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ABSTRACT: The adsorption of graphene-oxide (GO) nano-
particles at the interface between water and vapor was analyzed
using all-atom molecular simulations for single and multiple
particles. For a single GO particle, our results indicate that the
adsorption energy does not scale linearly with the surface coverage
of oxygen groups, unlike typically assumed for Janus colloids. Our
results also show that the surface activity of the particle depends on
the number of surface oxygen groups as well as on their
distribution: for a given number of oxygen groups, a GO particle
with a patched surface was found to be more surface active than a
particle with evenly distributed groups. Then, to understand what
sets the thickness of GO layers at interfaces, the adsorption energy
of a test GO particle was measured in the presence of multiple GO particles already adsorbed at the interface. Our results indicate
that in the case of high degree of oxidation, particle—particle interactions at the water—vapor interface hinder the adsorption of the
test particle. In the case of a low degree of oxidation, however, clustering and stacking of GO particles dominate the adsorption
behavior, and particle—particle interactions favor the adsorption of the test particle. These results highlight the complexity of
multiple particle adsorption and the limitations of single-particle adsorption models when applied to GO at a relatively high surface
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concentration.

1. INTRODUCTION

The adsorption of micro- and nanoparticles at the interface
between two immiscible fluids alters interfacial properties such
as surface tension and surface elasticity.' This effect is
exploited to enhance the stability of emulsions and foams,
with applications for the food and cosmetic industries.”
Adsorption at fluid interfaces has also been used to assemble
particles into nonplanar configurations, and thus interfaces can
serve as a template of functional composite materials and
hierarchically structured porous materials,””’ as well as
clusters, strings, networks, monolayers, and bilayers.8 Colloidal
or molecular particles remain trapped at a fluid—fluid interface
if the total interfacial energy of such configuration is smaller
than when the particles are in either of the bulk fluids, which
can be gases or liquids.” The adsorption of spherical and
chemically homogeneous particles has been extensively
studied,' but new investigations show that chemically or
geometrically anisotropic particles attach even more strongly to
interfaces than their isotropic counterparts.'”"!
tigations to date consider single particles. However, the surface
concentration is inherently high when effects on interfacial
rheology are the most useful. Therefore, it is crucial to extend
the current investigations to anisotropic and heterogeneous
particles particularly in the limit where particle—particle
contacts play a role.

Most inves-
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A promising surface-active particle that is both geometrically
anisotropic and chemically nonhomogeneous is graphene oxide
(GO)."” GO is an atomically thin nanomaterial similar to
graphene but made of carbon atoms that are functionalized
with oxygen-containing groups. Its surface presents irregular
chemical patches with nanometric lateral extent; hydroxyl and
epoxide groups are mostly located at the basal plane and
carboxyl groups at the edges."’ The oxygen groups at the basal
plane are typically distributed as islands, resulting in hydro-
philic (oxidized area) and hydrophobic (unoxidized graphitic
area) nanopatches.'*™"” Such surface heterogeneities contrib-
ute to the propensity of GO to adhere to fluid interfaces. For
instance, GO has the ability to adsorb at water—air, water—oil,
and multiple polymeric interfaces.'*™>> Chemically non-
homogeneous particles are known to adsorb even more
strongly to fluid interfaces than homogeneous particles having
the same geometry, so there is a need to understand the link
between the surface heterogeneities at the surface of GO and
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its surface activity.” This link is expected to be a complex
function of the area-averaged surface coverage of hydrophilic/
hydrophobic patches and the distribution of oxygen groups at
the particle surface. Therefore, GO particles differ from
classical “Janus” particles, where the geometry of the imposed
surface heterogeneity is comparatively simple."’

