>. Minor
modifications to the procedure included an incremental addition
of the potassium permanganate prior to heating the mixture, and
purification by 3 cycles of centrifugation (4000 rpm), redispersing
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the particles in ultrapure water only, followed by dialysis for
1 week (cellulose dialysis tubing, 12,800 Da molecular weight
cut-off, Sigma). The product was kept and characterised as
an aqueous suspension. Reduction of the GO followed Li et
al.,®> with the product also purified by dialysis in ultrapure
water. Characterisation of these materials has been performed
previously and can be found in the Electronic Supplementary
Information of McCoy et al.*?

Cetyltrimethylammonium bromide (CTAB, >99%) was from
ChemSupply and dodecyltrimethylammonium bromide (DTAB,
>98%) and tetradecyltrimethylammonium bromide (TTAB,
>98%) were from Sigma. Hexaethylene glycol monododecyl
ether (C|yE¢), pentaethylene glycol monododecyl ether (Cj;Es)
and tetraethylene glycol monododecyl ether (Cj,E4), all >98%,
were from Sigma. Triton X-100 (TX-100, >98%) and sodium
dodecyl sulphate (SDS, 90%) were from ChemSupply. Sodium
bis(2-ethylhexyl) sulfosuccinate (AOT, 96%) was from ACROS
Organics. Each of these surfactants were used as received
with the exception of SDS which was recrystallised once from
hot ethanol. Erucyl amidopropyl betaine (EAPB) and oleyl
amidopropyl betaine (OAPB) were synthesised and purified as
described previously. 4446 Polyethylene glycol or oxide (PEG, Mv
= 400,000 g/mol) and Pluronic F-127 were from Sigma.

Methods

Small-angle neutron scattering (SANS) measurements were
undertaken on two instruments: D11 (Institut Laue-Langevin,
Grenoble, France) and Bilby47 (Australian Centre for Neutron
Scattering, Lucas Heights, Australia). Samples were prepared
using D,O as the solvent and measured in 2 mm path-length
Hellma cells at room temperature (25°C). The radially isotropic
raw counts from the detectors were reduced to radially averaged
absolute intensity profiles as a function of the scattering vector, g,

defined as
4r 0

q= T sin 5
where 0 is the scattering angle and A is the wavelength of the
incident neutrons. Bilby is a time-of-flight SANS instrument,
hence the instrument utilises a range of wavelengths, in this
case A =2-20 A, to obtain spatiotemporal information about
the sample. The main detector was positioned 6 m from the
samples while the four curtain detectors were 3 m (left and
right detectors) and 4 m (top and bottom detector), giving a
g-range of approximately 0.002-0.6 A-1. In the process of
reduction, the raw data were normalised against a transmission
measurement and the background was corrected using a blocked
beam measurement. Scaling for absolute intensities was achieved
by accounting for the sample thickness (2 mm) and using an
empty beam measurement. Scattering from an empty cell (for
pure surfactant samples) or D,O sample (for samples containing
GO or rGO) was subtracted prior to modelling data. The D11
SANS instrument was used to obtain the scattering of the pure
GO dispersions (ILL data citation: doi-10.5291/ILL-DATA.9-10-
1309). For D11, two configurations were used with A = 10 A,
with a wavelength spread defined by AA/A = 9%, and sample-
detector distances of 1.2 and 8 m, with a detector offset to provide
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a g-range of 0.003-0.387 A1,

Ultra-small-angle neutron scattering (USANS) measurements
were made using the Kookaburra beamline 48-4°
Centre for Neutron Scattering, ANSTO. The instrument features
a Bonse-Hart setup in which two parallel arrays of quintuple-
reflection channel-cut silicon crystals serve to monochromate and
analyse the beam.>® A wavelength of 4.74 Awas used in these
measurements and depending on run time, could obtain data
over a g-range of 0.00005-0.005 A1 (0.1-10 gm length scales).
Desmearing of the data was then performed using a specially
developed Igor Pro package®! before stitching with the relevant
SANS data.

Modelling of scattering data was performed using the software
‘SasView’ (http://www.sasview.org).
combining SANS and USANS, a scale factor was applied to the
USANS data in order to align with the corresponding SANS data,
made necessary by fluctuations in incident beam intensity and
desmearing effects. For all data presented throughout, symbols
represent the raw experimental scattering data, and solid lines
are model fits generated as described in the text. Vertical error
bars are present in all data sets, but in most instances are too
small to see. All fitting parameters from the models are presented
in the Electronic Supplementary Information, including further
details on the models themselves and modelling procedures.

at the Australian

In some instances when

Atomic force microscopy (AFM) was performed using a JPK
NanoWizard 3. Imaging was carried out in AC mode with Bruker
NCHV model cantilevers with spring constants of ca. 42 N/m
and nominal resonant frequencies of ca. 340 kHz. Samples
were prepared by spin-coating (60 s, 2000 rpm) approximately
3-5 pL of 0.1 mg/mL GO or rGO onto freshly cleaved mica
disks (ProSciTech). For samples with polymer, the 0.1 mg/mL
GO or rGO dispersions also included 0.1 or 0.5 mg/mL of PEG
or Pluronic F127. Images were refined using the JPK Data
Processing software and lateral dimensions for GO and rGO
sheets were measured using Gwyddion (http://gwyddion.net).>2

3 Results and discussion

Graphene oxide and reduced graphene oxide

Small-angle scattering is not a commonly exploited technique
for examining and characterising two-dimensional carbon
nanomaterials. Small-angle x-ray scattering (SAXS) has been
used to characterise graphite oxide (3D stack) prepared by
various known methods,>® however the low electron densities of
the elements make analysing dilute solutions of graphene oxide
(GO, single layer) difficult by SAXS, and the very low proportion
of hydrogen (<2%)? also offers poor contrast using SANS with
solvent contrast variation. In all SANS data sets presented in
this work, 0.1 mg/mL of GO or rGO is used, and the observed
scattering from the carbon nanomaterials themselves in each case
is minimal (Fig. 1a). Atomic force microscopy (AFM) imaging (in
air) revealed monolayer nanosheets (~1 nm thickness) for both
GO and rGO (Fig. 1b-e), with average lateral sizes of 0.338 and
0.407 pum respectively (Fig. 1f,g). These materials are therefore
within the length regime accessible to SANS and USANS (1 nm-
10 um). The wrinkling of rGO (Fig. 1c) is likely a result of the

This journal is © The Royal Society of Chemistry [year]
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drying process for imaging. The increased hydrophobicity of rGO
sheets causes them to fold and clump together through strong
a-m-stacking interactions. Large clusters of rGO could also be
observed in some regions of the AFM samples (see ESI).
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Fig. 1 (a) SANS data of 0.1 mg/mL GO and rGO following D,O
background subtractions. Note that the suspensions were diluted
with DO from concentrated suspensions in H,O. Hence, a D,O
background was subtracted from these data sets rather than an empty
cell background, as the baseline scatter from GO and rGO samples were
marginally higher due to containing approximately 3% H»O. Data for D,O
has had scattering from an empty cell subtracted. Data for GO is offset
by multiplication for clarity (x2). (b & ¢) AFM height images of GO and
rGO dried on mica respectively. (d & e) Height profiles of GO and rGO
respectively where each cross section corresponds to the dashed blue
line on the image above. (f & g) Histograms of the lateral dimensions of
GO and rGO sheets respectively. Data is binned to 100 nm and # is the
total number of observations.

