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ABSTRACT: Industrial-scale applications of two-dimensional materials are Large

currently limited due to lack of a cost-effective and controlled synthesis method Clusters
for large-area monolayer films. Self-assembly at fluid interfaces is one promising
method. Here, we present a quantitative analysis of the forces governing reduced
graphene oxide (rGO) assembly at the air—water interface using two unique
approaches: area-based radial distribution functions and a theoretical
Derjaguin—Landau—Verwey—Overbeek (DLVO) interaction potential for
disks interacting edge-to-edge. rGO aggregates at the air—water interface
when the subphase ionic strength results in a Debye screening length equal to
the rGO thickness (~1 mM NaCl), which is consistent with the DLVO
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interaction potential. At lower ionic strengths, area-based radial distribution functions indicate that rGO—rGO interactions at the
air—water interface are dominated by long-range (tens of microns) attractive and many-body repulsive forces. The attractive
forces are electrostatic in nature; that is, the force is weakened by minor increases in ionic strength. A quantitative understanding
of rtGO—rGO interactions at the air—water interface may allow for rational synthesis of large-area atomically thin films that have

potential for planar electronics and membranes.
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1. INTRODUCTION

Graphene has been touted as a next-generation material for a
myriad of applications due to its wide-ranging superlative
properties, such as low permeability, high conductivity,” high
specific surface area, and high mechanical strength.® Although
some applications, such as transistors and superconductors,
require nearly defect-free graphene films, there are many
applications where defects are not only permissible but often
necessary, such as membranes, planar electronics, transparent
conductors, electrodes, and composites.4_7 However, con-
trolled, consistent, and scalable methods for cost-effective
fabrication of large monolayer graphene films required for these
applications are currently unavailable.

Current methods for thin graphene film synthesis are
constrained within two paradigms: bottom-up single- or few-
layer chemical vapor deposition (CVD) graphene and top-
down layered graphene oxide (GO) or reduced graphene oxide
(rGO) films. Time- and energy-intensive CVD synthesis
methods are cost-prohibitive for many industrial applications
with a current price on the order of $10 cm™. Vacuum
filtration, drop-casting, spin-coating, and evaporation-induced
assembly® of rGO sheets are much less expensive routes to
graphene films.” However, mechanical strength,10 specific
surface area,'' and electrical conductivity'® are sacrificed due
to poor quality of graphene sheets and limited control over
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their assembly resulting in stacked, folded, and aggregated
sheets.'>'*

One promising method for controlled bottom-up synthesis
of industrial-scale mono- to few-layer rGO films is self-assembly
at the air—water interface and Langmuir—Blodgett deposition
onto the desired substrate. A number of qualitative studies have
demonstrated the feasibility of this process; that is, rGO sheets
are stable at the interface, and packing can be controlled by pH
and surface pressure to produce tunable atomically thin films
over large areas. For example, GO film porosity was observed
to be a function of the applied surface pressure.”” In acidic
media, GO sheets clustered at low surface pressure and
wrinkled upon compression. In basic media, GO films were
more uniform at low surface pressure and stacked upon
compression. Produced rGO films have demonstrated promis-
ing optical and electrical properties'®'” with conductivities
exceeding that of CVD graphene grown on a nickel substrate.'®
A quantitative examination of rGO—rGO interactions at the
air—water interface has yet to be completed and is necessary to
improve our understanding of the fundamental forces driving
the self-assembly process at the air—water interface.
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Here, suspended GO produced by a modified Hummer’s
method is first partially reduced by ultraviolet-A light (UVA; A
= 400—315 nm; predominantly 365 nm here) photolysis to
reconjugate the basal plane of GO and enhance affinity for the
air—water interface. In this work, rGO refers to this partially
(predominantly basal plane) photoreduced GO product, not
GO reduced by thermal or chemical processes as often
discussed elsewhere in the literature. The rGO is deposited
on the air—water interface of a Langmuir—Blodgett (LB)
trough, and the aggregated film structure is examined as a
function of subphase ionic strength using scanning electron
microscopy (SEM). Ionic strength is used as the variable for
studying rtGO—rGO interactions rather than pH since effects of
electrostatic shielding are deconvoluted from rGO surface-
charging effects. Film structure is quantified using radial
distribution functions of areal coverage. The observed
phenomena are also quantitatively compared to Derjaguin—
Landau—Verwey—Overbeek (DLVO) theory adapted for
edge—edge interaction of atomically thin disks. The nature of
the interaction forces dominating the rGO self-assembly
process at the air—water interface is discussed.

