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This document contains additional figures used for interpretation as well as analysis for the
findings presented in the main paper. All fitting parameters used in modelling the SANS/USANS
data presented in the main paper are shown as well as explanations for model choice, alternative
model considerations and model equations.

Table S1: Mass fractal fitting parameters for graphene oxide (GO) at different concentrations.
GO concentration Scale Radius Mass fractal Cutoff length

mg/mL dimension nm
0.2 1.38x107 - 2.85 37.6
7.76x107 - 2.81 46.3

1.40x10° - 2.87 41.7

3.39x10°° - 2.85 46.5

10 6.69x107° - 2.85 46.2

Aqueous graphene oxide (GO) suspensions were modelled with the mass fractal approximation
developed by Mildner and Hall:?

I(q) = scale x P(q)S(q) + background



P(q) = F(qR)?

3[sin(z) — zcos(z)]
3

F(z) =

(D~ 1)¢P 1 sin{(Dp — 1)tan~"(gc)
S0 = (qepyon 72 :

The parameter, R, represents the scattering building blocks for the fractal and D,, is the mass
fractal dimension, which must be a value between 0 and 6, and depicts the fractal complexity
of the aggregate. The parameter, {, is the cut-off length which relates to the overall size of
the structures. A more detailed description of the mass fractal model and why it was chosen is
discussed in the main paper.

Figure S1: Additional AFM height images of GO (a-c) and rGO (d-f) dried on mica.



Figure S2: (a) AFM height image of a cluster of rGO dried on mica. (b) The corresponding
AFM amplitude image.
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Figure S3: Surface tension data for the cationic surfactants dodecyltrimethylammonium bromide
(DTAB), tetradecyltrimethylammonium bromide (TTAB) and cetyltrimethylammonium
bromide (CTAB). Measurements were carried out on a custom-made pendant drop apparatus

using OpenDrop analysis software.?
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Figure S4: Sample images of GO at various concentrations with the specified concentrations of
DTAB added. Used in determining stability phase diagram in main paper.
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Figure S5: Sample images of GO at various concentrations with the specified concentrations of

TTAB added. Used in determining stability phase diagram in main paper.



Figure S6: Sample images of GO at various concentrations with the specified concentrations of
CTAB added. Used in determining stability phase diagram in main paper.
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Figure S7: Step-wise process to fitting a summation model to a data set; in this example 25 mM
CTAB with 0.1 mg/mL GO: (a) Mass fractal model fit to original SANS/USANS data (low g,
fractal region). (b) The mass fractal fit is subtracted from the data and a core-shell ellipsoid
model with Hayter-Penfold structure factor is used to fit the new data set (medium g, micelle
region). (c) The sum of the mass fractal and ellipsoid models represents the final fit for the

original data.

Modelling of systems with cationic and anionic surfactant was done using a core-shell ellipsoid
model®>* with inclusion of a Hayter-Penfold structure factor for charged particles.>® A core-
shell rather than a solid model was used, as in SasView, the core-shell model performed more



accurately in tandem with the structure factor than did the solid ellipsoid model.}® The core-
shell model differs in that there are separate terms for the distances from the micelle core to
inner shell boundary, and the inner shell boundary to the outer shell boundary (:.e. interface
with solvent), each of which have their own respective scattering length densities. The addition
of these two lengths would equal the particle radius for the solid ellipsoid model. Note than
in all data modelling using the core-shell ellipsoid model, the thickness of the shell was set to

0, hence the model was made to behave the same as the solid ellipsoid model, which is as follows:

scale

P(g,0) = = £2(q) + background
where
3(Ap)V singr(Rq, Ry, )] — qr cos[qr(Rq, Ry, @)]
fla) = 47(Ra, Ry )]°
and

7(Rq, Ry, @) = [R? sin® a + R? cos® a]'/?

The two radii, R, and Rj, represent the radius along the perpendicular rotational and longitudinal
axes of the cylinder ellipsoid respectively. « is the angle between the ellipsoidal axis and the
scattering vector g. The Hayter-Penfold structure factor, S(g), is used in conjunction with
the ellipsoid form factor and approximates the effects of charge-based interactions between the

micelles, where the ¢ vector is defined as:

For all cationic systems with structure factor contributions, the summation model method
involving the addition of a mass fractal model for the low g region, and the core-shell ellipsoid
fit with Hayter-Penfold structure factor for the medium g (micelle) region, to define the overall
scattering (Fig. S7). This is because the SasView environment does not have the capacity to
simultaneously manage two models as well as a structure factor contribution.
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Figure S8: Similar step-wise process as presented for fitting a summation model to the 256 mM
CTAB with 0.1 mg/mL GO data set, however in this case we substitute the mass fractal model
with a lamellar model. (a) Lamellar model fit to original SANS/USANS data. (b) The lamellar
fit is subtracted from the data and a core-shell ellipsoid model with Hayter-Penfold structure
factor is used to fit the new data set (medium g, micelle region). (c) The sum of the lamellar
and ellipsoid models represents the final fit for the original data.