Experimental and numerical studies have identified several
factors influencing the surface activity of GO: the size of the
sheets, with smaller sheets being more hydrophilic due to a
larger edge-to-plane ratio;”” the pH of the solution, with high
pH values correlating with more charged and more hydrophilic
GO sheets;'””* the number of oxygen groups at the basal
plane, with particles with a high degree of basal oxidation being
too hydrophilic to attach at interfaces, and particles with a low
degree of oxidation being surface active.”**> Despite recent
progress, several fundamental questions concerning the surface
activity of GO remain unanswered. Most importantly, the role
of the oxygen groups’ distribution at the basal surface of GO
has not yet been addressed as far as we know. Furthermore, the
effect of neighboring particles on adsorption needs to be
addressed, as single-particle studies can only shed light on the
initial process of adsorption, when the fluid interface is
essentially bare. Understanding multiparticle effects can also
give insights into the mechanisms that set the thickness of
adsorbed GO layers, which ultimately is a key requirement to
create GO-based three-dimensional (3D) macroporous
materials with predefined structural integrity and barrier
properties.” Finally, the most desirable effects on interfacial
rtheology occur when the surface concentration is high and
particle—particle interference cannot be ruled out.

In this article, we compute the adsorption energy of single
and multiple GO nanoparticles at a water—vapor interface
using all-atom molecular dynamics (MD). We first consider
the case of a single GO particle, and measure the adsorption
energy for varying degrees of oxidation and varying surface
distribution of oxygen groups. Then, we consider the case of
multiple GO particles and measure the adsorption energy of a
test GO particle in the presence of a number N of GO particles
at the fluid interface. The article ends with a discussion of the
implications of our results and the advantages and limitations
of all-atoms molecular simulations for the study of the
adsorption of multiple GO particles.

2. MODELS AND METHODS

Simulations were performed using the Lar§e-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS).”® The system is made of
one or more GO particles and a layer of water in a rectangular box
with periodic boundary conditions. In all simulations, the layer of
water extends periodically in transverse directions (x and y) and has
two liquid—vapor interfaces (Figure 1a). The SPC/e water model was
used for water,”” and the all-atom optimized potentials for liquid
simulation (OPLS-AA) forcefield was used for GO particles.”®
Crossed parameters for Lennard-Jones interactions were calculated
using the Lorentz—Berthelot mixing rule. A temperature T = 300 K
was maintained using a Berendsen thermostat. Water molecules were
kept rigid with the SHAKE algorithm.”® Long-range Coulombic
interactions were computed using the particle—particle particle—mesh
(PPPM) method.**" A time step of 1 fs was used.

2.1. GO Particle. GO particles were built using MakeGraphitics, a
software that allows to generate graphene-oxide nanostructures with
hydrophilic and hydrophobic nanopatches that are consistent with
experiments.”> Each GO particle was made of a square, atomically
thin array of carbon atoms with dimensions 2 nm X 2 nm (Figure 1).
Carbon atoms were separated into edges and basal groups (Figure
S1). A fraction of edge carbon atoms were functionalized with oxygen-

Figure 1. (a) Snapshot of the molecular dynamics system with water
in clear blue and a single GO particle with carbon, oxygen, and
hydrogen atoms, respectively, in pink, red, and white. Water is
represented as a transparent continuum field for clarity, except on the
bottom right part where the oxygen and hydrogen atoms of water
molecules are shown as blue and white spheres, respectively. Periodic
boundary conditions are applied along the black dashed line. (b, c)
GO particles for two different degrees of basal plane oxidation,
respectively, roc = 0.05 (b) and roc = 0.32 (c). In both cases, the
degree of edge oxidation is roy = 0.3, and particles have a square
shape with lateral size for the carbon layer equal to 2 nm. The pink
hexagonal lattice represents the carbon layer, the red spheres are
oxygen atoms, and white spheres are hydrogen atoms.

