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ABSTRACT: We address here the role of oxidation impurities on
the structure of graphene oxide films at the air—water interface by
specular neutron reflectivity (SNR). We study films of purified
graphene oxide (PGO) and nonpurified graphene oxide in the
close-packed state. Nonpurified graphene oxide is constituted by
graphene oxide (GO) layers with oxidation impurities adsorbed on
the basal plane, while in PGO sheets, impurities are eliminated.
SNR measurements show that GO films are formed by well-
defined bilayers constituted by 2—3 layers of GO stacked in
contact with air and a second layer of impurities submerged in the
aqueous subphase. In contrast, PGO films are formed by a single
layer in contact with air. We show for the first time that impurities
constitute a layer submerged in the aqueous subphase, decrease the
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elasticity, and favor the collapse of graphene oxide films. Our results allow designing the surface properties of GO trapped at fluid

interfaces.
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B INTRODUCTION

Graphene is a 2D layer of sp*hybridized carbon atoms,
arranged in a hexagonal lattice. Because of its extraordinary
properties, it has been suggested as a 1promising component for
transparent conducting electrodes, transistors,” hydrogen
storage,3 CcoO, capture,4 and gas sensors.’ However, each
application requires a different set of properties. Thus, for
electronic applications, graphene obtained by mechanical
exfoliation of graphite or by chemical vapor deposition
(CVD) render good quality sheets; however, because of the
absence of functional groups, these materials cannot be used in
applications such as sensors, inks, or in biomedical applications
such as bioimaging or in drug delivery vectors. In these
applications, graphene oxide presents several advantages
against graphene because it contains oxygen functional groups
which can bind polymers or nanoparticles to modulate the
properties of new hybrids according to the needs of each
application.”® Besides, the O-groups render aqueous dispersi-
bility to graphene oxide, this being an important property in
several applications.”” "

Graphene oxide (GO) is synthesized by oxidation'' of
graphite or carbon nanofibers through different synthetic
routes, including two of the most widely used, the
Staudenmaier'” and Hummers'® methods. The chemical
structure of graphene oxides thus obtained is still subject to
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debate due to its strong dependence on the synthesis route and
the precursors used for oxidation.'"* However, although the
oxidation degree and the nature of O-groups differ depending
on the oxidation protocols and the starting materials, there is
an agreement on the localization of O-groups. Over the last
decades, the most commonly assumed model'>'® considers
that the carboxylic and ketone groups are mainly situated at
the edges of sheets, whereas basal planes are functionalized by
1,2 epoxy and hydroxyl groups. An important issue for several
applications is to achieve the most suitable oxidation degree for
each application that is usually achieved by total or partial
reduction of graphene oxide. Reduction by chemical agents or
thermal annealing decreases the oxidation degree of graphene
oxide, although the graphene structure is not completely
restored. In the chemical reduction, the oxidized groups of
reducing agents often remain attached to the basal plane,'”
modifying the properties of graphene oxide. High-temperature
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Figure 1. (a) Water dispersions of GO and PGO. (b) XRD diffractograms of GO and PGO. (c) Size distribution peaks. (d) {-Potential

measurements of aqueous solutions of GO and PGO.

annealing (>750 °C) is the method that can remove almost all
O-groups;'® however, if the temperature is quickly increased,
some defects or vacancies are created and the graphene oxide
network gets damaged.lg’20 In the last years, an alternative
method has been reported. The method consists of GO
purification by alkaline washing.”' Oxidation by concentrated
acids was showed to produce highly oxidized low molecular
weight fragments referred as oxidative debris (OD). They
consist of mixtures of oxidized polyaromatic fragments
adsorbed on GO nanoplatelets and can be removed by base
washing.””*' After washing, the purified graphene oxide
(PGO) presents oxidation degree values as obtained by
chemical reduction.”!

The existence of OD has important effects on GO
properties. Thus, the elimination of OD increases the
conductivity of GO by $ orders of magnitude*' and also
modifies its catalytic activity.”> Besides, impurities increase the
water dispersibility of GO and modify the spectroscopic
properties of GO dispersions.” In this sense, the luminescence
of GO was attributed to OD molecules because PGO is not a
fluorescent material.”* The origin of OD was questioned in a
recent work.”> The authors contested the two-component
model of GO, sheets of GO and OD attached at the GO
sheets, and postulated that the purified GO is mainly made up
of small graphene oxide platelets obtained by cutting C—C
bonds during alkaline treatment.”> The origin and location of
OD are still debated, probably because of the difficulty of
detecting OD by microscopy or spectroscopic techniques.
However, the location of OD on GO sheets was recently
analyzed by the adsorption isotherms of phenanthrene and
dinitro benzene and the results seem to confirm the two-
component model. Results also point to 7z stacking as the
origin of OD/GO interactions.”®