Because the scattering in the low and ultra-low g region conforms to a slope of g2, indicating
flat surfaces, a lamellar or bilayers model can also be used to define this region (Fig. S8). The
lamellar model is from Berghausen.!’ The scattering intensity is given by the following equation:

P(q)
dg?

I(q) =27
where the form factor is given by:

2
P(q) = 2?;’ (1~ cos(g6)

In both equations, § is the bilayer thickness in A. For all modelling, the scattering length density
(A~2) of the scatterer and solvent are taken into account and are represented in the equations
as p, with the difference or ‘contrast’ being Ap. Unfortunately however, use of the lamellar
model does not generate reliable parameters from the modelling of these systems due to the
contribution of micelle form and structure factor to the scattering being so prominent. This
effect thus masks the true thickness of the aggregates, defined by the point of upturn in the

scattering from the background to g2

, meaning the lamellar modelling for low ¢ becomes a
balancing exchange between the input scale factor and thickness. Note the error margin for
thickness int the provided fit is 2.5 nm, greater than the calculated thickness of 1.1 nm (Table

52. Therefore the lamellar model can not be meaningfully used in systems where a significant



concentration of background micelles are present, and the mass fractal model thus provides a
more useful representation of the data.

Table S2: Fitting parameters for the lamellar and core-shell ellipsoid models applied to the
25 mM CTAB with 0.1 mg/mL GO data set (Fig. S8).

Surfactant Concentration Scale Bilayer thickness Rpg; Rar. Volume fraction Charge Salt concentration
mM nm nm nm % e~ mM
CTAB 25 2.80x1073 1.1£2.5 2.4 3.7 0.73 49.0 5.24

Table S3: Fitting parameters for cationic surfactants. Aside from pure surfactant solutions,
all data are fit using a combination of mass fractal and ellipsoid models with Hayter-Penfold
structure factor. Ry and R, are the equatorial and axial radii of the micelles respectively.
Scattering length densities of the solvent (D-O) and micelles were kept constant at 6.3 and 1
x10~% A~2 respectively.

Carbon Surfactant Concentration Scale Mass fractal Cutoff length R.,. Ra,. Volume fraction Charge Salt concentration

nanomaterial mM dimension nm nm nm % e~ mM
- DTAB 25 - - - 1.7 2.7 0.34 9.4 5.34

- TTAB 25 - - - 2.0 32 0.79 14.6 1.20

- CTAB 25 - - - 23 38 0.96 21.6 0.12
GO DTAB 25 4.45%10 * 1.87 1500 1.9 15 0.43 7.2 0.02
GO TTAB 25 8.38x107% 1.77 2000 21 28 0.60 24.1 1.43
GO CTAB 25 5.95x10% 1.98 100000 24 36 0.72 49.1 4.83
rGO DTAB 25 4.00x10~* 1.71 4000 22 12 0.44 10.8 1.37
rGO TTAB 25 4.84x107% 1.76 3000 2.1 28 0.64 18.1 0.12
GO CTAB 25 6.04x10% 1.79 5652.2 24 34 0.80 25.9 0.17

Table S4: Fitting parameters for 2.5 mM CTAB samples. Aside from blank 2.5 mM CTAB, all
data are fit using a sum of mass fractal and ellipsoid models. At this surfactant concentration,
no structure factor was required. R., and R, are the equatorial and axial radii of the micelles
respectively. Scattering length densities of the solvent (D,O) and micelles were kept constant
at 6.3 and 1 x10~% A~2 respectively.

Carbon Surfactant Concentration Scale 1 Particle radius Mass fractal Cutoff length Scale 2 Rgq  Rae.
nanomaterial mM nm dimension nm nm nm
- CTAB 2.5 - - - - 1.09x1073 3.1 1.8

GO CTAB 2.5 2.74x107* 5.1 2.14 39.1 1.11x107% 2.7 1.0
GO CTAB 2.5 1.66x10~* 4.8 2.07 63.7 1.03x1073 3.0 1.4
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Table S5: Ellipsoid model fitting parameters with Hayter-Penfold structure factor for anionic
surfactants. R., and R,, are the equatorial and axial radii of the micelles respectively.
Scattering length densities of the solvent (D2O) and micelles were kept constant at 6.3 and
1 x107% A2 respectively.