2. EXPERIMENTAL SECTION

Reduced Graphene Oxide Synthesis. Graphite flakes (>75%;
100 mesh), sulfuric acid (95—98%), potassium persulfate (>99.0%),
phosphorus pentoxide (>98.0%), potassium permanganate (>99.0%),
hydrogen peroxide (29.0—32.0%), and hydrochloric acid (37%) were
purchased from Sigma-Aldrich. rGO was synthesized via a modified
Hummers' method."”*® First, potassium persulfate (4.2 g) and
phosphorus pentoxide (4.2 g) were dissolved in concentrated sulfuric
acid (30 mL) and heated to 80 °C. Graphite (S g) was added slowly,
and the temperature was maintained at 80 °C for 4.5 h. The mixture
was then allowed to cool to room temperature, diluted with 600—700
mL of deionized (DI) water, and filtered through a poly-
(tetrafluoroethylene) membrane (pore size 0.45 pum). The solid was
washed with 1 L of DI water and dried under vacuum overnight. The
following day, the product was added to concentrated sulfuric acid
(150 mL) at 0 °C in an ice bath. Potassium permanganate (15 g) was
added slowly such that the temperature did not exceed 20 °C. The
reaction mixture was heated to 35 °C for 2 h. The mixture was diluted
with water (250 mL) and rapidly heated to 80 °C for two additional
hours. Finally, the mixture was diluted once more with water (700
mL), quenched with hydrogen peroxide (20 mL), and cooled to room
temperature.

Work up of the product involved sieving through a 300 ym standard
testing sieve, filtering through a laboratory-grade glass fiber, and
centrifugation (Sorvall RC-SC Plus) at 4000 rpm for 4 h. The
supernatant was decanted, and the settled solid was washed with 200
mL of hydrochloric acid, 2 X 200 mL of water, and 2 X 200 mL of
ethanol. Finally, the product was suspended in 200 mL of ethanol,
ultrasonicated for 10 min to exfoliate the GO, dialyzed in 90% ethanol
to reduce the salt content, and reduced under 365 nm irradiation (4
W) for 2 h under atmospheric conditions. Photoreduction of GO has
been demonstrated by similar techniques previously reported in the
literature.”" This extent of partial photoreduction was found most
effective for enhancing rGO affinity for the interface while maintaining
colloidal stability. The rGO yield was 1—-5% of the initial graphite
mass.

Atomic Force Microscopy Analysis. Atomic force microscopy
(AFM) was conducted using an Asylum MFP-3D Stand Alone AFM
with OTESPA tapping mode silicon tips (300 kHz, 42 N/m).
Scanning was completed at <1 Hz scanning frequency over <30 um
scan sizes. Images were analyzed, and height profiles were generated
using Asylum Igor Pro software. All sheet thicknesses were measured
on silica-coated silicon wafers.

X-ray Photoelectron Spectroscopy. rGO suspensions were
UVA-photolyzed for 1—24 h, and a thick (5000—10 000 layers) rGO
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film was drop-cast onto a 1 cm?® silicon/silica wafer for X-ray
photoelectron spectroscopy (XPS) analysis. After drying overnight,
both survey and high-resolution spectra were collected using a Thermo
Scientific K-Alpha XPS with 400 ym spot size. Survey spectra analysis
and peak deconvolution were completed using the Thermo Scientific
Avantage software. The C/O ratio was calculated from the automatic
peak identification function for the survey spectra (Supporting
Information, Figure S1). Deconvolution of the C 1s high-resolution
peak (Supporting Information, Figure S2) was completed by manually
fitting peaks at binding energies of 285.0 (C—C), 286.5 (hydroxyl/
epoxy), 288.0 (ketone), and 289.0 eV (carboxylate).

UV—Visible Spectroscopy. A SCINCO S-3100 was used to take
UV—visible absorption measurements of rGO in a 1 mg mL™
suspension over a wavelength range of 190—1100 nm. One milliliter
capacity quartz cells were used with a 10 mm path length.

Boehm Titration Experiments. UV photoreduced samples were
analyzed by Boehm titration. One milligram of rGO was suspended in
4 mL of 1:3 EtOH/H,0. HCI was added slowly to lower the sample
pH to 2.5. Gradually, the pH was raised to 11 using 10 yL aliquots of
50 mM NaOH. The amount of hydroxide contributing to the observed
pH change was subtracted from the total hydroxide added to the
solution to determine the number of surface groups that were
deprotonated during the titration. The functional groups were
differentiated based on pK, and the observed pH of deprotonation
as shown in Supporting Information, Figure S3.