One aspect poorly studied so far is the effect of impurities on
GO films at the air—water or air—solid interfaces. Because of
their hydrophobic and hydrophilic domains, GO sheets have
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been considered as surfactant material and form stable
Langmuir monolayers at the air—water interface’””® when
GO sheets dissolved in water/methanol mixtures are spread on
the acidic aqueous interface.”*””*" The possibility of
preparing stable Langmuir monolayers of GO is very
interesting to build GO films on solid wafers through the
Langmuir—Blodgett (LB) or Langmuir—Schaeffer (LS)
methodologies. These methodologies consist of the process
of transferring Langmuir monolayers from the air—water
interface to a solid wafer by vertical (LB) or horizontal (LS)
dipping of the solid in the Langmuir monolayer.”* They were
designed to avoid undesirable aggregation of sheets or the
formation of heterogeneous domains usually produced by
other deposition methodologies, such as drop-casting™ and
spin—coating.34

In the last years, by the Langmuir—Blodgett
Langmuir—Schaefer31 methodologies, films of GO have been
constructed; however, little attention has been paid to the role
of OD in the structure of these films. In a recent work, we have
studied this effect showing that the solid coverage of unpurified
films was always higher than that of purified films.””*" We
believe that this behavior could be due to the different
orientation and organization of purified and non-purified
graphene oxides in the Langmuir monolayer precursor of the
LB and LS films. Therefore, to interpret this fact, the deep
knowledge of the orientation and the organization of graphene
oxide sheets at the air—water interface is necessary. To this
end, we consider that specular neutron reflectivity (SNR) is
the most suitable technique to study the composition and
structure of complex systems adsorbed on a fluid interface in
the direction perpendicular to its plane.’*™** Neutron
diffraction and inelastic neutron scattering measurements
have been performed to study the structure of GO and
reduced graphene oxide (rGO).””* Results showed stacking
structures of different lateral dimensions and interlayer
distances for GO and rGO. On the other hand, neutron
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reflectivity measurements of GO thin films deposited on Si
wafers were used to evaluate the amount of solvents
sandwiched in GO films and to study the selectivity in
sorption of solvents from binary mixtures.”' In a recent work,**
Bonatout et al. studied the structure of graphene oxide films at
the air—water interface using X-ray reflectivity (XRR) and
grazing incidence X-ray diffraction*” (GIXD). They showed
that GO films at the water interface are constituted by a bilayer
of GO sheets that have different roughness, density, and
thickness; the bilayer exists at low and high surface densities.*”
However, to the best of our knowledge, there is no single study
so far, comparing the structure of graphene oxide and PGO at
the air—water interface. Therefore, the effect of oxidation
impurities (OD) on the structure of GO films at the air—water
interface is not sufficiently understood.

Based on this framework, the main objective of the current
work is to study the effect of oxidation impurities on the
orientation and specific organization of GO sheets in films at
the air—water interface by combining SNR and surface
tensiometry experiments. The selected materials were
graphene oxide synthesized by oxidation of graphite flakes
and PGO, obtained by alkaline washing of the graphene oxide.
Our results show significant differences between the film
structures of these materials. According to our experiments,
GO films consist of a bilayer of graphene oxide in contact with
air and a second layer of oxidation impurities submerged in the
aqueous subphase. When impurities were removed by base
washing, the PGO films were elucidated using a single layer
pinned at the water interface.

B EXPERIMENTAL SECTION

Sample Preparation. GO was obtained by oxidation of natural
graphite flakes (Qingdao Super Graphite Co., Ltd.; 99.02 fixed C)
using a modified Hummers’ method developed by our group'*'”*" to
obtain highly oxidized GO sheets of a few layers. Besides, in the
current work, we have modified the procedure to obtain high-quality
GO sheets using successive filtrations of the GO dispersions through
sieves of a mesh size of 0.425, 0.090, and 0.020 mm. The size and
superficial electric charge of sheets were determined by light
scattering and {-potential measurements, respectively.

The purification process was reported by Rourke”' and was
previously used by our group to purify different kinds of graphene
oxide."**”*! In brief, graphene oxide was dispersed in water (0.1 mg:
mL™") by sonication during 10 min in an ultrasound bath. Then, 1
mL of 1 M NaOH solution was added dropwise to 50 mL of graphene
oxide dispersion until the solution changed the color from brown to
black. The solution is heated under reflux for 1 h and then the purified
graphene oxide solution is neutralized under reflux with HCI (1 M)
for at least 1 h. The solution thus obtained was centrifuged at 1900g
for 5 min, and the supernatant solution of oxidation impurities was
discarded. The solid material was washed with water until the salts
produced during neutralization were removed. Black aggregates of
PGO were dispersed in water by sonication. PGO dispersions present
black color due to the low oxidation degree, whereas GO dispersions
are brown due to their higher oxidation degree, see Figure la.