In order to model the scattering for pure aqueous GO
dispersions, a mass fractal model was employed (Fig. 2).°*
The mass fractal model approximates the scattering of spatially
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inhomogeneous objects according to a power law, allowing
determination of the fractal dimensionality D,, of the material.
This provides a statistical index of how aggregated or structurally
complex the material/assembly is over the measured length scale
(higher fractal dimension corresponds to higher complexity).>4:>>
As carbon and oxygen have similar scattering length densities
(6.65 and 5.80x10°¢ A2 respectively) to that of D,O
(6.34x10°¢ A*Z), the scattering contrast for GO originates from
the proportion of hydrogen which is only small in these materials
(<2% by mass).® Therefore, the hydrogen atoms serve as the
scattering ‘building blocks’ or particle radius for the mass fractal
structure, hence, this parameter is treated as negligible (see
ESI for fitting parameters). The modelling of the GO SANS
data reveals mass fractal dimensions of approximately 2.8 (see
ESI, Table S1), with the slopes at low g being around 3.2
(Fig. 2), indicating that the sheets have a semi-aggregated,
crumpled morphology when dispersed on their own in aqueous

solution. >6-58
GO e 10 mg/mL
10 3 ® 5 mg/mL
] ® 2 mg/mL
| @ 1 mg/mL
TE . ® 0.2 mg/mL
L 13
T
0.1 3

q/A_1

Fig. 2 SANS data of GO in water at increasing concentrations. Symbols
are raw data points and solid lines are the mass fractal model fits. Inset is
the proposed ‘crumpled’ structure for GO sheet morphology in solution,
as determined by the slope at low g.

As scattering from the GO sheets themselves becomes
significantly greater at higher concentrations (Fig. 2), GO and
rGO concentrations of 0.1 mg/mL were used in all subsequent
measurements. In this case, scattering contrast for neutrons is
thus expected to arise from the surfactant molecules added to
the aqueous GO and rGO dispersions.
therefore not only gives insight into molecular interactions with
these carbon nanomaterials for understanding adsorption, but
also allows selective ‘highlighting’ of the sheets. Thus, their
precise morphologies can be determined without convolution of
the data from multiple scattering sources.

The use of surfactants

Interactions with cationic surfactants

Cationic magnetic surfactants have been shown to destabilise GO
and form noncovalent magneto-responsive composites that can
be used as recoverable materials in wastewater purification. >®

4| Journal Name, [year], [vol.],1-16

Likewise, a cationic photo-switchable surfactant can be used
for reversible, light-controllable separation and redispersion of
rGO.%® Cationic surfactants have also even been exploited to
enhance the surface activity of GO sheets and facilitate their
enrichment at interfaces,%° resulting in improved capacity for
emulsion stabilisation,®' and recovery by froth flotation. 6263
In all cases, the positively charged head-group ensures a
strong electrostatic attraction with the negatively charged GO
and rGO sheets, resulting in significant levels of adsorption.
Therefore, we first explored the effects of cationic surfactants in
aqueous dispersions of GO and rGO. For this, a classic and well
characterised series of surfactants with trimethylammonium
head-groups  was cetyltrimethylammonium
bromide (hexadecyltrimethylammonium bromide, CTAB),
tetradecyltrimethylammonium (TTAB) and
dodecyltrimethylammonium bromide (DTAB). The lengths
of the alkyl chains vary from 16, 14 and 12 carbons respectively
(Fig. 4d), so that the hydrophobic contribution to the molecular
interactions could also be assessed.

chosen:

bromide

As cationic surfactants bear an opposing charge to GO
and rGO sheets in solution, there is a propensity for the
carbon materials to flocculate within a specific range of carbon
nanomaterial:surfactant ratios due to reduction in magnitude of
the interparticle repulsive forces.*3%! SANS measurements in
situ may be ineffective or misleading when used on unstable
or inhomogeneous systems. Therefore it was necessary to
map the stability of the colloidal suspension across a broad
range of concentration ratios to uncover where the system was
stable/unstable, and thus determine which sample compositions
were suitable for analysis by SANS.

Stability phase diagrams for DTAB, TTAB and CTAB with GO
were determined (Fig. 3) in which a total of 20 different sample
compositions were assessed for each surfactant (see ESI, Fig. S4-
S6). Samples were deemed stable if no aggregation could be
observed, metastable if partial aggregation and sedimentation
over 24 hours could be observed, and unstable if the GO
was completely flocculated (Fig. 3a). Depending on the
surfactant, the initial onset of GO aggregation with increasing
surfactant loading was found to occur at lower surfactant
concentrations with increasing tail-group length (Fig. 3b-d,
CTAB<TTAB<DTAB). This effect is likely due to the higher surface
activity associated with the longer tail-groups causing adsorption
onto the GO surfaces and subsequent destabilisation to occur
more readily. In turn, colloidal restabilisation of the GO was also
found to occur at lower surfactant concentrations for the longer
chain molecules (Fig. 3b-d). Stability of the GO at increased
surfactant loadings can be attributed to charge reversal of the
sheets from adsorbed cationic surfactant, such that the materials
are now stabilised through positive charge repulsions.®! As CTAB
is more surface active than TTAB and DTAB, larger quantities
adsorb to the GO sheets, hence the restabilisation effect is
observed at lower surfactant concentrations with increasing tail-
group length. The same can be said for TTAB when compared
to DTAB. Interestingly, this effect also appears to coincide with
the critical micelle concentrations (CMC) for each surfactant (see
ESI, Fig. $3),%55 reaffirming that the behaviour is a hydrophobic

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 (a) Samples of TTAB and GO with phase behaviour specified
as stable, metastable and unstable. (b-d) Stability phase diagrams
of aqueous graphene oxide dispersions with DTAB (b), TTAB (c) and
CTAB (d). The green regions signify stable systems, while the yellow
and red regions represent metastable (partially flocculated) and unstable
(flocculated) systems. The circles signify specific individual samples
(see ESI, Figs. S4-6) from which the borders between phases were
estimated. The vertical dashed lines mark the approximate critical
micelle concentrations (CMC) for each surfactant as determined from
surface tension measurements (see ESI, Fig. S3).

phenomenon. The phase behaviour indicates that hydrophobic
interactions (dispersion forces) also play a significant role in
adsorption and interactions within these systems, and that charge
is not the only factor governing the bulk and interfacial properties
of GO in the presence of adsorbing molecules.