based groups (Figure 1b,c). The edge carbon atoms not function-
alized with oxygen-based groups were terminated by hydrogen atoms
(hydrogen-terminated graphene edges are known to be energetically
more stable than bare graphene edges®®). We define oy as the ratio
between oxygen-terminated and hydrogen-terminated edge carbon
atoms. In addition, a fraction of basal carbon atoms were
functionalized with oxygen-based groups. We define the oxygen-
over-carbon ratio roc as the ratio between the oxygen atoms at the
basal plane, and the carbon atoms of the basal plane. Unless specified
otherwise, only hydroxyl groups were used for the functionalization of
the GO particle. GO particles are typically functionalized with three
types of group: hydroxyl, epoxide, and carboxyl."* Here, for the sake
of simplicity and to develop a systematic study, we choose GO
particles functionalized only with hydroxyl groups, which considerably
reduces the parameter space and makes the quantification of the effect
of group distribution and density on the adsorption energy of GO
particles less challenging. A comparison of adsorption energy values
obtained with single GO particles built with epoxide and carboxyl
groups, respectively, is given at the end of Section 2.

2.2. Single GO Particle Simulation. In the case of single GO
particle simulations, the system consists of a slab of liquid water with a
number N,, = 4500 of water molecules in a box of dimensions L, X L,
X L, = 5.4 X 5.4 x 10 nm® and of a single GO particle (Figure 1). The
potential of mean force (PMF) corresponding to the free energy along
a chosen coordinate was calculated using the umbrella sampling (US)
method together with the Weighted-Histogram Analysis Method
(WHAM).”* US is a biased molecular dynamics (MD) method, or
enhanced-sampling algorithm, that allows to explore the equilibrium
states of adsorption without simulating the natural progression of a
GO particle exchanging from bulk water to the interface. US was
preferred to standard MD because the exchanges of a GO particle
between the interface and the bulk can be extremely rare events, due
to the relatively large typical adsorption energy expected for these
nanometric particles, AE,4, & —10 k;T,>*** where the adsorption
energy is defined as the difference in energy between the particle
being in bulk and the particle being at the interface. In the present
work, restraints were applied at specific positions z, along the axis z to
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Figure 2. Molecular configuration for five different values of z,, with, respectively, z, = —20 A (a), zy = —10 A (b), 2, =0 A (c), z, = 10 A (d), and
zo = 20 A (e). Water is represented as a transparent continuum field for clarity.

sample all relevant regions of the phase space (Figure 2). To do so, a
harmonic potential with constant k = § kcal/(mol A%) and center z,
was applied to a single carbon atom located at the center of the
particle. The value of k was chosen as it ensures a sufficient
overlapping of the conformation space (Figures S2—S5). To maintain
the slab of water at a fixed position along z, the bottommost layer of
water molecules was frozen. For each pair of values (roc, oy) and for
a given position z, data is averaged over three independent
simulations (Figure S6). A total of 29 positions were explored, from
2y = —28 to 28 A, with the interface position located near z = 0. The
exact position of the interface was determined from density profile
analysis. Each simulation was performed for 1.2 ns, with the first 0.6
ns used as an equilibration step.

2.3. Simulation of Multiple GO Particles. In the case of
multiple GO particle simulations, the system consists of a slab of
liquid water with a number N,, = 3300 of water molecules in a box of
dimensions L, X L, X L, = 4.8 X 4.8 X 10 nm®. In addition to the GO
particle used for the PMF measurement, a number N of GO particles
were initially positioned at the water—vapor interface. The N particles
were initially aligned flat with the interface. Such configuration allows
us to get insights into the formation of particle multilayers following
the initial formation of a layer of GO particles at the fluid interface.
The lateral dimensions of the system were chosen so that, when N =
4, the N particles initially form a thin layer covering the surface. For 4
< N < 8, the particles form one full layer plus one partial layer on top
of it. For N = 8, the particles form two full layers, and so on (see
illustrations in the case N = 10 in Figures S8—S10). For each
configuration, the degree of oxidation of the N + 1 particles was the
same (same roc and same rqy) but with randomized distribution. For
each pair of values (ro, roy) and for a given position z, for the center
of the harmonic potential, data is averaged over six independent
simulations (Figure S7). A total of 1S positions were explored, from z
= —28 to 0 A, with the interface position located near z = 0. Each
simulation was performed for 2.2 ns, with the first 0.6 ns used as an
equilibration step.