The reagents used for GO synthesis and purification were: NaNOj;
(99%), H,SO, (98% w), KMnO, (>99%), H,0, (30% w), NaOH,
and HCI (35%). They were provided by Sigma-Aldrich (St. Louis,
MO, USA) and used without further purification. Methanol (HPLC
>99.9%) used for spreading solution was also provided by Sigma-
Aldrich (St. Louis, MO, USA). For SNR experiments, deuterated
water (isotopic purity > 99.9 wt %) was provided by Sigma-Aldrich
(St. Louis, MO, USA). Millipore Ultrapure water prepared using a
combination of RiOs and Milli-Q systems from Millipore was used to
prepare GO solutions, reactions, and the subphase in the Langmuir

trough. The conductivity of the water was lower than 0.2 4S/cm, and
its surface tension value was 72.5 mN m™".

Experimental Methods. The pressure-area isotherms of GO and
PGO were recorded on a Langmuir Minitrough (KSV, Finland)
placed on an antivibration table. The spreading solutions, 0.65 mg mL
~! for GO and 0.17 mg mL™! for PGO, were dissolved in water/
methanol mixtures (1:5 v/v), as it was proved to be a good spreading
solvent for graphene oxide.”” They were deposited on the subphase of
slightly acidic water with a Hamilton micrometer syringe with an
accuracy of 1 yL. The volume of solution spread at the air—water
interface was 2.5 mL for the GO solution (0.65 mg mL™") and 5.0 mL
for PGO (0.17 mg mL™"). The pH of the aqueous subphase was
adjusted to 1.5—2 using a 1 M HCI solution. We selected this pH
because we previously demonstrated that at this pH, these materials
containing acid groups are in their nonionic form and, as a
consequence, are irreversibly pinned at the interface.”"

The surface pressure was measured with a paper plate (Whatman
CHRI1 chromatography paper) connected to an electrobalance. The
subphase temperature was maintained at 20.0 + 0.1 °C by making
thermostated water flow through jackets at the bottom of the trough.
The temperature at the surface was measured with a calibrated KSV
sensor, while the water temperature was controlled by the Lauda
Ecocline RE-106 thermostat/cryostat.

X-ray photoelectron spectra of powder samples were measured in a
VG Escalab 200R spectrometer (Fisons Instruments, Parkton, MD,
USA). The equipment uses an excitation source of Mg Ka (hv =
1253.6 V) radiation and a hemispherical electron analyzer. High-
resolution spectra were recorded at 20 eV analyzer pass energy. The
residual pressure in the analysis chamber was kept under 4 X 1077 Pa
during data acquisition.

Powder XRD patterns were recorded in a Bruker D8 Advance
powder diffractometer (Bruker Corp., Billerica, MA, USA) using Cu
Kal,2 radiation (4 = 1.54050 A) between S and 40° (20) with a step
size of 0.05° and a step time of 2.6 s. The tube was operated at 40 kV
and 30 mA.

Dynamic light scattering (DLS) and { potential measurements
were carried out on a Zetasizer Nano ZS device (Malvern
Instruments, Malvern, UK). We use graphene oxide solutions of
two different concentrations: 0.10 and 0.05 mgmL™"' for GO and
PGO, respectively. For {-potential experiments, the electrophoretic
mobility was measured at 20.0 °C using a DTS 1060C disposable cell.
The electrophoretic mobility, ., was converted in {-potential using
the Smoluchowski relationship,** ¢ = #u./e, where 1 and € represent
the absolute viscosity and permittivity of water at 20 °C, respectively.

DLS experiments were also performed at 20.0 °C. The intensity
autocorrelation functions were obtained at 13° and transformed into
electric field autocorrelation functions according to the Siegert
relationship. We have used DLS measurements to estimate the size of
nanoplatelets because we have previously reported that the estimated
values using this methodology acceptably agree with the size values
obtained from scanning electron microscopy (SEM) images.”"

SNR Experiments. Reflectivity (R) is defined as the ratio of
neutrons scattered from the interface over the incident intensity of the
neutron beam. Specular reflection means that the incident angle of the
neutron beam is equal to the reflected angle (6). Routinely, a
reflectivity profile in specular conditions is obtained by measuring R

as a function of the momentum transfer vector Q = %(Sin 09),

normal to the interface, where 1 is the wavelength of the neutron
beam. The measured R = R(Q) profile of a structured interface is
usually linked to a plane-averaged scattering length density (SLD)
profile perpendicular to the interface.** SLD measures the coherent
scattering cross-section of the molecular species that constitutes each
interfacial layer and is linked to their chemical composition and
molecular volume, V, by

1
SLD = — ) bpn,
Vzi: (1)

where #n; is a number density and b; is the SLD of each molecular
species.

https://dx.doi.org/10.1021/acsami.0c05649
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Figure 2. Surface pressure-area isotherms recorded at 20 °C for (a) GO and (b) PGO. Variation of the surface compressional elastic modulus with

the surface pressure for GO (c) and PGO (d) films.