This journal is © The Royal Society of Chemistry [year]
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With these effects in mind, high DTAB, TTAB and CTAB
concentrations (25 mM) were used with GO and rGO to ensure
that the samples remained stable for SANS. Samples with DTAB
and TTAB at this concentration were regarded as metastable (Fig.
3b & ¢), however the sedimentation of the materials was slow
enough that scattering measurements were still possible. SANS
measurements from pure 25 mM solutions of DTAB, TTAB and
CTAB (i.e. with no GO/rGO present), can be accurately modelled
using an ellipsoid model®® with Hayter-Penfold structure factor
(Fig. 4a).771 The fitting yields equatorial radii of 1.7, 2.0
and 2.3 nm, and axial radii of 2.7, 3.2 and 3.8 nm for DTAB,
TTAB and CTAB respectively (see ESI, Table S3), concordant with
literature values.”? The increases in micellar radii are due to the
lengths of the surfactant tails,”® and the greater structure factor
contributions for CTAB and TTAB (peaks at medium ¢, 0.03 A
can be attributed to the larger volume fractions of micelles which
will form more readily and at lower concentrations for these
surfactants than DTAB (see ESI for details, Table S3).

When GO and rGO are incorporated with these surfactants
(Fig. 4b & c), substantial differences in scattering in the low
g region (0.003-0.02 A~!) can be observed compared to the
pure surfactant solutions (Fig. 4a). As g is an inverse length
scale, scattering at lower g values corresponds to larger objects,
which in the context of these systems must be the GO and
rGO sheets. This is a very clear indication of strong interaction
between the surfactant molecules and carbon nanomaterials,
as the scattering from the sheets themselves was found to be
negligible at 0.1 mg/mL (Fig. la). Furthermore, the scattering
at low g conforms to a ¢ trend, which is indicative of scattering
from flat, planar structures.’#7> Note that this is not seen in the
scattering of pure GO dispersions at any concentration (Fig. 2),
indicating that the surfactant has changed the sheet morphology.
As this trend continues even through the USANS region (Fig.
4f), it is possible that the surfactants are serving to ‘flatten’
the sheets and render them rigid, as crumpling of the sheets
would result in an increase in the fractal dimension, and a low
g slope greater than g2, as were determined in Figure 2. This
phenomenon is dubbed ‘nano-ironing’ and could be useful in
coatings or deposition applications where full exploitation of the
GO and rGO surface area would be beneficial.

To model the scattering when both GO/rGO and surfactant are
present, the same mass fractal model was employed to define
the scattering in the low ¢ regions.>* Given that the scattering
contrast in these systems is from the surfactant molecules, they
will serve as the ‘building blocks’ for the mass fractal structure,
and as their adsorption on the sheets will essentially be in a
random arrangement, the mass fractal model is again an ideal
representation for the GO and rGO sheet morphology. This
has been used previously for similar GO/rGO systems with
cationic photosurfactants.*® At 25 mM however (Fig. 4b,c), the
background concentration of micelles is still significant, therefore
the model for the micelles must be included in the fitting
algorithm to accurately fit the medium g region. Therefore the
summation model method in which a step-wise addition of the
fractal and micelle models was used to produce the final fits
for these systems (see ESI for more detail, Fig. S7). A final

Journal Name, [year], [vol.], 1-16 |5



Physical Chemistry Chemical Physics

® CTAB25mM ] GOand ® CTAB25mM ] rGO and @ CTAB 25 mM
eTAB |76 ® TTAB25mM 1 ® TTAB25mM 1% ® TTAB 25 mM
10 o nm ® DTAB25mM - ® DTAB25mM = \ ® DTAB 25 mM
T ] ] !
g - ] . .
= 1 4.6 nm 4 9 i
S E E
0.1 - -
a =ib
0.01 0.1 0.01 0.1 0.01 0.1
-1 -1 -1
gl/A gl/A gl/A
ol CTAB . [ :
PG GGG L IS GO and @ CTAB 25 mM ] CTAB 25 mM
s \‘\q\\ ® TTAB 25 mM 1 ® GO +CTAB25mM
I P TTAB 10 \\\\‘\ ® DTAB 25 mM 10 3 ® rGO +CTAB 2.5 mM
B/”‘”\/\/\/\/\/\/\/ T 10° 2Ny, T 3
£ q- N\ N, £ 1
3} 2_| N5 - »| © b
Br'l DTAB : 10 N, & y SANS : 1 _E
B z T
-~ -—> - 1
0.1 -
b 19
....n'r||2.....r|'|'|1—|-|-rrrr T T T T T —TTTTT
10° 10° 0.01 0.1
-1 -1
gl/A gl/A

Fig. 4 (a-c) SANS data of DTAB, TTAB and CTAB surfactants at 25 mM without carbon nanomaterial present (a), and also with GO (b) and rGO

(c).

Concentrations for all carbon nanomaterials were 0.1 mg/mL. The inset in (a) represents a meridional cross-section of the CTAB micelles as

determined from the fitting parameters. (d) Chemical structures of DTAB, TTAB and CTAB. (e) Schematics of cationic surfactant adsorption on GO and
rGO. Bromide anions have been omitted for simplicity. (f) Inclusion of USANS region to GO/CTAB data in b (shaded area). (g) SANS data of 2.5 mM

CTAB with GO and rGO.

important consideration when modelling these data is the charge
contribution to the scattering from the sheets themselves. As
GO and rGO are highly charged, a structure factor contribution
arising from interactions between sheets and micelles could be
expected. However at GO and rGO concentrations of 0.1 mg/mL
(0.01 wt%), the volume fraction of the sheets is so low that this
effect can be regarded as negligible.