Reduced Graphene Oxide Assembly at Air—Water Interface.
A Kibron MicroTroughXS LB trough was used to cast and deposit the
two-dimensional (2D) rGO films. The surface pressure was measured
using the Wilhelmy method with a thin alloy wire. The surface was
initially aspirated to remove any contamination until Az upon full
compression was less than 1 mN m™". Then, typically ~0.1 mg of rGO
suspended in 9:1 EtOH/H,0 was slowly deposited onto 2000 mm? of
air—water interface. This is equivalent to 1 pug or 25 cm® of rGO
dispensed per cm? of air—water interface; however, only ~1% of the
deposited rGO remained at the air—water interface. Addition of rGO
suspension to the air—water interface typically decreased the surface
tension of the interface to ~65—70 mN m™'. However, after 45 min to
allow for ethanol evaporation and thermal equilibration, the measured
surface tension increased to that of water, 72.8 mN m™". Films were
not compressed in any of the experiments described in this work. This
indicates that at low surface coverage and without compression,
particles did not climb the meniscus of the Wilhelmy needle and in
turn did not show a measurable change in surface tension. Therefore,
nonuniform particle distribution made a measure of surface tension
uninformative in this case, so bulk surface coverage was calculated after
deposition instead. Subphase ionic strength was controlled by varying
the concentration of dissolved NaCl.

A 500 pm thick silicon/silica wafer was cleaned by an ethanol/water
rinse followed by 15 min of bath ultrasonication. The wafer was
hydrophilic with a contact angle of 45 + 6°. This contact angle was
constant regardless of the ionic strength of the water. This cleaning
process was deemed sufficient since cleaning with piranha solution
resulted in a contact angle of 40 + 3°. The rGO film was deposited
onto the silicon/silica wafer using the LB technique by vertically
dipping the substrate perpendicularly to the subphase and removing at
a speed of <1 mm min™".

Scanning Electron Microscopy. SEM imaging was conducted
using a Zeiss SupraSSVP FESEM at S kV using the inlens detector. For
the long-range attractive and many-body repulsive forces, images of
2000x and 10 000X magnification were used, respectively, to provide
the necessary resolution. Bulk coverage fraction was found by
averaging over all images at each magnification.

Film Structure Analysis. rGO size distributions, radial distribu-
tion functions, and the fraction of particles aggregated were
determined by SEM image analysis of deposited films. rGO assembly
at the air—water interface was inferred by observing the structure of
films after deposition. As described in detail below, the deposition and
drying process may conceivably play a role in film structure, but since
they were held constant for all experiments, the major contributing
factor to differences in film structure is the ionic strength of the

DOI: 10.1021/am5087984
ACS Appl. Mater. Interfaces 2015, 7, 3807—3815


http://dx.doi.org/10.1021/am5087984

ACS Applied Materials & Interfaces

Research Article

subphase. Standard Matlab functions were used for image analysis.
SEM images were converted to binary images using the global image
threshold function. Aggregated particles were separated with the
watershed function using the distance transform of a binary image after
suppressing all minima in the transform less than 1S intensity units
deep (Supporting Information, Figure S4). Particle centroids and
boundaries were marked and used to calculate the rGO size
distribution and radial distribution functions. The fraction aggregated
is the number fraction of particles that are separated from at least one
neighbor by less than one pixel (<9 nm). The distance separating two
particles is defined as the portion of the centroid-to-centroid line that
does not lie within either particle (Figure S4). Because of rGO shape
anisotropy, these measurements will have a large standard deviation
necessitating the use of an area-based radial distribution function.
The discrete area-based radial distribution function, g(r;), is
calculated by drawing a series of i concentric circles of radii r, = | +
(i = 1)6r around each particle, where r, is the longest distance from
the centroid of the particle to its boundary and Jr is the spacing of the
annuli (Figure 1). The fraction of available area covered by rGO in

Figure 1. Graphic illustrating the area-based radial distribution
function, g(r;). Coverage in annulus ry, r,, and r; is colored in green,
purple, and orange, respectively.

each annulus of inner radius r,_; and outer radius r, is defined as ¢(r,)
(eq 1). The ¢(r;) value decays to the bulk coverage fraction, ¢y, as
the radius of the annuli tends toward infinity (eq 2).

_ Aacc(ri)
o = = (1
fim P = P @

The area-based radial distribution function, g(r;), is ¢(r;) normalized
to the bulk coverage fraction (eq 3) and is an indication of rGO
concentration or depletion in each annulus, thus indicating the
direction of force within that annulus. Again, this is a more fitting
measure of particle distribution for this system than the classical radial
distribution function based on number density because of the
heterogeneity in rGO shape and size.

g(rn) = 2

¢bulk

®3)

where ¢p(r,) is defined as the “nearest neighbor” coverage fraction; the
coverage fraction within a circle of radius r; excluding the central
particle. ¢(r,) is used to quantify shorter-range interactions in this
system. The ratio g(r,) = ¢(r))/@Ppu is plotted against ¢y for
analysis of many-body interactions.