SNR measurements were performed on FIGARO, a time-of-flight
reflectometer, at the Institut Laue-Langevin (Grenoble, France). Two
angles of incidence, @ = 0.62 and 3.8° and a wavelength resolution of
7% dA/A were used, yielding a momentum transfer range of 0.005 < Q
< 0.3 A7! and a residual background reflectivity of R ~ 107".
Measurements were performed in two isotopic contrasts: pure D,O
and a mixture of 8.1% v/v D,0/H,0O called air-contrast matched
water (ACMW) that has a SLD of zero. The raw time-of-flight
experimental data at these two angles of incidence are routinely
calibrated with respect to the incident wavelength distribution and the
efficiency of the detector, yielding the resulting R(Q) profile using
COSMOS.* SNR data modeling was performed by minimizing the
difference between the experimental and the calculated reflectivity
profile. The latter was obtained by a model consisting of one or two
layers of constant SLD using the Parratt’s recursive formalism,*® with
an error function connecting adjacent layers, to describe the interfacial
constraints between layer parameters (thickness, roughness, SLD, and
volume fraction). Data analysis was performed using Aurore
software.*” We exploit the SLD contrast variation method to reduce
the ambiguity of data modeling for determining the thickness,
roughness, and the degree of hydration of the interfacial layers
between the air and the bulk. Therefore, we fitted simultaneously
reflectivity data sets measured in two isotopically different bulk
solvent phases (contrasts), such as D,O and ACMW, with a global
minimization of a least-squares function, y* to obtain the best set of
global parameters for each layer.

B RESULTS AND DISCUSSION

Prior to the preparation of Langmuir monolayers, we
characterize the materials by X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), DLS, and ({-potential
measurements.

To quantify the percentage of O groups attached at the
graphene oxide sheets, we have recorded the X-ray photo-
electron spectra of GO and PGO. Results showed that the C/
O ratio increases from 1.46 to 4.9 after GO purification by
alkaline washing. These values are in good agreement with
those previously reported for these materials."**"*"
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XRD measurements were made to analyze the crystallinity of
materials. Results are plotted in Figure 1b. The diffractogram
of GO presents two main features at 20 values of 10° (peak I)
and 22° attributed to (002) reflection. These peaks were
observed in the XRD spectrum of graphene oxide synthesized
from graphite*® and could be due to oxidative impurities or
other kinds of defects.””*" In the diffractogram of PGO, the
peak I disappears, whereas the main peak is centered at 25°.
The disappearance of the peak at 10° was observed for
graphene oxides annealed at temperatures above 200 °C and is
signature of the decrease in the degree of oxidation.”® Besides,
the (002) peak is shifted from 22 to 25° after GO purification.
From 26 position using the Bragg’s law, the interlayer distance,
dgos, can be calculated. The dy, values change from 0.4 to
0.347 nm when GO was purified. The interlayer distance value
for PGO (0.347 nm) is close to the value corresponding to
pristine graphene (0.34 nm).* Our results show that dy,
decreases after GO purification by alkaline washing. This
behavior was previously observed for graphene oxides
synthesized by oxidation of carbon nanofibers® and is due
to the removal of small fragments of highly oxidized materials,
that is OD.

Finally, we also obtain the nanoplatelet size and the surface
electric charge using DLS and the {-potential measurements,
respectively. Results are plotted respectively in Figure 1c,d.

As can be seen in Figure Ic, the size distribution functions
are monomodal for the two materials and the apparent
hydrodynamic diameter values obtained for GO and PGO
sheets were 615 + 8 and 376 + 5 nm, respectively. This means
that the purification procedure generates smaller sheets. This
behavior was previously reported and was attributed to
breaking of the sheets by sonication used to disperse the
purified material®® or to the elimination of impurities adsorbed
onto the basal plane.”’ On the other hand, the {-potential

https://dx.doi.org/10.1021/acsami.0c05649
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Figure 3. Experimental (symbols) and simulated (lines) reflectivity profiles of GO films at the surface pressure values of 3.9 mM/m (a) and 9.2
mN/m (b). The reflectivity profile corresponding to a bare air/D,O interface and the fitting were included in (a). Dotted lines in (ab) are
simulated curves calculated according to a single-layer model and solid lines in (a,b) are simulated curves calculated according to a 2-layer model
and the parameter listed in Table 1. The inset in (a) is a magnification of the reflectivity profile and simulated curves for the reflectivity profile of
GO in pure D,O contrast. Scattering length profiles corresponding to fits are plotted in (c,d). SLD profile corresponding to bare D,O interface is
also plotted in (c) as dotted line. Symbols and lines in red correspond to measurements in pure D,O contrast and blue symbols and lines to
ACMMW contrast. Variation of the total volume fraction and the two corresponding layers (GO and impurities) with the distance to the air—water
interface z of GO films at the surface pressure values of 3.9 mM/m (e) and 9.2 mN/m (f).