Comparing the scattering of the individual surfactants with GO
and rGO, higher scattering intensities are observed in the low ¢
region as the length of the surfactant tail is increased (Fig. 4b,c).
This observation concurs with the phase behaviour in Figure
3, indicating that hydrophobicity influences the partitioning of
the surfactants between the bulk aqueous phase and the sheet
surfaces. Interestingly, when rGO is used, the overall scattering
intensity in the fractal region is lower when compared to that
of GO (Fig. 4b,c). This suggests that despite hydrophobicity of
the surfactants serving to promote adsorption, a stronger affinity
exists for GO than rGO, implying that electrostatic and dipole
interactions are more significant for adsorption than hydrophobic
interactions, as GO is more strongly charged and has a much
greater proportion of oxygen-containing functional groups than
rGO.526 This may also relate to the nature of the surfactant
adsorption on both carbon nanomaterials. For GO it is possible
that the surfactants are adsorbing via their head-groups with

6| Journal Name, [year], [vol.],1-16

the tails protruding into solution. As this would unfavourably
result in the tail-groups being exposed to the bulk aqueous
solution, another monolayer of surfactants adsorbs with the
head-groups now on the exterior of the structure to overcome
the reorganisational entropy of water, collectively resulting in a
surfactant bilayer on the surfaces of the GO sheets (Fig. 4e).
Conversely for rGO, because it is hydrophobic, the surfactants
most likely adsorb flat on the surfaces of the sheets, resulting
in adsorbed hemispherical micelles (Fig. 4e). The adsorption
mechanisms cannot be explicitly determined from the scattering
data, however, the precedent for this theory has been asserted in
many adsorption studies and reviews on quaternary ammonium
surfactants at aqueous solid-liquid interfaces.”8° Therefore, a
larger amount of surfactant molecules would be adsorbing to GO,
resulting in greater scatter. The fractal dimensions for the rGO
systems are also lower (<2) than the corresponding GO samples
(see ESI, Table S3), further emphasising that the interactions are
weaker with rGO. It is therefore likely that GO could be superior
to rGO as an aqueous adsorbent, even for certain hydrophobic
materials. Similar behaviour for GO and CTAB has been predicted
previously by small-angle X-ray scattering.8! In all cases, the
bromide counter-ions are likely to be within the vicinity of the
surfactant head-groups either as undissociated moieties or as
loosely bound counter-ions.8? Hence, their contribution to the

This journal is © The Royal Society of Chemistry [year]
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assembly and thus scattering, is expected to be minimal.

Reducing the surfactant concentration to 2.5 mM, DTAB and
TTAB destabilised GO and rGO, however CTAB mixtures were
stable (Fig. 3b-d). At the lower concentration, the structure factor
contribution from the CTAB micelles becomes negligible due to
the lesser volume fraction (Fig. 4g), and they can be modelled
with a simple ellipsoid model (see ESI, Table S4). Without
obstruction from the large structure factor peak, the effects of
the GO and rGO sheets become clearer, and it can be seen that
scattering with a continuous slope of g2 through medium g is
apparent (Fig. 4g). The presence of the sheets results in depletion
of the surfactants available for micellisation, and adsorption
instead occurs along the flat, rigid GO/rGO surfaces. Again, the
intensity through the low ¢ region is higher for the GO/CTAB
system than the rGO/CTAB system, showing stronger adsorption
to the GO. The small shoulders around 0.07 A~! are due to a low
concentration of CTAB micelles in each mixture. Unfortunately,
even at 1 mM CTAB, the presence of a non-negligible number
of background micelles in the GO and rGO/CTAB mixtures means
that a lamellar model could not be reliably employed to determine
the thickness of the aggregates (see ESI for further explanation,
Fig. S8), and the hypothesised adsorption mechanism in the two
systems is therefore still only speculative at this stage.

Interactions with anionic surfactants

Similarly to the cationic surfactants analysed, sodium dodecyl
sulphate (SDS) and sodium bis(2-ethylhexyl) sulfosuccinate or
Aerosol-OT (AOT) form ellipsoidal micelles, with large Hayter-
Penfold structure factor peaks being caused by the overall charge
of the aggregates. Hence, data for SDS and AOT were modelled
similarly (see ESI). However being anionic, SDS and AOT exhibit
the same surface charge as GO and rGO and hence, are likely to
experience charge-based repulsions from the sheets. Modelling
the SANS data for pure SDS and AOT at 25 mM (Fig. 5a)
gave equatorial radii of 1.8 and 1.2 nm, and axial radii of 2.7
and 2.6 nm respectively (see ESI, Table S5), similar to literature
values. 83-8> The shorter tail-lengths of AOT account for the lower
equatorial radius of the micelles.

The equivalent SANS patterns with GO and rGO included
show very little difference in the scattering to those of the blank
micelles (Fig. 5b,c). Modelling these data was achieved using
very similar fitting parameters (see ESI, Table S5), indicating
that the micellar compositions of the samples did not notably
change with the addition of GO or rGO. Therefore, little to
none of the surfactant molecules are apparently adsorbed to the
sheets, and are instead forming bulk micelles. The effect of same
charge repulsion is likely the overriding factor dictating system
behaviour here, as the surfactants could potentially adsorb to
the sheets via hydrophobic interactions through their tail-groups,
however the scattering suggests that the apparent adsorption is
minimal, indicating that surface charge is the more dominant
force. As charge interactions are longer in range,30 this is
to be expected. Small increases in scattering intensity are
observable in the low ¢ region for the GO and rGO samples with
both surfactants (Fig. 5b,c), meaning that perhaps very small

This journal is © The Royal Society of Chemistry [year]
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quantities of surfactant are adsorbing. This small effect appears
larger in magnitude for AOT than SDS, which could be due to
AOT having a higher surface activity. Note that the scattering
at low ¢ increases appreciably for pure 25 mM AOT (Fig. 5a).
The maximum aqueous solubility of AOT at room temperature is
approximately 44 mM, 8> therefore this increase is likely due to
critical scatter from inter-micellar attractions/clustering.

It is also important to note that sulfonate groups have
substantial solvation shells allowing them to interact with water
very strongly.87-88 Therefore, SDS and AOT micelles may be
further stabilised against disaggregation by their hydration from
the bulk water, further inhibiting their adsorption to the GO and
rGO surfaces. The lack of adsorption is thus, likely a culmination
of charge repulsion and strong solvation effects. As with bromide
in the case of the cationic surfactants, the dissociated sodium
counter-ions are presumed to form an equilibrium between full
solvation in the bulk water and weak electrostatic interactions
with the SDS/AOT micelles and GO/rGO sheets. Hence, their
influence in these systems is likely to be insignificant.