Carbon Surfactant Concentration Req. Rar. Volume fraction Charge Salt concentration

Nanomaterial mM nm nm % e mM
- SDS 25 1.8 2.7 0.52 12.6 1.16

- AOT 25 1.2 26 0.81 14.9 1.86

GO SDS 25 1.7 2.6 0.48 12.2 1.35

GO AOT 25 1.2 2.5 0.73 19.7 6.15
rGO SDS 25 1.7 2.7 0.49 17.4 1.98
rGO AOT 25 1.2 2.5 0.72 20.0 6.56

Table S6: Fitting parameters for Triton X-100. Aside from the pure surfactant samples, all
data are fit using a sum of mass fractal and cylinder models. R., and R, are the equatorial
and axial radii of the micelles respectively. Scattering length densities of the solvent (D,O) and
micelles were kept constant at 6.3 and 1 x10~% A2 respectively.

Carbon Surfactant  Concentration Scale 1 Particle radius Mass fractal Cutoff length Scale 2 Radius Length

nanomaterial mM nm dimension nm nm nm
- Triton X-100 10 - - - 6.23x1073 2.1 8.8

GO Triton X-100 10 6.93x10* - 1.68 20000.0 4.59%x107° 2.2 7.4
GO Triton X-100 10 5.30x107% 1.0 1.70 100.0 4.80x1073 2.3 7.4

- Triton X-100 1 - - - - 4.06x10~% 2.3 7.4

GO Triton X-100 1 8.32x107° 7.0 2.03 50.0 4.23x107* 2.7 2.8
rGO Triton X-100 1 6.53x10°° 4.8 2.11 53.7 1.94x1073 2.8 0.5

The rod/cylinder (or ellipsoid) model used in modelling data with TX-100 was from Feigin and
Svergun,'? follows the same principles as the ellipsoid model and is explained in detail above.
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Figure S9: SANS data for 0.1 mg/mL GO and rGO with 0.1 mM Triton X-100. The data for
rGO has been offset for clarity.

Table S7: Fitting parameters for C15Eg with GO and rGO. These data were fit using cylinder
models for the pure surfactant samples, and a sum of mass fractal and cylinder models where
carbon nanomaterials and surfactants were present. Scattering length densities of the solvent

(D;0) and micelles were kept constant at 6.3 and 1 x10~® A2 respectively.
Carbon Surfactant Concentration Scale 1 Particle radius Mass fractal Cutoff length Scale 2 Radius Length

nanomaterial mM nm dimension nm nm nm
- C12Es 10 - - - - 5.61x103 2.1 10.6

GO C12Es 10 1.19x1072 1.5 1.73 1000.0 4.94x107% 3.0 3.2
rGO C12Es 10 5.05x1075 1.7 1.98 9845.0 6.27x1073 2.0 8.9

- C12E¢ 1 - - - - 6.51x10~4 1.8 8.5

rGO C12Es 1 4,15x107° - 1.99 2118 5.33x107% 1.6 9.2

Table S8: Fitting parameters for 1 mM Ci3Eg with GO. This data set was fit using a sum of
lamellar and cylinder models. Scattering length densities of the solvent (D-O) and micelles were
kept constant at 6.3 and 1 x10~5 A2 respectively.

Carbon Surfactant Concentration Scale 1 Radius Length Scale 2 Thickness
nanomaterial mM nm nm nm
GO C12Eg 1 7.02x1078 0.4 3.5 1.59x107* 9.6
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Table S9: Flexible cylinder fitting parameters for pure Ci2E5 samples. At 10 mM, a two-power
law model was also used to fit the USANS region. Scattering length densities of the solvent

(D,0) and micelles were kept constant at 6.3 and 1 x10~% A2 respectively.
Surfactant Concentration Scale 1 Lower ¢ Higher ¢ Crossover point Scale 2 Radius Length Kuhn length

mM power power At nm nm nm
C12Es 10 5.48x10~* 1.64 0.41 6.30x10* 5.47x10°3 2.1 207.9 26.9
C12Es 1 - - - - 5.12x10~* 1.8 103.3 11.7

The flexible cylinder or'worm’ model is presented in Pederson et al:!'?