3. RESULTS AND DISCUSSION

Reduced Graphene Oxide Characterization. The
majority (80—90%) of rGO sheets at the air—water interface
have a characteristic thickness of 1.5 nm by AFM (Figure 2),
which falls within the range of monolayer thicknesses reported
for GO.>*"** Measured thicknesses larger than the theoretical
values of 0.8—1.0 nm for monolayer GO are attributed to liquid
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Figure 2. AFM height measurement of rGO. (A) AFM image and (B)
height profile illustrating the uniform 1.5 nm step height of rGO
deposited on a silica wafer.

water trapped between the substrate and the rGO sheet. The
rGO size distribution at the air—water interface is Gaussian
with a mean equivalent radius of 1.0—1.1 um (Figure 3).
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Figure 3. rGO size distribution at the air—water interface. Particle size

distribution as determined by Matlab from analysis of SEM images.
The size distributions are Gaussian.

Surface charge and functionalization of the photoreduced
GO is analyzed by UV—visible spectroscopy, XPS, and Boehm
titration.”® UV photoreduction increases rGO absorbance
across the UV—visible—near-IR spectrum with increasing
exposure time indicating an increase in sp* conjugation of the
basal plane (Figure 4).>%*” XPS spectra indicate slight
deoxygenation (C/O ratio increases from 1.9 to 2.4), loss of
ketone/hydroxyl/epoxy surface groups, and increased C—C
bonding, in agreement with increased sp> conjugation (Figure
SA). The Boehm titration data indicate only a small decrease
(<10—20%) in surface charge density with increasing photolysis
time (Figure SB), confirming the loss of oxygen functional
groups with high pK,, such as ketone and epoxy groups, as the
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Figure 4. rGO UV-—visible absorption spectrum as a function of
irradiation time. Arrow indicates increase in irradiation time: 0 (blue),
2 (orange), 10 (green), 24 (red) h with 365 nm, and purple 24 h at
365 nm followed by 6 h at 254 nm. (inset, left to right) Images of 0, 2,
10, and 24 h photoreduced GO in ethanol with 365 nm.
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Figure S. Effect of photoreduction on rGO functional groups and
charge. (A) XPS characterization of the oxygen functionalities with
increasing photoreduction was completed by C 1s peak deconvolution
using 285.0, 286.5, 288.0, and 289.0 eV to quantify C—C, hydroxyl,
ketone, and carboxyl bonding, respectively. C/O ratios were calculated
from survey spectra. (B) Surface-charge analysis by Boehm titration to
determine concentration of low pK, (0 < pK, < 14) surface groups
with increasing photoreduction.

dominant effect of photoreduction. Carboxylate groups are the
main contributors to surface charge at neutral pH and remain
largely unaffected by 365 nm photoreduction. Surface charge
analysis was not performed on the 2 h reduced sample due to
the insignificant change in surface charge between the extrema
(0 and 24 h reduced; Figure SA), and thus it can be inferred
that the surface charge of the 2 h reduced sample would also be
insignificantly different from the extrema. Previous studies on
rGO structure indicate that carboxylate and hydroxyl
functionalities are located at the sheet edges, while ketone
and epoxy groups are located on the basal plane.”®*” Thus, the
rGO used here consists of a basal plane with large regions of
extended aromaticity surrounded by charged oxygen-based
functional groups at the rGO edges. Photoreduced GO will
have enhanced affinity for the air—water interface while
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retaining colloidal stability. Two hours of photoreduction was
selected here for colloidal stability, limited rGO wrinkling, and
high surface activity. Although the change in C/O ratio is slight
(~10%) after UVA photolysis, partial reduction is substantiated
by the increasing UV—visible absorbance of the rGO
suspension (Figure 4) and increased surface activity, which
are both indicative of sp” reconjugation of the basal plane.
Analysis of rGO Aggregation at the Air—Water
Interface. The qualitative behavior of rGO at the air—water
interface is altered (Figure 6) by minor variations in the

r
10
IS (D) 1k
g\ rGO Thickness
<
5 6
Sy
e
g 2
o
8.0 02 04 06 08 10

lonic Strength (mM)