Interactions with nonionic surfactants

When considering nonionic surfactants, the head-groups are
uncharged, so the effects of charge-based interactions with GO
and rGO become negligible. Hence, samples were found to be
stable irrespective of the surfactant loadings. Triton X-100 (TX-
100) is a well-known and widely utilised nonionic surfactant
with a distribution of 1-20 ethylene oxide units in the head-
group where the mean ethylene oxide number is 9.5, and a
phenyl ring and branching in the tail-group (Fig. 6c¢, inset). In
water at 10 mM, TX-100 forms squat cylindrical micelles (Fig.
6a) approximately 8.8 nm in length and 2.1 nm in radius (see
ESI, Table S6). At the same concentration with GO and rGO
present, the form factor of the TX-100 micelles is still prevalent,
indicating a high presence of background micelles remaining in
the system. Modelling of these systems was therefore achieved
using an additive fit of cylinder and mass fractal models (see ESI).
As with the cationic surfactants, an increase in scattering at low
q is observed (Fig. 6b). This result can again be interpreted
as surfactant adsorption to the sheets, as when reducing the
concentration of TX-100 from 10 mM to 1 mM, where the micellar
contribution to the scattering is significantly lower, a clear,
unmasked increase in scattering intensity for the systems with
GO and rGO can be seen even in the medium ¢ region (Fig. 6¢).
The scattering slopes conform to ¢~ 2, again indicating scattering
from flat surfaces (i.e. the GO and rGO sheets). The trend
continues into the USANS region indicating large structures, with
an additional increase in slope order to ¢~3 at ultra-low ¢, most
likely from surfactant critical scatter (Fig. 6a).

Interestingly, there are very few differences in scattering
when using GO versus rGO with TX-100 (Fig. 6b,c). TX-
100 has an aromatic phenyl ring, therefore it is likely to
experience strong m—stacking interactions with rGO due to the
large restoration of the aromaticity of the basal plain from the
reduction process.® The m-stacking interactions with GO will
be comparatively weak, however the polarisation interactions
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cylindrical micelles as determined from the fitting parameters. Concentrations for all carbon nanomaterials were 0.1 mg/mL.

between the TX-100 head-group and GO is much stronger than
for rGO. Consequently, summing the overall interactions for both
materials could result in the net surfactant adsorption reaching
similar levels, accounting for the lack of difference in scattering
for the two materials with TX-100. It is also possible that for both
materials, adsorption is dominated by head-groups interactions,
and as TX-100 is polydisperse, occurs according to the preferred
head-group lengths (i.e. molecules with shorter ethylene oxide
chains adsorb to rGO and those with longer chains adsorb to GO).

Therefore, to more systematically investigate the interactions
of nonionic surfactants with GO and rGO, SANS was used to
examine systems in which monodisperse C,E,, surfactants were
used. These surfactants have a specific number (i) of ethylene
oxide units for the head-group and a specific number of carbon
atoms (n) in their tail-group. For these measurements, three
C,E,, surfactants were chosen: hexaethylene glycol monododecyl
ether (CjpEg), pentaethylene glycol monododecyl ether (Cy,Es)
and tetraethylene glycol monododecyl ether (Cj2E4) (Fig. 7a).
The tail-group length (12 carbons) is the same for all three
molecules, however the number of ethylene glycol units varies
by one, significantly altering the hydrophilicity across the series.

The most hydrophilic surfactant of this series, Cq,Es, was

8| Journal Name, [year], [vol.],1-16

found to form cylindrical micelles (Fig. 7b), with an average
radius of 2.1 nm and length of 10.6 nm (see ESI, Table S7),
concurrent with literature SANS values.8%:9° C,Es was found
to form long, flexible cylinders (or worms) (Fig. 7c),?! 2.1 nm
in radius and C;,E4 formed vesicles (Fig. 7d),“? with average
radii of 25.2 nm at 10 mM and 38.3 nm at 1 mM (see ESI,
Table S12). The sharper form factor resolution for Cy2E4 at
1 mM compared to that at 10 mM is due to the difference
in polydispersity for the vesicle radii of each mixture, which
were 27.8 and 36.5% respectively (see ESI, Table S12). Given
that the micelle morphologies and scattering intensities vary so
drastically for each of these surfactants, it is difficult to draw clear
distinctions between the adsorption and interactions with GO and
rGO when altering the surfactant chemistry. However, for these
surfactants, significant differences are evident when comparing
the scattering of mixtures with GO against mixtures with rGO, an
effect which was not observed for TX-100 (Fig. 6).

At 10 mM, Cy,E¢ exhibits similar scattering with GO and rGO
to that of TX-100, where there appears to be a high concentration
of background cylindrical micelles, and an increase in intensity at
low g due to surfactant adsorbed to the sheets (Fig. 7b). However
unlike TX-100, noticeably higher scattering occurs in the low ¢

This journal is © The Royal Society of Chemistry [year]
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region for the GO system than the rGO system. There is therefore
a significantly greater amount of Cy,E¢ adsorbing to GO than
rGO, suggesting that as with the cationic surfactants, polarisation
interactions contribute more strongly to the adsorption of these
molecules than do the hydrophobic (dispersion) interactions
This effect would also be
thermodynamically driven by freeing water entropy associated
with the unfavourable solvation of hydrocarbons 9394 (ie. the

from the surfactant tail-groups.

surfactant tails and exclusive carbon domains of the GO and rGO,
which are more substantial for rGO). Reducing the concentration
of CpEg to 1 mM, the difference in scattering becomes even
more marked, as the system with rGO appears to conform to
the same form factor as the blank micelle sample at medium ¢
values, whereas the system with GO has a very different shape,
sharply increasing in intensity at g values below 0.05 A~! (Fig.
7b). The low g scattering in all instances again follows a slope of
g2, highlighting the flattened, sheet-like structure of the GO and
rGO nanosheets. This again reinforces that the surfactants are
acting to flatten the sheets, which is not observed in the naked
GO and rGO dispersions (see ESI, Table S7). When using 1 mM
C12Es5, the overall scattering is very similar to that of CyE¢, with

This journal is © The Royal Society of Chemistry [year]

higher adsorption occurring on GO than rGO (Fig. 7f). Changes
in hydrophobicity therefore have little impact on molecular
interactions of nonionics with GO or rGO. These findings also
reinforce the clear significance of the z—stacking interaction in
the case of TX-100 with rGO. At 10 mM Cy,Es, the scattering from
the blank micelles was so large that it obscured the data with GO
and rGO, even in the low g region, hence it is difficult to draw
clear conclusions from the raw scattering. However, modelling
the GO and rGO systems with 10 mM C;,E5 revealed a steeper
medium ¢ slope for GO (¢ !°®) than 1GO (¢~ !3°). As this is
the length scale in which wormlike micelles appear to be locally
cylindrical (1), these power laws suggest greater deviation
from the wormlike structure in the GO system, which would occur
if CjoE5 adsorption was occurring more readily to GO than rGO.