values of GO and PGO aqueous solutions show monomodal
functions centered at —43 and —36 mV, respectively.

We compare these results with those reported for GO and
PGO. Concerning the diameter of the sheets, the values
determined in the current work are smaller than those
previously reported,H’31 825 nm (GO) and 712 nm (PGO).
On the other hand, the {-potential value obtained for PGO is
in excellent agreement with the previously measured value for
this material (=34 mV).?" In contrast, the {-potential obtained
in the previous work for GO is a bimodal function with two
maxima at —42 and —65 mV;>' therefore, the {-potential value
found in the current work for GO agrees very well with the one

25457

previously reported for the population with low surface charge.
To interpret the differences observed between the dimensions
of GO and PGO previously reported and those obtained in the
current work, it is necessary to consider that the procedures
employed to separate the sheets of high quality from the
solutions of GO were different. Thus, we used centrifugation in
our previous work,’>*" whereas in the current work, we have
made three successive filtrations with sieves of different mesh
sizes. In view of all results, it is possible to conclude that
filtration renders smaller sheets than centrifugation. Concern-
ing the surface electric charge, in the case of GO, the filtration
procedure renders sheets with a monomodal distribution.

https://dx.doi.org/10.1021/acsami.0c05649
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Figure 4. Experimental (symbols) and simulated (lines) reflectivity profiles of PGO films at the surface pressure values of 1.8 mM/m (a) and 9.9
mN/m (b). The reflectivity profile corresponding to a bare air/D,O interface, including the fitting (line) were plotted in (a). Simulated curves are
obtained according to a single layer model and the parameters listed in Table 2. Scattering length profiles corresponding to fits are shown in (c,d).
Symbols and lines in red correspond to measurements in pure D,O contrast and blue symbols and lines to ACMW contrast. Variation of volume
fraction with the distance to the air—water interface for PGO films at the surface pressure of 1.8 (e) and 9.9 mN/m (f), respectively.

Finally, the electric charge of purified graphene oxide is lower
than that of the unpurified material. This fact has been
previously reported®>*' and is consistent with the removal of
highly oxidized fragments functionalized with carboxyl groups
during the purification procedure.™

Graphene Oxide Langmuir Films. We have recorded the
surface pressure-area isotherms of GO and PGO in Figure
2a,b, respectively. Figure 2c,d displays the surface compres-
sional elastic modulus, C;!, calculated from the surface

pressure isotherms and the following equation

=A%)
0A )y )

25458

where 7 and A represent the surface pressure and area,
respectively.

The surface pressure and the compressional elastic modulus
isotherms are quite similar to those previously reported for GO
and PGO;*"*" therefore, we interpret them in a similar way.
Accordingly, the monolayers at the surface pressure and
compressional modulus close to zero are assigned to isolated
GO sheets.””” ™" As the surface pressure increases, the sheets
approach each other, increasing the surface pressure and the
compressional elastic modulus into a close-packed region.
AFM and SEM images taken in this region show that the gaps
between GO sheets are small.”” Beyond the close-packed
region, when the film is further compressed, SEM images
revealed that the GO sheets fold at the touching points.”” As
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was previously reported,”” at this stage the surface pressure
moderately increases. At higher pressures, two different
behaviors are observed, for the GO film, the compressional
elastic modulus decreases, whereas for the PGO, the
compressional elastic modulus increases until it reaches a
maximum value. The decrease of the compressional elastic
modulus was previously reported and attributed to the
collapse.”” As can be seen in Figure 2¢,d, the collapse is
observed in both isotherms above a given surface concen-
tration; however, in the PGO isotherm, before the collapse,
another region was observed where both the surface pressure
and the compressional elastic modulus increase over
compression. This region has been reported in some type of
graphene oxides,”” and SEM images showed a nearly complete
monolayer of interlocked GO sheets with wrinkles. This layer
leads to the monolayer collapse after further compression. We
believe that differences between the GO and PGO isotherms
could be related to a different organization and orientation of
the materials at the air—water interface due to the presence of
OD in GO films. Specular neutron reflectivity is a suitable
technique to study the structure and composition of thin films
in the direction perpendicular to the plane of the interface;
therefore, we use this technique to understand the behavior of
these materials trapped at the fluid interface.