IWC'(q1 L) b7 RC’S) = CAp'%nMSWC(qi L7b)PC'S(q1 RC'S)

Where c is the surfactant concentration, M is the molecular weight of the micelles and Sw¢(g, L, b)
represents the scattering function of a semi-flexible chain without volume effects in which L/b
is the number of statistical segments in the chain:

SWC’(q7 Lr b) = [(1 - X(q7 L: b))Schain(q1 L: b) + X(q7 L: b)Srod(q7 L)] F(q1 L: b)

Chen et al included corrections to the formula by accounting for intermicellar interactions by
including the parameter in the following equation,'® which is currently used in modelling flexible

cylinders in SasView:

Feorr(@) w(gRg)[1.22(qRg) ~Y/%5% 4 0.4288(qRg)~%/*5% — 1.651(qRg) ™3/

Table S10: Fitting parameters for CioEs with GO and rGO. Data were fit using a sum of
mass fractal and flexible cylinder models. Scattering length densities of the solvent (D-O) and

micelles were kept constant at 6.3 and 1 x10~% A2 respectively.
Carbon Surfactant Concentration Scale 1 Particle radius Mass fractal Cutoff length Scale 2 Radius Length Kuhn length

nanomaterial mM nm dimension nm nm nm nm
GO Ci2Es 10 7.21x1074 - 1.88 2217.2 4.01x1073 2.1 269.1 20.5
GO Ci2Es 10 6.50x1075 - 2.12 6000.0 5.22x1073 2.1 165.4 28.6
GO Ci2Es 1 4.64x107* - 1.64 625.5 1.63x107° 3.9 100.0 6.8
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Table S11: Fitting parameters for 1 mM Ci3Es with GO. This data set was fit using a sum
of lamellar and flexible cylinder models. Scattering length densities of the solvent (D-QO) and
micelles were kept constant at 6.3 and 1 x10~% A2 respectively.

Carbon Surfactant Concentration Scale 1 Radius Length Scale 2 Thickness
nanomaterial mM nm nm nm
GO C12E5 1 2.61x1073 0.8 1.5 2.18x107% 9.8

Table S12: Fitting parameters for C15E, with GO and rGO. All data including pure surfactant
samples were fit using a sum of mass fractal and vesicle models. Scattering length densities of
the solvent (D»0O) and micelles were kept constant at 6.3 and 1 x107° A2 respectively.

Carbon Surfactant Concentration Scale 1 Particle radius Mass fractal Cutoff length Volume fraction Radius Polydispersity of Thickness

nanomaterial mM nm dimension nm % nm radius % nm
- C12E4 10 1.83x10 3 1.6 2.02 466.1 0.12 25.1 36.5 4.8

Go C1oEs 10 1.39x1073 2.7 2.12 832.9 0.38 30.8 47.2 1.4
GO C12Es 10 5.45x1074 - 2.16 719.9 0.31 33.0 22.4 3.5

- C12Es 1 4.41x1076 - 2.41 2048.6 0.04 38.3 27.8 3.8

GO C1oEs 1 3.51x1074 8.3 2.10 1281.6 0.07 4.1 10.4 0.4
1GO C12E4 1 4.35x107° 4.2 2.36 3892.2 0.11 15.5 47.1 0.6

The model providing the form factor, P(g), for a unilamellar vesicle is from Guinier and

t,14

Fourne and is represented by the following:

2
P(q):b’cale 3Vi(p1 Pz)Jl(qR1)+3V2(P2 Psolv)J1(qR2) \ background

Vshell (gR)1 (gR)2

Where Vipey is the volume of the shell, Vi is the volume of the core and V5 is the total
volume. R; is the radius of the core and R; is the radius from the core to the shell in A.
J1 = (sinz — z cosz)/z%. Polydispersity for vesicle radius was also included in the fitting
algorithm for Cy5E, systems.

14
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Figure 5S10: SANS data for 0.1 mM Cj2Eg (a), 0.1 mM Ci2E5 (b) and 0.1 mM C;2E4 (c) with
0.1 mg/mL GO and rGO. The data for GO and rGO has been offset by multiplication for clarity.

Table S13: Fitting parameters for erucyl amidopropyl betaine (EAPB) and oleyl amidopropyl
betaine (OAPB). Aside from the pure surfactant samples, all data are fit using a sum of mass
fractal and flexible cylinder models. Radius is the cross-sectional radius of the wormlike micelles
and Kuhn length is the apparent length over which the wormlike structures appear rigid.
Scattering length densities of the solvent (D2O) and micelles were kept constant at 6.3 and
1 x10~% A2 respectively.