The enormous difference in surfactant adsorption on GO versus
rGO can again be justified by the proposed packing mechanism
for the surfactants on each surface (first described in the cationic
section, Fig. 4e).
interface, it is feasible to presume the surfactants may lie flat
on the surfaces of the sheets to balance hydrophobic interactions
with van der Waals forces and free water entropy.?* Conversely,

As rGO represents a more hydrophobic
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because GO is predominantly hydrophilic, the surfactants are
likely to be adsorbing primarily via their polar head-groups,
allowing for a much denser packing arrangement in the form
of surfactant bilayers. %97 This hypothesis is supported further
by modelling the results for Cj,E¢ and Cj,E5 at 1 mM with GO
and rGO (see ESI, Table S8 and S11). In the cases with GO,
the background micelle concentrations are clearly tiny, therefore
modelling these data using exclusively a lamellar model becomes
possible because there is now a well-defined upturn in the sample
scattering in line with the background scattering (high ¢, 0.2—
0.4 A=1). The lamellar model allows determination of the
average thicknesses of the aggregates based on this upturn,’4
which for GO/C,E¢ and GO/C,Es were found to be 9.6 and
9.8 nm respectively (Fig. 7e,f). These thicknesses are much
greater than the 1 nm thickness for GO sheets confirmed by
AFM (Fig. 1b,d), and given that the molecular length for Cj,E¢
is approximately 3.9 nm,”8 suggests a structure comprised of
a GO sheet sandwiched between two surfactant bilayers, with
significant overlap occurring between the tail-group regions (Fig.
7e,f insets). The lack of any Bragg peaks corresponding to bilayer
spacings also indicates that these aggregates contain only a single
sheet, and are thus, not multiply stacked. However, stacking
of this nature may be possible at higher loadings of GO, and is
also more credible for nonionic surfactants due to the absence
of electrostatic repulsions, which would occur in the cases of the
cationic surfactants. In the equivalent cases with rGO, the amount
of surfactant forming micelles is apparently still too high to allow
meaningful use of the lamellar model (Fig. 7e,f), and were
therefore fit with additive models of micelles and mass fractals
(see ESI). This also concurs with the hypothesis for surfactant
adsorption mechanism, as if the surfactants adsorbed lying down
on the rGO surfaces to form hemispherical micelles (Fig. 4e),
the amount of surfactant adsorbed would be much lower and the
scattering would be weaker, as is evident. In addition, subsequent
stacking between multiple rGO sheets as is predicted for GO,
would be geometrically unfavourable.

Lastly in the C,E,, series, the interactions of C1,E4 with GO and
rGO were analysed by SANS (Fig. 7d,g). C2E4 is known to form
large multilamellar vesicles,®%% and therefore the scattering
from these mixtures was very strong, even for the pure surfactant
samples. Hence, clear differences in the intensity of the scattering
for these systems are difficult to interpret unambiguously.
However, differences in the scattering form factors are apparent
and give some physical insight into the interactions. These data,
including the blank surfactants (which likely contain a mixture of
vesicles, evidenced by the SANS data, and lamellae, evidenced
by the USANS data), 10%-101 were modelled using the addition
of mass fractal and vesicle models (see ESI). At 10 mM C;;E4,
the pure surfactant solution has only a subtle vesicle form factor
due to a high degree of polydispersity in the radius of the
vesicles (see ESI). However, with rGO incorporated in the system,
the polydispersity decreases significantly from 36.5% to 22.4%,
resulting in a much sharper peak at 0.01 A~! (Fig. 7d). This
effect is interpreted as a depletion in the amount of surfactant
available for micellisation due to adsorption on the rGO sheets,
as decreasing the concentration of the pure Cj;E4 solution to
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1 mM also resulted in a much more well-defined vesicle form
factor (Fig. 7g). For GO with Cj;E4 at 10 mM (Fig. 7d), the
co-assembly of the surfactants and sheets may also be resulting in
stacked bilayers as was inferred for GO with C|,E¢ and C,Es. In
this case, the aggregates may dominate the scattering, masking
the form factor for the vesicles.

At 1 mM C;,E4, the clear vesicle form factor observed in the
pure surfactant solution is almost totally lost when GO and rGO
are added, indicating adsorption of the majority of surfactant
molecules onto the sheets (Fig. 7g). However, the vesicle form
factor is still slightly apparent in the rGO scattering, but not in the
GO scattering, suggesting that a larger proportion of molecules
are adsorbing in the case of GO. This is an interesting result,
as the hydrophilicity of Cj;E4 is significantly lower than that
of CpE¢ and Cj;Es. However, the effect of dipole interactions
and packing arrangement on the sheet surfaces still appear to
be more significant contributors to adsorption than surfactant
hydrophobicity. Scattering again conforms to a slope of g2,
indicating flat surfaces (Fig. 7g). Nonionic surfactants may
therefore offer useful alternatives for GO and rGO ‘nano-ironing’,
as well as the spontaneous assembly of lamellar liquid crystals
based on carbon nanomaterials which may be useful in optical
applications and nano-templating.

Interactions with zwitterionic surfactants

Zwitterionic surfactants also have an overall charge of zero,
however unlike nonionic surfactants, there are formal charge
groups associated with the surfactant heads. Erucyl amidopropyl
betaine (EAPB) and oleyl amidopropyl betaine (OAPB) are
environmentally friendly zwitterionic surfactants that have 22
and 18 carbons in their alkyl chains respectively (Fig. 8a).46:95
These types of surfactants form complex fluids, stemming from
their ability to spontaneously self-assemble into viscoelastic
wormlike micelles,® and hence are commonly used in personal
care products also because of their biocompatibilty. 192 SANS
data from the pure, 10 mM surfactant solutions (Fig. 8b) were
thus fit using a flexible cylinder model, 103:194 revealing ‘worm’
radii of 2.9 and 2.2 nm for EAPB and OAPB respectively (see
ESI, Table S13). The higher surface activity of EAPB from
the longer tail-group results in a lower CMC, and hence, a
higher volume fraction of worms compared to OAPB. Therefore,
scattering intensity is greater for EAPB (Fig. 8b). Furthermore,
the larger scattering volume/cross-section of the C22 chain would
also significantly contribute to the greater intensity.

