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Bulk properties of aqueous graphene oxide and

reduced graphene oxide with surfactants and

polymers: adsorption and stability†

Thomas M. McCoy,a Liliana de Campo,b Anna V. Sokolova,b Isabelle Grillo,c Ekaterina

I. Izgorodinaa and Rico F. Tabor,∗a

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 q−2 slope in the low q and ultra low q 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.

1 Introduction

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,1,2 GO and rGO have the useful
benefit of being processable in aqueous solution due to
their chemical functionalisation with oxygenated groups.3–5

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.6–8 Such areas
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include emulsification,9–11 foaming,12–15 coating,16–18 self-
assembly19–21 and adsorption/decontamination;22 the findings
put forward in this study are most significantly applicable to the
latter two phenomena.

GO is highly compatible with water, and as such can form
concentrated dispersions and even hydrogels.23,24 The aggressive
oxidation of graphite using the improved Hummers’ method
(used in this work),25 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.3 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,5 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.5 The effective hydrophilic–
lipophilic balance of these materials is thus a significant factor
influencing their dispersion and adsorption properties,28 and
realistically limits the use of rGO in aqueous applications.29

However, deposition of rGO from water has been found to
be effective in technological processing, from anti-corrosion
layers30,31 to supercapacitors32,33 and batteries34–37.

In spite of substantial research into the applications and
chemistry of GO and rGO as adsorbent materials,6–8,22 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.9,20,28,38 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 π–π-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 al25. 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

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.,5 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.43

Cetyltrimethylammonium bromide (CTAB, ≥99%) was from
ChemSupply and dodecyltrimethylammonium bromide (DTAB,
≥98%) and tetradecyltrimethylammonium bromide (TTAB,
≥98%) were from Sigma. Hexaethylene glycol monododecyl
ether (C12E6), pentaethylene glycol monododecyl ether (C12E5)
and tetraethylene glycol monododecyl ether (C12E4), 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.44–46 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 D2O 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, q,
defined as

q =
4π

λ
sin

θ

2

where θ is the scattering angle and λ 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 λ =2–20 Å, 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
q-range of approximately 0.002–0.6 Å−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 D2O 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 λ = 10 Å,
with a wavelength spread defined by ∆λ/λ = 9%, and sample–
detector distances of 1.2 and 8 m, with a detector offset to provide
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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 q−2 through medium q 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 q 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 Å−1 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.83–85 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,86 this is
to be expected. Small increases in scattering intensity are
observable in the low q region for the GO and rGO samples with
both surfactants (Fig. 5b,c), meaning that perhaps very small

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 q increases appreciably for pure 25 mM AOT (Fig. 5a).
The maximum aqueous solubility of AOT at room temperature is
approximately 44 mM,85 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 q region (Fig. 6c).
The scattering slopes conform to q−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 q−3 at ultra-low q, 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 π–stacking interactions with rGO due to the
large restoration of the aromaticity of the basal plain from the
reduction process.5 The π–stacking interactions with GO will
be comparatively weak, however the polarisation interactions
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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.96,97 This hypothesis is supported further
by modelling the results for C12E6 and C12E5 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 q, 0.2–
0.4 Å−1). The lamellar model allows determination of the
average thicknesses of the aggregates based on this upturn,74

which for GO/C12E6 and GO/C12E5 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 C12E6

is approximately 3.9 nm,98 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 CnEm series, the interactions of C12E4 with GO and
rGO were analysed by SANS (Fig. 7d,g). C12E4 is known to form
large multilamellar vesicles,92,99 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),100,101 were modelled using the addition
of mass fractal and vesicle models (see ESI). At 10 mM C12E4,
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 Å−1 (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 C12E4 solution to

1 mM also resulted in a much more well-defined vesicle form
factor (Fig. 7g). For GO with C12E4 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 C12E6 and C12E5. In
this case, the aggregates may dominate the scattering, masking
the form factor for the vesicles.

At 1 mM C12E4, 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 C12E4 is significantly lower than that
of C12E6 and C12E5. 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 q−2,
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,95 and hence are commonly used in personal
care products also because of their biocompatibilty.102 SANS
data from the pure, 10 mM surfactant solutions (Fig. 8b) were
thus fit using a flexible cylinder model,103,104 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 q scattering slope of q−1 for the the pure surfactants
solutions (Fig. 8b).66 However, with GO and rGO added,
the low q slope in all cases becomes approximately q−2 (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
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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,107,108 as well as assist with dispersion of carbon
nanotubes.109,110 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.112,113 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),114,115 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.
S11),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

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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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),94 resulting in hemispherical
micelles.78,79 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
q (the fractal region) often followed a trend of q−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 carbon nanomaterial surface area. 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.
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