Neutron Reflectivity Measurements of Graphene
Oxide Thin Films. SNR measurements were done to study
the film structure of selected monolayers with different surface
pressure values in the LE region. We choose films in the close-
packed region because at this surface state sheets do not fold or
interconnect. To establish an adequate comparison between
the behavior of the two materials, we have selected films with
the same compressional elastic modulus value. Accordingly, we
have selected films at the surface pressure values of 3.9 and 9.2
mN/m for GO and 1.8 and 9.9 mN/m for PGO. At low
surface pressure values, the compressional modulus value
remains constant at 11 mN/m, whereas at the highest surface
pressure values, the compressional modulus value is 21 mN/m.
For each monolayer, the reflectivity profiles were recorded
throughout the accessible Q-range in two isotopic contrasts:
D,0O and ACMW. We also consider that the samples studied
here yielded laterally homogeneous interfaces on the length
scale of the in-plane neutron coherence length, on the order of
several microns. This implies that the measured SNR can be
correlated with the averaged SLD depth profile across the
interfacial area delimited by this coherence length.

For reference, the measurement of the bare air/D,0
interface is shown in Figures 3a and 4a, including a fit to the
data corresponding to a roughness o, of 2.8 A in agreement
with the theoretical value expected for thermally excited
capillary waves (~./kgT/y,), with y, being the interfacial

tension of the bare D,O interface.”""”

The first attempt to fit the reflectivity profile of GO films
with a one-layer model of single SLD did not yield a
satisfactory correlation with the experimental data as shown in
Figure 3a,b. In detail, dotted lines represent the best one-layer
model fitting curve with a fixed SLD = 4.96 107% A2, which
corresponds to a GO layer. The SLD value was calculated from
eq 1, the density value taken of graphene oxide was 1.8 g/cm’,
and the following was the GO composition:** C (56.2%), H
(0.7%) and O (40.5%) compatible with our XPS results. The
best fit of the reflectivity profiles of GO films corresponded to
a two-layer model, as shown in Figure 3a,b. This fact agrees

very well with results obtained from X-rays surface scattering."”
In detail, our model is based on a first layer in contact with air
and a second one submerged in the aqueous subphase. We
consider that the second layer consists of oxidation impurities
with an SLD value of 0.68 10™® A~* calculated from eq 1 and
the chemical composition of C;gH;04 and C;gH3304 (1:1)
previously reported for oxidation impurities and obtained by
high-resolution mass spectrometry.”’ The density used was 1.1
g/ cm®. This value was taken from ref 42 and corresponds to
the density of the submerged layer used to interpret X-rays
surface scattering data. For the top layer, GO in contact with
air, the SLD value used for fitting was SLD; = 4.96 107° A™%

The resulting SLD profiles across the interface for GO films
at 3.9 and 9.2 mN/m are plotted in Figure 3c,d, respectively.
The parameters obtained from the fits are collected in Table 1.

Table 1. Parameters Obtained from the Fits for GO Films”

7 =39 mN/m 7 =92 mN/m

6o/A 44 + 0.1 6o/A 59 +0.1
t/A 20.0 + 0.6 t/A 24.5 + 0.6
SLD,/A™? 496 x 107¢ SLD,/A™? 4.96 x 107°
bt 0.74 + 0.01 D 0.75 + 0.01
oy/A 28 £0.5 o, /A 4.0 + 0.8
t/A 10.0 + 1.0 t,/A 10.0 + 1.0
SLD,/A™? 0.68 X 107¢ SLD,/A™? 0.68 X 107¢
D 0.81 + 0.04 Dur 0.91 + 0.01
o,/A 28 £0.5 o,/A 40 + 0.8

“Errors are reported as absolute values calculated in 1o interval.

Using these parameters, the variation of the volume fraction,
®(z), with the distance to the interface, was calculated using
the difference of two error functions as follows

z -1
1 o
—¢ efff —=| 0<z<t
5 7GO,1 /—260 1
z +%
—e )
V20,
Dio(2) = t
2
1 z=7
—Pop | er —2 | <z<t
2 ’ V20,
z +%2
—e ,
V2o 3)