3. RESULTS AND DISCUSSION

3.1. Single GO Particle. We first extract the PMF for a
single GO particle with a degree of edge functionalization roy
= 0.3 and a degree of basal plane functionalization roc = 0.05
(Figure 3a). The PMF reaches a plateau for z < —15 A,
corresponding to the GO particle being into the water bulk
phase, and another plateau for z > 25 A, corresponding to the
GO particle being into the vapor bulk phase (Figure 3d). In
between the two plateaux, in z = 0, the PMF reaches a
minimum that is located at the water—vapor interface. The
exact position of the interface is chosen as the location where
the time-averaged water density p equals half of the liquid bulk
density pyu (Figure 3e). We define the adsorption energy
AE,, as

25 20 -15 -10 -5 O 5 10 15 20 25
z(A)

Figure 3. (a—c) GO particles with roy = 0.3 and roc = 0.05 (a) and
foc = 0.34 (b, ). Oxygen groups at the basal plane in (c) are more
evenly spread than in (b). (d) PMF as a function of z, for a GO
particle with roy = 0.3 and roc = 0.0S (red full line), roc = 0.34
(green dot-dashed line), and roc = 0.34 with more evenly spread
oxygen group at the basal plane (blue dashed line). The water—vapor
interface is located at z = 0, with the liquid water in z < 0. (e) Water
density p as a function of z and normalized by the liquid bulk density

Phulk-

AE,;, = PMF(z = 0) — PMF(z —» —o0) (1)

Hence, AE, 4 = (—23.7 £ 3) kgT for the GO particle of Figure
3a. A negative value for AE,y indicates that the GO particle
would favorably adsorb at the interface. The uncertainty on the
value of AE 4 corresponds to the standard deviation calculated
from the three independent simulations.

https://doi.org/10.1021/acs.langmuir.1c01902
Langmuir 2021, 37, 13322-13330


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01902/suppl_file/la1c01902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01902/suppl_file/la1c01902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01902/suppl_file/la1c01902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01902/suppl_file/la1c01902_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01902?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01902?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01902?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01902?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01902?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01902?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01902?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01902?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c01902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

The adsorption energy was then measured for varying
degrees of basal plane functionalization ro¢ (roc = 0, 0.0S,
0.17, 0.34, and 0.55 respectively) and fixed degree of edge
functionalization roy = 0.3. Our results show that the absolute
value of the adsorption energy AE, 4 decreases monotonously
for increasing the degree of basal plane functionalization roc
(Figure 4a). In all five cases, the average value of AE,, is

a [T "~ T 7 T "wo[ "~ T " T ™ T ]
or ii i

30 -
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Figure 4. (a) Adsorption energy AE, 4 as a function of the degree of
surface oxidation rp¢ for a single GO particle with a degree of edge
oxidation roy = 0.3. (b) Adsorption energy AE_ 4 as a function of 7oy
for a single GO particle with roc = 0.

negative. The adsorption energy was also measured for varying
degrees of edge functionalization roy (1o = 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, and 0.7, respectively) and fixed degree of surface
functionalization roc = 0. Our results show that the absolute
value of the adsorption energy AE 4 decreases quasilinearly for
increasing values of roy (Figure 4b).

The results presented in Figure 4 reveal the importance of
the distribution of oxygen groups on the absolute value of the
adsorption energy |AE,4l. IAE 4| decreases nonlinearly for
increasing number of basal oxygen groups. However, |AE 4
decreases quasilinearly for increasing the number of edge
oxygen groups. As a consequence, a GO particle with roc =
0.17 and roy = 0.3 has a value for |AE 4| that is higher that a
GO particle with roc = 0 and oy = 0.7, despite having a lower
number of oxygen groups; the number of oxygen groups is 17
(for roc = 0.17 and roy = 0.3) and 27 (for roc = 0 and 7oy =
0.7), respectively. These results highlight that oxygen groups
distributed at the basal plane have a stronger influence on the
adsorption energy as compared with oxygen groups distributed
at the edge. Such impact of oxygen group positions on AE 4
can be understood as follows. Regardless of its position, the
addition of a new oxygen group to a GO particle leads to a
reduction of |AE | as it increases the polarity of the GO
particle. Such increased polarity increases the overall electro-
static interaction with water, which makes the GO particle
more hydrophilic.”> However, in the case where a new oxygen
group is added to the basal plane of the GO particle, the
surface area of pristine graphene patches is also reduced; these
hydrophobic patches are known to control the amphiphilic
character of the GO particle.”’