Carbon Surfactant Concentration Scale 1 Particle radius Mass fractal Cutoff length Scale 2 Radius Kuhn length Length

nanomaterial mM nm dimension nm nm nm nm
OAPB 10 - - - - 5.00x1073 2.2 74.6 126.3
- EAPB 10 - - - - 9.43x1073 2.9 38.5 34.9
GO OAPB 10 9.52x107% 2.6 2.0 1341.4 3.24x1073 1.9 59.8 847.3
rGO OAPB 10 3.02x107% 1.0 2.0 500.0 3.58x1073 2.2 29.3 4,626.1
GO EAPB 10 1.37x1073 2.0 2.0 4264.8 1.54x1073 2.8 15.6 10000.0
rGO EAPB 10 8.17x107* 1.8 2.0 44.6 3.22x1073 2.9 61.3 245.0
- OAPB 1 - - - - 4.02x107% 2.4 54.6 218.6
GO OAPB 1 1.82x10~% 6.5 2.0 79.0 4.82x10~* 1.4 34.0 136.0
rGO OAPB 1 2.15x1074 6.6 2.0 200.0 6.74x107% 0.9 39.2 100.3
GO OAPB 0.1 - - - - - - -
GO EAPB 0.1 7.47x107 - 2.4 35.8 - - -

Modelling for samples with EAPB and OAPB was carried out using the same flexible cylinder
model as for Ci5Es.

15



Table S14: First level unified power model fitting parameters for polyethylene glycol (PEG) and
Pluronic F127 polymer samples. R, is the radius of gyration of the aggregates while power, B;
and G; are parameters of the Debye equation.

Carbon Polymer Concentration R; Power B; G;
Nanomaterial mg/mL nm cm~! cm™!
- PEG 1.5 22.2 1.80 0.008 59.5

- Pluronic F127 1.5 4.0 0.10 1.787 2.7

GO PEG 1.5 15.2 1.37  0.007 8.1

GO Pluronic F'127 1.5 10.7 1.34 0.032 8.0
rGO PEG 1.5 36.3 1.54 0.036 547.1
rGO Pluronic F127 1.5 26.7 1.20 0.094 124.2

For polymer and GO/rGO systems, a unified power model was employed to approximate the
scattering of the mass fractal clusters (z.e. the GO and rGO sheets) and random coils (z.e.
the polymers) in situ.!>!® This model uses multiple exponential or power laws (referred to as
levels) to define the scattering of a variety of particle types and is ideal for mass fractal systems.
The function for calculating scattering intensity is:

2

al ¢’R}; Ry, . 1
I(q) = background + Z G, exp(— ) + B; emp(—%)(q—*)ﬂ
i=1 1
where
* ngi :|3
=g |er
g =4q [ f( 76 )

Each level is represented by one of the following parameters: G;, Ry, B; and P,.

16
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Figure S11: SANS data for pure 1.5 mg/mL Pluronic F127 modelled using a spheres model
instead of a unified power model.

Table S15: Sphere model fitting parameters for pure Pluronic F127 polymer. Scattering
length densities of the solvent (D;O) and micelles were kept constant at 6.3 and 1 x10°°
A2 respectively.

Carbon Polymer Concentration Radius
Nanomaterial mg/mL nm
- Pluronic F127 1.5 4.0

Details for the sphere model used to fit 1.5 mg/mL Pluronic F127 is from Guinier and Fournet.*
The equation for the scattering intensity, I(g), as a function of the scattering vector, g, for

spheres is as follows:

I(g) = sc;le 3V(Ap)(sin((q‘;))3— gr cos(gr))1?

+ background

Where V is the volume of the scatterer, r is the radius of the sphere in A, scale is the volume
fraction, Ap is the contrast (difference in scattering length density between the solvent and

scatterer) and the background is in cm L.
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Figure S12: AFM images of 0.1 mg/mL of polymer with or without 0.1 mg/mL GO or rGO
dispersions: (a) AFM height images of PEG (a) with GO (b) and rGO (c). AFM height images of
pluronic F127 (d) with GO (e) and rGO (f). Height profiles corresponding to the dashed yellow
cross sections are shown below each respective image. Higher magnification images correspond

to the area inside the orange boxes. Samples are dried on mica substrate.
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Figure S13: SANS data demonstrating the change in slope from ¢ 2 (crumpled fractal sheets)
for pure aqueous GO dispersion at 10 mg/mL to ¢~2 (flat surfaces) with the inclusion of either a
cationic (CTAB), zwitterionic (OAPB) or nonionic (TX-100) surfactant. Concentration of GO
in samples with surfactant is 0.1 mg/mL. The data set with 10 mg/mL GO has been offset by
multiplication (x5) for clarity.
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Figure S14: Schematic summarising adsorption interactions of graphene oxide and reduced
graphene oxide with each surfactant class and polymers investigated in this study.
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