where, ¢go, = 1 — ¢,; and ¢op, = 1 — ¢, represent the
volume fraction of GO and OD in layers 1 and 2, respectively;
and ¢, represents the resultant fraction of water in each i-
layer. The volume fraction values thus calculated are plotted
against the distance at the interface in Figure 3e,f.
Parameters in Table 1 show that the properties of the two
layers are remarkably different. The top layer consists of GO
sheets in contact with air and has a fraction of water in the
layer, ¢, = 75%. Besides, the thickness of the top layer varies
from 20 to 24.5 A, for films at 3.9 and 9.2 mN/m, respectively.
The thickness obtained from the fit for the film at 3.9 mN/m is
consistent with thickness of the GO film deposited by LB on Si
at the same surface pressure, (20 A).'” Based on the reported
interlayer distance for GO, 7.93 A,*" the layer in contact with
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air is constituted by 2—3 GO monolayers. The roughness of
the top layer, 6, increases from 4.4 to 5.9 A when the surface
pressure increases from 3.9 to 9.2 mN/m. These values agree
very well with those previously reported and obtained by X-ray
surface scattering for the top layers of GO Langmuir films at
the same surface pressure values.*” Significantly, the observed
roughness values for GO layers at both surface pressures far
exceed the values originated solely by the presence of capillary
waves. For example, at the highest value of interfacial tension,
7, studied here (y = yo — 7 = 63 mN/m), where y and 7
represent the surface tension of water and the surface pressure
of the film, the expected capillary roughness, calculated as o =
o.(70/7)"?, yields a value of 3.1 A. Therefore, we consider that
the presence of GO layers produces additional apparent
roughness due to the molecular protrusions and orientations at
the air/water interface that clearly evolve with the reduction in
the interfacial area per molecule. With respect to the
submerged layer, its thickness, 10 A, is the same at both
pressures and also compared to the value found by Bonatout et
al. using X-ray surface scattering for this layer.*”

The water fraction in the submerged layer increases up to
81—-91% compared with the top layer. The increase in the
water density on the bottom layer is consistent with the
presence of OD molecules more hydrophilic than GO. In
addition, the roughness values are also in agreement with the
value found for Bonatout.*” Here, the increase of the
roughness of the submerged layer at increasing surface pressure
is explained again not only by the presence of capillary waves,
but also with a possible change of orientation, or even with the
exclusion of some impurity molecular species.

The volume fraction profile for the GO layers in the close-
packed state shows two separate distributions (Figure 3e,f).
The first corresponds to a distribution of GO sheets in contact
with air. This distribution increases when compressing up to
9.2 mN/m as expected for a decrease of the available molecular
area. The second distribution corresponds to the oxidation
impurities that clearly decreased when reducing the interfacial
area. This fact indicates the solubilization of some impurities in
the bulk.

In summary, the structural parameters obtained in the
current work using SNR agree very well with the results
previously obtained by X-ray surface scattering for unpurified
graphene oxide films at the air—water interface. It is interesting
to note that in our model the structural parameters of the layer
submerged in the aqueous subphase have been calculated using
the SLD value corresponding to the chemical composition of
the oxidation impurities, OD. In addition, if we compare the
thickness of OD obtained by fitting the SNR results, 1 nm,
with the value recently determined by AFM, 0.5—1.5 nm,”° the
two values are in very good agreement. All these facts are
strong arguments that support the nature of the bottom layer
on GO films. According to our results, the submerged layer is
mainly constituted by small fragments of highly oxidized
material produced during the oxidation of graphite. Finally, the
SNR results also show that the volume fraction of the OD layer
is smaller than the volume fraction of the GO sheets. This is an
expected result considering that the mass attributable to OD is
around 30% of the total mass of unpurified graphene oxide.”'

Our results point that GO films are constituted by a layer of
2—3 monolayers of graphene oxide in contact with air and a
second layer submerged in the aqueous subphase of small
fragments of impurities produced during the oxidation
procedure. To confirm this fact, we analyze SNR results of

purified graphene oxide in which impurities are eliminated by
base washing.

Figure 4a,b shows the experimental SNR results for PGO
films at the surface pressure values of 1.8 and 9.9 mN/m,
respectively. The SLD used in the fits was 6.85 107 A™* and
corresponds to graphene oxide of chemical composition:** C
(85.45), H (%), 0.5 O (14.1%) consistent with XPS results and
the density of graphene™ 2.2 g/cm’.

Conversely to GO films, the SNR results obtained for PGO
films can be well fitted according to a single layer model; see
solid lines in Figure 4ab. This fact is consistent with the
removal of impurities and is an additional argument to identify
the layer submerged in water in the GO films as oxidation
impurities.

The parameters obtained from the fits are listed in Table 2.
The SLD profiles across the interface for PGO films at 1.8 and

Table 2. Parameters Obtained from the Fits for PGO Films”

7 =18 mN/m 7 =99 mN/m
or/A 6.50 + 0.1 op/A 597 £ 0.1
t/A 14+ 1 t/A 18+ 1
SLD/A™? 6.85 x 107¢ SLD/A™* 6.85 x 107¢
o, 0.76 + 0.02 o, 0.79 + 0.02
op/A 6.50 + 0.6 or/A 597 + 0.4

“Errors are reported as absolute values calculated in 1o interval.