The nonlinear dependence of AE 4, with roc suggested by
our simulations is in stark contrast with what is typically
assumed for Janus colloids.’® In the modeling of adsorption of
Janus colloids, one typically associates each homogeneous
patch to a different surface energy density (“surface tension”).
This approach invariably gives a linear dependence of the
adsorption energy on the area of each chemically homoge-
neous patch. The fact that nonlinearities are observed in our

simulation means that the effective surface energy of the
oxygen-rich portion depends on its specific atomic structure in
addition to its area.

The complexity of the relation between AE 4 and rq¢ is
even more striking when comparing two GO particles with the
exact same number of oxygen groups but different surface
distribution. A particle with roc = 0.34 and roy = 0.3 and
oxygen group at the basal plane distributed in patches has a
negative adsorption energy |AE 4| (Figure 3b,d). However, a
particle with oxygen groups at the basal plane more evenly
spread (and the same values for roc and roy) has a positive
adsorption energy (Figure 3c,d). These results indicate that
only a particle with a “large enough” apparent surface of carbon
atoms favorably adsorbs at a water—vapor interface, which is
consistent with previous studies that showed that pristine
graphene is surface active.”’

The nanometric GO particles used in the present study
contain typically only one hydrophilic patch on the basal plane,
and therefore a particle with a relatively large fraction of
surface groups is typically made of one hydrophilic and one
hydrophobic parts, as seen in Figure 3b. As a consequence,
such a particle tends to adopt a curved shape when adsorbed at
the interface, with its hydrophobic part lying almost flat on the
water—vapor surface, and its hydrophilic part maintained
inside the liquid (Figure S). In that case, the bending of the

Figure S. Snapshots of the molecular dynamics system with a single
GO particle with roc = 0.34 and roy = 0.3. Panels show, respectively,
the top view (a) and the lateral view (b). Water is represented as a
continuum field.

particle is associated with an energy cost. By contrast, GO
particles with a lower degree of oxidation at the basal plane,
such as the particle in Figure 3a, are found to lie flat on the
water—vapor surface.

One could develop a simple model to predict the occurrence
of local bending deformations. Bending occurs when the
moment of the force produced by the interface on the particle
becomes comparable to the particle’s bending rigidity. The
force normal to the interface on the particle can be estimated
as F ~ |AEI/I, where ]~ 0.5 nm is the force range (estimated
here as half the molecular thickness of the interface obtained
from density profiles) and |IAEl ~ 45/2 = 22.5 kT is the
adsorption energy of a patch of graphene of area half that of
the entire nanosheet. The lever arm of this force is a patch
correlation length £, characterizing the distance between the
centers of the quasi-homogeneous carbon and oxygen-rich
patches. Using for & half the particle length, the bending
moment F X & is 45 kgT. This value is comparable to the
bending energy of pure graphene (~40—80 ksT)** so our
model, although crude, captures the right order of magnitude.
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The estimated bending moment is much larger than that of a
macroscopic sheet of GO (~1 kT),”® but this is expected, as
the measured bending rigidity of a GO sheet is an effective
quantity accounting for many patches and material defects,
while we are examining a truly nanoscopic deformation. The
model indicates that an important role is played by the ratio of
£. and the particle lateral size L. If £. < L, as one would expect
to be the case in most physical experiments, the bending
moment could induce small undulations of scale x, even if the
particle, on a macroscopic scale L, appeared to be adsorbed flat
on the interface.