The one-dimensional elongation of wormlike micelles results
in a low ¢ scattering slope of ¢g~! for the the pure surfactants
solutions (Fig. 8b).%¢ However, with GO and rGO added,
the low ¢ slope in all cases becomes approximately ¢ (Fig.
8c,d), indicating the wormlike system has evolved to a planar
morphology. Therefore, as in the previous instances with cationic
and nonionic surfactants, it appears that the zwitterionic betaine
surfactants also have a high affinity for the sheet-like materials,
and are adsorbing to the planar faces of the GO and rGO. The
trend continues well into the USANS region (Fig. 8e), showing
continuous aggregation of the surfactants on the surfaces of the

This journal is © The Royal Society of Chemistry [year]
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(g) SANS data of GO with 0.1 mM EAPB and OAPB.

At 10 mM EAPB and OAPB, for both GO and rGO,
the adsorption appears to be slightly stronger for EAPB than
OAPB. This is likely due to the higher surface activity of EAPB
causing it to partition more to the interface with GO and rGO,
however the difference is only minor and likely also relates to
the scattering length densities of the surfactants, which will
be lower for EAPB, giving higher contrast with D,O (neutron
scattering length densities for protium ca. —3.74 and deuterium
ca. 6.67x10°% A2y,

sheets.

Moreover, the differences in the scattering of GO and rGO
with both surfactants seem insignificant (Fig. 8c,d). The likely
explanation for the lack of difference for the two materials may
reside in the chemical complexity of these particular surfactants
as well as the fact that the extra long tail-groups render them
very hydrophobic. Being zwitterionic, the effects of the charge
groups become reduced due to self-screening, however they,
along with the amide group further towards the center of the
molecule (Fig. 8a), will still experience strong polar interactions
with their surroundings. In addition, these surfactants have an
unsaturated group in their alkyl tails, meaning that similar to
TX-100, m—stacking interactions may also contribute. Coupling

This journal is © The Royal Society of Chemistry [year]

the n—stacking interactions with the long 18 and 22 carbon tail-
groups, these molecules will exhibit much stronger hydrophobic
interactions than the previous surfactants examined. Therefore
overall, the attractive forces arising from both the dipole and very
strong hydrophobic interactions are most likely going to mean
that surfactant—surfactant interactions dominate in the case of
these long-chain betaines. 19519 Hence, these surfactants readily
form bilayers and can be considered lipid-like molecules. As a
result, these surfactants are likely to form bilayers on both GO and
rGO irrespective of their chemical nature because of overriding
surfactant-surfactant interactions.

When reducing the concentration of OAPB to 1 mM, differences
in the amount of scattering when mixed with GO and rGO were
also negligible (Fig. 8f). As one might expect the partitioning
between bulk and adsorbed surfactant to be different at lower
concentrations, this outcome reinforces the hypothesis that for
these lipid-like surfactants, intermolecular interactions between
surfactant molecules are likely dominating. Bilayer formation
on the GO and rGO surfaces is thus the favourable adsorption
assembly, and therefore the effects of the carbon nanomaterials
become less significant. Equivalent samples with EAPB at 1 mM
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were unstable, possibly because at this concentration the amount
of surfactant is not enough to form bilayers on the sheets,
and they instead become hydrophobic, resulting in aggregation.
Hence, these samples were not amenable to analysis with SANS. A
comparison between the two surfactants could however be made
when reducing the surfactant concentration to 0.1 mM (Fig. 8g).
The scattering with GO was found to be substantially stronger
for EAPB than OAPB, showing that hydrophobicity does have a
notable contribution to the interactions and adsorption of small
molecules with these carbon nanomaterials.

Interactions with polymers

Block co-polymers have been used with GO to enhance surface
activity, 107108 a5 well as assist with dispersion of carbon
nanotubes. 199110 For the final additive class of this study, the
interactions of two model polymers with aqueous dispersions
of GO and rGO were explored using SANS. Two common
polymers were chosen: polyethylene glycol (PEG) and Pluronic
F127, which is a widely used triblock co-polymer (structures
shown in Fig. 9a). Dispersed in water on their own, PEG
and Pluronic F127 give fairly weak scattering, however the
scattering of PEG is stronger than the scattering of Pluronic
F127 (Fig. 9a). The reason behind this result is that the PEG
chains are much larger, and in solution follow an essentially
‘random walk’ or Gaussian coil, 111 whereas Pluronic F127 self-
assembles into loosely aggregated, highly hydrated spherical
micelles. 112113 These patterns were fit with unified power
models to determine their radii of gyration (for polymers, this
relates to the interactions between chains and monomers as
well as size), 114115 which were 22.2 and 4.0 nm for PEG and
Pluronic F127 respectively (see ESI, Table S14), indicating that
PEG units are more dispersed with longer contour lengths. Both
polymers are intrinsically hydrophilic, however Pluronic F127 is
also amphiphilic because of its methylated central block, driving
micellisation. Therefore, the scattering data for Pluronic F127
in Figure 9a can also be fit with a spheres model (see ESI, Fig.
$11), 116 revealing spherical micelles of approximately 4.0 nm in
radius (see ESI, Tab;e S15), the same as the radius of gyration,
which is to be expected for spheres.

For both polymers, the scattering intensities increased with
the inclusion of GO and rGO. This increase was only very slight
with GO (Fig. 9b), indicating minimal interactions between
the materials. However contrary to any of the surfactant
systems, both polymers displayed a significantly higher affinity
for rGO (Fig. 9c). The unified power model also gives good
approximation for the scattering from fractal aggregates (such as
GO and rGO sheets), 111 therefore is also valid for the combined
polymer/GO and rGO systems. The radius of gyration for PEG
and Pluronic F127 with rGO increased to 36.3 and 26.7 nm
respectively (see ESI, Table S14), which translates to a 567.5%
increase for Pluronic F127. Pluronic F127 is therefore most likely
changing from spherical micelles in the pure polymer solution
to unravelled, adsorbed polymer chains on the surfaces of the
sheets. These effects are most likely thermodynamically driven,
and can explained by the solvation of these materials by water

12| Journal Name, [year], [vol.], 1-16

molecules. As both polymers are hydrophilic and GO is also
hydrophilic, there is little entropic gain in their co-assembly with
regards to the solvent water molecules, as both the polymers and
GO have favourable polar interaction sites with which water can
interact. Therefore the materials will mostly remain solvated
in the bulk rather than adsorbing to each other. However,
because rGO is hydrophobic, the adsorption of the polymers
(especially Pluronic F127) will serve to free water molecules
that are unfavourably oriented at the interfaces with the rGO
sheets. 117 This outcome would correspond to an increase in
entropy, and hence would be thermodynamically favoured. The
adsorption of the polymer onto rGO is thus greater, accounting
for the higher scattering of the rGO/polymer systems compared
to the GO/polymer systems.