9.9 mN/m are plotted in Figure 4c,d, respectively. Assuming
the existence of a single layer of PGO, the volume fraction was
calculated as

t
z+ =
2

1
Dpeo(z) = = erff —=| —er
rol®) = 5 ool 55T | o o

(4)

The variation of the volume fraction of PGO values with the
distance to the air—water interface calculated from eq 4 and
parameters collected in Table 2 are plotted in Figure 4ef.

The parameters in Table 2 show that the thickness of PGO
films decreases compared to the value corresponding to the
sheets of the non-purified ones. Moreover, the thickness values
obtained from the fits (14 and 18 A) are consistent with the
AFM value of the PGO films on Silicon.”* As in GO films, the
roughness values of PGO exceed the roughness originated only
from capillary waves. Therefore, we consider that the PGO
layers also produce additional apparent roughness due to the
molecular protrusions and orientations at the air/water
interface. We observe that the roughness of PGO films is
slightly higher than for GO ones. This fact is probably due to
the existence of a higher number of protruding corrugations in
PGO layers due to the loading of oxygen functional groups.”
Besides, the roughness of the top and bottom of the layer is the
same and almost independent on the surface pressure, that is of
the molecular area. The water fraction in the layer, ¢,, is
almost the same as the value obtained for the top layer of
unpurified GO films. The volume fraction of the PGO layer
increases with the surface pressure, as expected from the
decrease in available molecular area.

Finally, we used the information obtained from SNR to
interpret the observed differences between the surface pressure
and the compressional elastic modulus isotherms of GO and
PGO. As previously discussed, the compressional elastic
modulus exhibits two different behaviors for GO and PGO
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films, Figure 2¢,d. The GO monolayer reaches the collapse at a
lower surface pressure than the PGO monolayer. Besides, prior
to the collapse, the PGO monolayer is in a state of higher
compressional elastic modulus values than the GO monolayer.
These facts can be interpreted based on our SNR results.
Accordingly, the PGO films are composed of graphene oxide
sheets, whereas the GO films are composed of graphene oxide
and a second layer of OD submerged in the aqueous subphase.
Therefore, as OD is formed by highly oxidized molecules, the
sheets of GO are more hydrophilic than the PGO ones, and
consequently, they collapse by expulsion at a lower surface
pressure.”” Besides, the more hydrophobic particles, PGO,
present lower surface wettability and higher cohesive forces
than the GO ones; therefore, they result in a solid-like
monolayer with higher compressional elasticity values.>
Finally, the existence of the second layer in GO films may
also be responsible for the increased coverage observed®" for
films of GO transferred from the air—water interface to solids
using the LB methodology.

B CONCLUSIONS

An in situ model has been proposed to describe the structure
of graphene oxide films and the role of OD in the structure and
organization of graphene oxide films at the air—water interface.
SNR measurements have shown significant differences
between graphene oxide and purified graphene oxide films at
the air—water interface. All films analyzed in this work
correspond to the close-packed region because in this state,
the graphene oxide sheets do not overlap each other. Our
results demonstrate that GO films are composed of a bilayer in
agreement with previous results obtained by X-ray surface
scattering.'® According to our SNR results, the bilayer consists
of 2—3 graphene oxide layers stacked in contact with air and a
second layer submerged in the aqueous subphase. The results
allow us to identify the nature of the second layer as OD which
are highly oxidized fragments produced during the oxidation of
graphite. In contrast, when the OD fragments are removed, the
films of PGO are constituted by one layer in contact with air.
As far as we know, this is the first time that the organization of
OD has been observed in GO films at the air—water interface.
Therefore, we believe that our results can be used to prepare
well-controlled graphene oxide thin films to build effective
energy devices and sensors. Besides, we also demonstrate that
the presence of OD plays an important role in the structure
and surface properties of graphene oxide trapped at the air—
water interface. We believe that these results are important for
various applications in which it is necessary to modulate the
properties of GO films to improve the ability of graphene oxide
as a foams stabilizer or emulsion stabilizer and to tune its
surfactant properties.
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0y, top roughness of the GO layer in contact with air

t;, thickness of the GO layer in contact with air

¢, fraction of water in the GO layer in contact with air
0}, bottom roughness of the GO layer in contact with air
t,, thickness of the OD layer submerged in aqueous
subphase

¢ fraction of water in the OD layer submerged in aqueous
subphase

0, bottom roughness of the OD layer submerged in
aqueous subphase

oy, top roughness of the PGO layer

tpgo, thickness of the PGO layer

Pwpcoy fraction of water in the PGO layer

0p, bottom roughness of the PGO layer
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