Finally, the impact of the type of oxygen groups on the
adsorption energy was evaluated by measuring AE 4 for a GO
particle with a surface covered with epoxide groups (roc =
0.17) and with edges terminated with hydroxyl groups (roy =
0.3). Our results give AE 4 = (—6.6 = 2.5) kgT, a higher (or
less negative) value as compared with the results obtained with
a GO particle with the same number of hydroxyl groups: AE, 4
= (=122 * 2.7) kgT. The adsorption energy AE 4 was also
measured in the case of a GO particle with edges terminated
with carboxyl groups (roy = 0.3) and in the absence of surface
groups (roc = 0). Our results give AE 4, = (—12.5 + 3) kg7, a
higher (or less negative) value as compared with the results
obtained with a GO particles with the same number of
hydroxyl groups: AE,4 = (—45.8 + 1.5) kgT. These results
indicate that GO particles covered with epoxide groups at the
basal plane and/or carboxyl groups at the edges are less surface
active than particles covered with the same number of hydroxyl
groups, respectively. Therefore, the type of oxygen groups is
another important parameter that controls the value of the
adsorption energy of GO.

While developing a simple thermodynamic model for the
case in which the basal plane contains oxygen groups is
challenging, some simple considerations can be made for the
case roc = 0. When the platelet is fully immersed in the bulk
fluid, the basal plane of the solid is in contact with the liquid
over an area 2A, where A is the basal plane area of the sheet
excluding the edge area. Assuming a rigid platelet, the total
energy associated with the particle completely immersed in the
bulk fluid, E, is given by the sum of the liquid—solid
interfacial energy, the interfacial energy of the flat liquid—vapor
interface, and the energy, here denoted as E{¢, associated with
the edges when they are completely immersed in the liquid:

Epax = 25 A + 1, A + Egofe (2)
Here, ;, and ¥, are the liquid—solid and liquid—vapor surface
energy densities, respectively, and A, is the total area of the
liquid—vapor interface. When the platelet is embedded in the
fluid interface, lying flat on it, a surface area A of the solid in
contact with the liquid is replaced by a corresponding amount
of the solid—vapor area. In addition, the liquid—vapor area is
reduced by an amount A corresponding to the “hole” created
in the interface by the particle. Hence, the total energy
associated with the particle embedded in the fluid interface is

Einterface = }/15‘?[ + }/Svﬂ + }/Iv(‘?{co - ﬂ) + Eedge (3)

interface

where EZ% . is the edge energy and y,, is the solid—vapor
surface energy density. If the particle adsorbs at the interface,

then E .t,ce < Epun- The magnitude of the adsorption energy is
given by
d. d;
Ebulk - Einterface = (yh; - A]/)ﬂ + Egu]gl: - Eientgfface (4)

where Ay = y,, — 7, is the difference between solid—vapor and
liquid—solid surface energy densities. This quantity can be
related to the contact angle @ through Ay = y;, cos 6, hence

interface
(%)

Now, the contact angle of water deposited on flat graphene is
larger than 90°,* thus cos@ < 0. If the edge energy terms
were neglected, the adsorption energy per unit area would
be slightly larger than y,A (typical values for pristine
graphene suggest cos@ < 1). However, this prediction is
in contrast with our MD observations, which show
(Ebulk - Einterface)/ﬂ < }/1‘,: for M = 63 mN/m)40 a value

appropriate for our simulation, we get y A =~ 61 k3T, while

d d
Ebulk - Einterface = ylv(l — C€Os 9):7{ + Elfulgke — B¢

the magnitude of the adsorption energy for roy = 0 is about 45
kyT (Figure 4a). Based on this simple thermodynamic model,
the only way to explain our MD results is if the edge energy

edge. . of the platelet in the interface is sufficiently large in
comparison to E{%§¢. From our data, assuming 6 ~ 100°*” and
Y = 63 mN/m,*" we get that ES%8, . — Ef38¢ should be at least
as large as 28.7 kgT to match the observed adsorption energy
obtained at zero basal plane coverage by oxygen groups. For
large particles, we expect the edge energy to be subdominant
with respect to the term )/lv(l — cos 0)A, as the area grows as

the square of the particle lateral size, while the length of the
edges increases linearly with the particle size.