Figure 6. SEM images of rGO LB films at varying subphase ionic
strength. Subphase electrolyte composition of (A) 0.01, (B) 0.1, and
(C) 1 mM NaCl. (D) The Debye—Hiickel screening length as a
function of ionic strength.
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subphase ionic strength. The pH of the subphase in all
experiments is constant at 5.5—6.0 under standard atmospheric
conditions. Only carboxylate groups, which constitute ~75% of
the low pK, (<14) surface groups, will be deprotonated under
these conditions resulting in an rGO surface charge of 0.10—
0.11 C m™> At the lowest ionic strength of 0.01 mM NaCl
(that measured for rGO in DI water), the rGO sheets tend to
self-assemble into large clusters, and there is minimal
aggregation (<10% of particles), which is indicative of a local
secondary minimum in potential energy due to a balance
between long-range attractive and short-range repulsive forces.
At a slightly higher ionic strength of 0.1 mM NaCl, the rGO
form smaller clusters of 10 particles or fewer. At a still higher
ionic strength of 1 mM NaCl, two modes of rGO aggregation
are observed; at low surface coverage fraction, the rGO tend to
self-aggregate forming folded or scrolled structures (Supporting
Information, Figure SS); at high surface coverage fraction, the
rGO tend to stack and remain flat at the interface (Supporting
Information, Figure S6). The average particle size at the
interface at 1 mM subphase ionic strength is visibly larger due
to the aggregation of small particles. As shown in Figure 6D,
the Debye screening length, k™' = [((87e’n,)/(kTe))]™"/>
(where k is the Boltzmann constant, n,, is the bulk ionic
strength, e is the elementary charge, € is the permittivity of the
medium, and T is ambient temperature) is nearly equal to the
sheet thickness at 1 mM ionic strength. Thus, when the Debye
screening length is near the rGO sheet thickness, the electrolyte
screening induces aggregation, that is, rGO stacking, scrolling,
and folding.

The observed changes in cluster size and onset of
aggregation are believed to be the result of rGO assembly at
the air—water interface, not the ethanol drying process prior to
deposition or the dewetting process after deposition. The rGO
aggregation behavior is significantly different at each ionic
strength condition, even though changes in ionic strength are
slight (<1 mM). The influence of the Marangoni effect on rGO
aggregation would be unchanged for each condition because
the same volume of ethanol is added to the surface of the
subphase and because the same ethanol evaporation conditions
are used for each sample. Additionally, the contact angle of the
subphase with the substrate remains constant at 45° + 6° under
all ionic strength conditions. If ethanol drying or spinodal
dewetting were the dominant contributing factors causing the
observed clustering and aggregation behavior, then the film
structure would be similar at all ionic strengths. Therefore, the
large differences in behavior as a function of subphase ionic
strength must be due to rGO particle—particle interactions at
the air—water interface.

As previously noted, even at lower ionic strengths, some
aggregation (<10% of particles) in the form of edge-to-edge
contact is observed (Supporting Information, Figure S7), which
is indicative of an energy barrier that is 5—10 times the thermal
energy. The magnitude of the energy barrier is estimated using
eq 4 and the stability ratio, W, of ~2—200, where R is disk
radius (the mean of the Gaussian distribution: 1 ym), and ¢,,,,
is the height of the energy barrier (J).*°

W ~ Lexp %
2kR kT
The high surface charge density of tGO, ~1 negative charge per

1.25 nm?, results in strong electrostatic coupling between the
rGO and the electrolyte and in turn failure of the linearized

(4)
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Poisson—Boltzmann equation. However, outside the screening

length, the linearized Poisson—Boltzmann equation can be used

if the surface charge is renormalized to account for the surface

charge limits due to strongly bound electrolyte ions (eq 5):*'
R 2kR

Zh =

Iy 1 — exp(—«kR) (3)

where Iy is the Bjerrum length. This assumption is confirmed by
calculation of the effective saturated charge density, that is, 1
negative charge per 25 nm?* which is substantially lower than
the bare surface charge. The saturated effective surface charge
assumes constant surface potential, which here is ca. —41 mV
using the Gouy—Chapman equation.’® To calculate the
theoretical energy barrier, the geometry of the particles is
critically important. No cohesive DLVO-based theory exists for
edge-to-edge interactions between thin disks. Thus, the rGO—
rGO interaction potential was first estimated using the spherical
solution for the electrostatic®” and van der Waals®® potentials,
eqs 6 and 7:

2RR,
W+ 2RK + 2R,H
N 2RR,

W + 2R}H* + 2R, + 4RR,

—A
vdW(r, R, R,) = 6H[

W + 2RK + 2R,
+ log — > 5
W + 2RI + 2R, + 4RR,
(6)
1287RRn kT
ES(r, R, R,) = 1—2002717/26_,(;1
(R, + R,k )

where Ay is the Hamaker’s constant, estimated by McAllister et
al. for GO using Lifshitz theory in the nonretarded regime®* to
be 2.37 X 107" J, h is the edge-to-edge separation, and 7, and
7, are the reduced surface potentials. As shown in Figure 7A, an
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Figure 7. rGO interaction potentials based on DLVO theory for
spheres and disks. (A) Spherical interaction potential from eqs 6 and 7.
(B) DLVO theory extended to disks using eqs 11 and 12. Note the
difference of y-axis scales in A and B.
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energy barrier of 30—100 times the thermal energy for all
conditions is calculated using bulk water conditions, which
would not result in any aggregation. Thus, this formulation of
DLVO theory is clearly insufficient to describe rGO—rGO
interactions at the air—water interface.

To quantify the van der Waals attractive force for the thin
disk geometry, the palrw15e integration approach first proposed
by Hamaker for spheres was adapted. The face-to-face van der
Waals force was not considered because without compression
the rGO garticles are irreversibly adsorbed to the air—water
interface.>> The face-to-face interaction observed at 1 mM
subphase ionic strength is a result of electrolyte screening that
allows for face-to-face interaction prior to or during the
adsorption process. After adsorption, the particles will not
interact in a face-to-face geometry, and thus this does not need
to be considered in relation to aggregate formation at the
interface. Therefore, only the rGO edge-to-edge geometry was
considered. Briefly, this approach assumes that all atoms of
particle 1 occupying a volume dv, a fixed distance r from an
atom of particle 2 interact with the same attractive potential.
The inverse is also true for all atoms of particle 2 occupying
volume dv, a fixed distance from an atom of particle 1. This
potential decays with r~¢ for two induced dipoles, where q is the
number density of atoms in the material, and 4 is the van der
Waals constant (proportional to polarizability; eq 8).

1
E=—2/1/d fd—
R ®)

By first evaluating the integration over dv,, the potential of a
single atom at point P due to its interaction with particle 2 is
given by eq 9, where 9 is the thickness of the disk, and the other

parameters are given in Figure 8.

R+R; r,(r, R, R
= —26/1(]/ 4 (1" 2) dr
)

Figure 8. Integration geometry for calculating the disk-shaped van der
Waals potential. Two disks of radii R, and R, and thickness & are
separated by a distance C. Atom P is a distance R from the center of
particle 2. Circular segments equidistant from each other are
integrated over the #~® dependence of the van der Waals interaction
potential.

The r dependence of 6, for thin circular disks is found
geometrically to be 0,(r, R, R,) = arccos ((r* —R,> + R?)/
(2rR)). After integrating E, for each equidistant circular
segment over particle 1 (eq 10), the full interaction pair
potential for thin disks is found (eq 11), where Ay = 7°¢°4 is
the Hamaker constant, and r is now the center-to-center
separation distance, replacing the constant C used in the
integration.

C+R,
E =26q /
C-R,

ELROy(R, C, R;)dR
ROR, C, R) o)
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vdW(r, R, R,)
—As? RPRA(R* = 2r* + R)” + Ry* + R(r” — 2R,%)
L a7 - R 2R+ R

(11)

The electrostatic potential previously solved for disks to model
clay suspensions was employed for the repulsive component of

disk-shaped DLVO (eq 12).*'

(12)

where I, is the modified Bessel function of the first kind. A plot
of the rGO—-rGO interaction potential using the same
assumptions as the spherical case is displayed in Figure 7B,
and the energy barrier to aggregation more closely matches
experimental observation. Although the height of the energy
barrier is a factor of 2—S5 lower than that estimated by stability
ratios, this could be attributed to variations in parameters
(dielectric constant, ionic strength, etc.) at the air—water
interface as compared to the bulk, as discussed in detail below.
The energy barrier is negligible at 1 mM ionic strength, which is
consistent with observed aggregation. The van der Waals
attractive force is also much lower in magnitude, which is
reasonable in light of the two-dimensionality and thus low mass
of rGO. For example, circular rGO of diameter 2 ym has a mass
of ~1 fg, whereas a graphite sphere of similar diameter has a
mass of ~10* fg.

The dielectric constant at the air—water interface varies from
that of air (2) to that of water (80) over the first 20 nm of the
interface.*® Additionally, it is known that monovalent cations
and small anions are depleted within the first 1 nm of the
interface.”” Decreasing the dielectric constant will decrease the
height of the energy barrier, and in contrast, decreasing the
ionic strength will increase the height of the energy barrier.
Presently, it is not possible to quantitatively determine the
magnitude of each effect; that is, ion depletion at the interface
and precise position of rGO at the interface are both unknown.
Even so, DLVO theory for disk—disk edge—edge interactions
derived here approximates the rGO—rGO energy barrier at the
air—water interface significantly better than sphere—sphere
interactions.