To corroborate the scattering data and the conclusions drawn
from them, atomic force microscopy (AFM) imaging was
performed on these systems to see if physical evidence for the
adsorption of the polymers could be observed. Without GO or
rGO added, PEG appeared to form small aggregates when dried
onto the surface of mica, whereas Pluronic F127 appeared to
spread over the mica surface (Fig. 10a,d). These results suggest a
higher adsorption affinity for Pluronic F127 than PEG on mica.
With GO and rGO added, the deposited materials do appear
to show adsorbed polymer on the surfaces of the sheets (Fig.
10b,c,e,f). In the samples with rGO, almost all of the polymer
material appears to be co-located on to the sheets rather than the
background mica (Fig. 10c,f), reasserting the strong co-assembly
indicated by the scattering with rGO and both polymers (Fig.
9c). While some polymer adsorption is evident for the samples
with GO, the effect is not quite as clear, especially in the case
of Pluronic F127 (Fig. 10b,e), again supporting the scattering
data (Fig. 9b). When increasing the amount of polymer in
these mixtures by a factor of 5 and again imaging by AFM, it
was found that the addition of rGO completely disrupted the
fractal aggregation exhibited by the pure polymers at this loading,
whereas GO caused only partially disrupted aggregation (see ESI,
Table S14). This again indicates stronger interactions with rGO
than GO, and suggests that the design of composite materials
comprising polymers and carbon nanomaterials may be more
effective when rGO is used. It must be noted that as these are
dried samples, they are only indicative of the solution behaviour
and must be interpreted with caution.

4 Conclusions

A range of surfactants that were systematically varied in specific
physical properties such as charge and hydrophobicity were
added to aqueous dispersions of monolayer graphene oxide
(GO) and reduced graphene oxide (rGO). Small and ultra-
small-angle neutron scattering (SANS and USANS) was used to
monitor the self-assembly within these systems, giving insight
into the adsorption and interactions between the surfactants
and carbon nanomaterials. Electrostatic interactions were found
to be the most dominant forces in these systems, as cationic
surfactants showed very high affinity for GO and rGO, whereas
anionic surfactants exhibited almost no adsorption. Nonionic and
zwitterionic surfactants also adsorbed strongly to both materials,
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Fig. 9 SANS data for PEG (Mv = 400,000 g/mol) and Pluronic F127 at 1.5 mg/mL without carbon nanomaterial present (a) and with GO (b) and rGO
(c). Concentrations for all carbon nanomaterials were 0.1 mg/mL. Insets to (a) are chemical structures of each polymer.

No carbon material Reduced graphene oxide

—_
Lt}

Height / nm
Height / nm

- B
. () E o '\
=
r3 P |I 1] | N £ ﬂJUlA
|"I (}v“ WAVERY l"‘-"'ul U | 1%‘2 W
) \ T il II\_J

0.0 EI_IE ‘I!I:I 1!5 ETIJ Dl.ﬂ 0.1 EII_E EITE I]_Id ﬂ_IE D!{l nfz l]!d EI_IE DI_E
Lateral distance / pm Lateral distance / pm Lateral distance / pm

N

Pluronic F127

=
500 nm

4

E E 1

c c? ’ £ - q

Ez Ez L [\,u‘r‘r‘}| lJ.h- p E 0

o S (| WM 50 "

a 1 L] 4 Il ¥ IJ"J‘* . ]

- T | x L
I T T T T T T T -1 I T T T T L 0_ T T _I T T T
00 05 10 15 20 25 30 35 00 05 40 15 20 25 0.0 02 04 06 08 10 12

Lateral distance [ pm Lateral distance / pm Lateral distance / pm
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suggesting however that charge is not the sole factor driving
adsorption, and that dipole and hydrophobic interactions are
also strong contributors to their assembly. Lastly, two neutral
polymers, one of which was completely hydrophilic and the
other amphiphilic, were mixed with GO and rGO, both showing
moderate or weak interactions that were apparently entropic
in origin as evidenced by higher adsorption to rGO than GO.
This indicates that additives do not have to be amphiphilic in
order to adsorb to aqueous carbon nanomaterials, and in certain
circumstances is thermodynamically driven.

Interestingly, when comparing the behaviour of GO and rGO,
in most cases, greater scattering was evident in systems with GO,
indicating higher levels of adsorption. This suggests that dipole
interactions are typically more significant than hydrophobic
effects with relation to adsorption of amphiphiles on these
materials. To account for this observation, we propose a differing
adsorption mechanism for surfactants on GO versus rGO. With
GO, we believe that surfactants are adsorbing via their head-
groups due to the stronger dipole interactions, and as a result,
form a densely packed surfactant bilayer along the surface of
the GO sheets. This structure is clearly apparent when using
nonionic surfactants, and these bilayers could then stack with
multiple sheets to form lamellae (liquid crystals) due to the
absence of charge repulsion between surfactant layers. For rGO
however, because the sheets are inherently more hydrophobic,
the surfactants are more likely to lie flat on the surface because
of stronger hydrophobic interactions (i.e. entropic effects
arising from water structuring),®* resulting in hemispherical
micelles.”879 Thus, the amount of surfactant adsorbed to GO
is greater due to the denser packing arrangement. Surfactants
that were more hydrophobic also appeared to adsorb more readily
than equivalent surfactants with shorter tail-groups, presumably
due to increased surface active partitioning.

Where surfactant adsorption was evident, the scattering at low
g (the fractal region) often followed a trend of ¢~2, indicating
scattering from flat surfaces. The surfactants therefore were
effectively flattening the GO and rGO sheets in solution (nano-
ironing). Hence, these composite systems could also be useful
in materials coatings where the surfactants serve to maximise
The overall results
collectively provide a broader understanding of the nature of
molecular interactions with aqueous GO and rGO nanosheets,
and may assist with the effective utilisation of these materials in
adsorption, stabilisation and environmental applications where
synergism can be used to enhance effectiveness and develop new
routes to diverse, chemically functional systems.

the carbon nanomaterial surface area.
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Graphene oxide (crumpled)

Page 17 4

-1

I1(q)/ cm

10

f17 Physical Chemistry Chemical Physifs
S\ ® GO 10 mg/mL
o \ ® GO +TX-100 1 mM
Cationic
N Zwitterionic
Surfactant Nonionic

0.01 0.1
-1
qlA Graphene oxide (flat)