Long-Range Attractive Interactions. Quantification of
the range of interactions for particles with extreme shape
anisotropy is 1nherent1y difficult. Classical calculations using
particle trajectories®® or radial distribution functions based on
number density require spherical symmetry of colloidal
interactions. However, a quantitative radial distribution
function based on areal coverage fraction avoids this symmetry
requirement and may offer more insight into interaction
phenomena for highly shape anisotropic particles such as rGO
at the air—water interface. For randomly distributed particles,
the coverage fraction any annulus a distance r away from each
particle would be constant and similar to the bulk coverage
fraction for all r. If rGO—rGO attractive interactions are
significant within the measured range, the ratio of coverage
fraction to the bulk coverage fraction, g(r;), will be >1 and will
decay to the bulk coverage fraction at r; = oo. Similarly, if
rGO—rGO repulsive interactions are significant within the
measured range, there will exist a local minimum (g(r,) < 1).
The height of the peak or depth of the valley is a measure of

rGO concentration or depletion within that range as compared

L(xR)) I (K‘RZ)

ES(r, Ry, R,) = 4Z3% (R)ZS (R, ly——=
KR, kR,
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to the bulk. The width of the peak is a measure of the range of
interactions. More than 30 SEM images at 2000X magnification
were taken at each condition, and radial distribution functions
g(r) were calculated independently for each individual image.
Samples were selected such that the average bulk surface
coverage was similar for the average radial distribution function
calculations. For example, at the low ionic strength condition
(0.01 mM), the bulk surface coverage ranged from 2 to 35%
with a mean of 13 + 9%, and at the high ionic strength
condition, the bulk surface coverage ranged from 3 to 39% with
a mean of 16 + 8%. The average radial distribution function
with standard deviation for each ionic strength condition is
displayed in Figure 9. When the subphase ionic strength is low,

g(r)

0 10 20 30

Radial Distance (um)

Figure 9. RDF quantification of long-range rGO attractive forces at
the air—water interface. Areal coverage-based radial distribution
functions are determined using SEM images and Matlab at varying
ionic strength. (inset, left) SEM image of self-assembled large clusters
at low ionic strength. (inset, right) SEM image of smaller clusters at
moderate ionic strength.

0.01 and 0.02 mM, the coverage fraction is found to be several
times (4—8) higher than the bulk over the first 1—20 ym from
any particle. This is an indication of the self-assembly of large
rGO clusters due to dominant long-range attractive forces.
Repulsive forces are present, but not observed because their
range is shorter than those measured here (<1 ym). At higher
ionic strength (0.1 mM), the clusters are smaller (<10 ym),
their coverage fraction (2) is closer to the bulk, and the range of
the attractive force is diminished. Typically the opposite effect
is observed with increasing ionic strength due to electrolyte
screening of electrostatic repulsion.

The origin of the long-range attractive force is not likely van
der Waals since the effect of a van der Waals force would likely
increase with increasing ionic strength. Additionally, the van der
Waals interaction potential for disk-shaped particles is
negligible at large distances. Even if the Hamaker’s constant
is increased to an unreasonably high value (107" J), that is, 2
orders of magnitude greater than typical values, the attractive
forces are still negligible beyond 100 nm particle separation
distances. Thus, a non-DLVO attractive force such as a
hydrophobic or capillary interaction due to deformation of the
interface (thermal fluctuations, shape anisotropy, particle
wetting, surface roughness, or electric field) is likely dominating
rGO interactions at the air—water interface. In general,
hydrophobic interactions®” and thermal fluctuations®® at the
air—water interface will be too short-range (<100 nm) to
account for the observed attractive forces. Particle wetting or
“immersion forces” are observed only in thin liquid films due to
the existence of a meniscus around the particle. Since rGO is an
atomically thin and thus an extremely low mass particle that is
lying on top of an incompressible fluid, an immersion force is
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also not likely to be the correct explanation. Surface roughness
is also an unlikely mechanism due to the atomic dimension of
rGO. Therefore, the two most likely explanations for the
observed phenomenon are shape anisotropy*"** and/or
electric-field induced*** deformation of the interface as both
phenomenon have been previously observed to induce long-
range capillary attractions. Although the electric-field induced
interface deformation is controversial, it is the only electrolyte-
dependent long-range attractive force known to the authors.
We hypothesize that the long-range clustering is a result of a
combination of the two effects since shape anisotropy would
result in nonuniform electric charge as well as an irregular
wetting angle.*”

Repulsive Many-Body Interactions. Qualitatively, as
rGO surface coverage fraction increases, that is, as nearest
neighbor number increases, neighboring rGO particles are
observed to be stabilized from aggregation; that is, nearest
neighbor distance also increases, due to repulsive many-body
interactions. To quantify these interactions, the “nearest
neighbor coverage fraction”, g(r,), is defined as the coverage
fraction within a circle that circumscribes each particle,
excluding the area of the particle itself. This is the first “bin”
of the area-based radial distribution function. To analyze the
first “bin”, more than 30 SEM images at S000X magnification
were taken of each sample, and nearest-neighbor coverage
fractions were calculated independently for each individual
image. The nearest-neighbor coverage fraction does not
increase proportionally with the bulk coverage fraction, as
shown in Figure 10. In fact, at low coverage fraction, rGO has

+ 0.01 mM
0.02 mM
« 0.1 mM

Few close neighbors

Many distant neighbors

02 03 04 05 06
Bulk Coverage Fraction, ¢g,i

07 08

Figure 10. Quantification of rGO many-body interactions at the air—
water interface. The ratio of nearest-neighbor coverage fraction to bulk
coverage fraction (g(r,)) is plotted versus the bulk coverage fraction
(Ppur)- (inset, left) SEM image of tightly packed rGO sheets at low
coverage fraction. (inset, right) SEM image of loosely packed rGO at
high coverage fraction.

fewer neighbors with a lesser separation distance, and at high
coverage fraction, rGO has more neighbors with a greater
separation distance. To support these data, the fraction of rGO
aggregated, that is, in contact with another rGO as observed by
SEM, is plotted as a function of coverage fraction in Figure S7.
The fraction of rGO aggregated decreases with increasing
coverage fraction confirming the observation of a many-body
interaction. Therefore, the effective energy barrier to
aggregation increases both in magnitude and range with
increasing bulk coverage fraction. Previous studies have
shown that many-body repulsion becomes dominant as
deformable disks approach the compressibility limit.** The
observation of many-body effects in this system may be
consistent with these results since local area-confinement is
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introduced via the long-range capillary attraction. However, the
many-body interaction is observed at all subphase ionic
strengths making its nature ambiguous. For example, the
many-body interaction may be electrostatic in nature if the
shielding required to significantly diminish this force occurs at
higher ionic strengths than those evaluated here. Alternatively,
the interaction may be the result of a repulsive capillary
interaction. In either case, when casting an rGO membrane at
the air—water interface, many-body interactions may in fact
prevent folding, wrinkling, and crumpling of an rGO thin film, a
problem observed for other synthesis techniques.'

4. CONCLUSIONS

rGO is observed to lie flat on the air—water interface and
remain stable from aggregation at ionic strengths below 1 mM.
At and above this ionic strength, rGO self-aggregates by
stacking, folding, and scrolling. This phenomenon is hypothe-
sized to be a result of the Debye—Hiickel screening length
being on the order of magnitude of the thickness of the rGO
sheets. This hypothesis is substantiated by the disappearance of
the rGO—rGO energy barrier at 1 mM ionic strength when
using DLVO theory adapted for edge—edge interactions of
atomically thin disk-shaped particles. rGO clusters of 20 pm
and larger are observed to self-assemble at ionic strengths
<0.02 mM as quantified by an area-based radial distribution
function and are indicative of a long-range attractive force. The
long-range attractive force diminishes at 0.1 mM as observed by
a decrease in cluster size and is hypothesized to be non-DLVO
in nature but induced by the rGO electric field and shape
anisotropy. A many-body rGO—rGO interaction was also
observed in which nearest-neighbor coverage fraction and
aggregated fraction decrease with increasing rGO surface
density. This effect diminishes rGO aggregation at the interface
and enhances film uniformity. Thus, observations made here
contribute to the recent debate about the nature of particle—
particle interactions at air—water interfaces;M’46 that is, long-
range interactions (10s of microns) are electrostatic in nature.
The quantitative analysis of rGO aggregation at the air—water
interface may also allow for rational optimization of industrial
scale thin (nanometers) film synthesis. For example, to prevent
rGO aggregation, the Debye screening length must exceed the
sheet thickness (<1 mM) of monovalent salt. However, a slight
increase in ionic strength (0.1 mM) will weaken the long-range
attractive force resulting in rGO clustering and in turn enhance
film uniformity. These results provide new insight into the self-
assembly of 2D materials at air—water interfaces, a promising
method for production of industrial scale nanometer thin films.
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