In summary, our results have shown that both the
organization of oxygen groups at the GO particle surface
(and more particularly at the GO particle basal plane) and the
type of oxygen groups strongly impact the value of the
adsorption energy of a single GO particle. However,
experiments as well as potential applications are likely to be
made in a limit of significant surface coverage, and it is
therefore important to explore how particle—particle inter-
actions influence the adsorption of GO particles at interfaces.
In particular, an important question is which adsorption
mechanisms set the thickness of GO layers at the fluid
interface. In the next section, the adsorption energy of a test
GO particle will be measured in the presence of a number N of
GO particles.

3.2. Multiple GO Particles. Using a similar procedure as
the one used for the single GO particle case, the PMF was
measured for a test GO particle in a system made of a number
N of GO particles initially disposed at the liquid—vapor
interface, with N = 2, 4, 6, 8, and 10 (the total number of GO
particles in the system is then N + 1). Snapshots of the
molecular dynamics system with N = 4, roc = 0.05, and roy =
0.3 are shown in Figure 6 (see also Figures S8—S10 in the
Supporting Information (SI)). The corresponding PMF is
given by the full red line in Figure 7a and compared to the case
of a single GO particle (N = 0) (dash-dotted black line in
Figure 7a). Our results indicate that the adsorption energy is
larger (in absolute value) in the case N = 4 as compared to the
case N = 0, with AE4, = (=60 + 5) kT for N = 4 and AE,4 =
(=23.7 £ 3) kT for N = 0. The water density profile is also
slightly modified by the presence of multiple GO particles
(Figure 7b).

The adsorption energy AE g4 of a test GO particle was then
measured for different numbers of particles N (N = 2, 4, 6, 8,
and 10) and roc = 0.0S and roy = 0.3 (red disks in Figure 8).
Our results show that the adsorption energy AE 4 varies non-
monotonously with N, with a minimum (in absolute value) in
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Figure 6. Snapshots of the molecular dynamics system with a number
N = 4 of GO particles plus a test particle. GO particles have a degree
of oxidation at the edge roy = 0.3 and a degree of oxidation at the
basal plane roc = 0.0S. Panels show, respectively, the lateral view (a)
and the top view (b). Water is represented as a continuum field.
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Figure 7. (a) PMF as a function of z, for GO particles with ro¢ = 0.05
and roy = 0.3. The black dash-dotted line is the single-particle case,
and the full red line is the multiple particle case with N = 4. The
water—vapor interface is located at z = 0, with the liquid water in z <
0. (b) Water density p as a function of z and normalized by the liquid
bulk density pp.

N = 2. For N > 4 (and ro¢ = 0.05 and roy = 0.3), the absolute
value of AE, is larger than in the single-particle case (N = 0)
and does not vary significantly with N. Similar simulations
were performed in the case of GO particles without basal
oxidation; roc = 0 and roy = 0.3. Similar to the rqc = 0.05 case,
AE,q4, varies non-monotonously with N (black triangles in
Figure 8), with a minimum (in absolute value) for N =2 and a
maximum for N = 10. Finally, simulations were performed for
GO particles with roc = 0.34 and ro = 0.3. In that case, AE g4,
is positive for N > 2 and negative only in the single-particle
case N = 0 (blue squares in Figure 8).

Our results obtained in the case of multiple GO particles
indicate that the effect of particle—particle interactions on the
adsorption energy of a test GO particle depends notably on the

40

20

0

= 20

LH;‘: -40
<

-100

Figure 8. Adsorption energy AE 4, of a test GO particle as a function
of the number N of GO particles at the water—vapor interface. GO
particles have a degree of oxidation at the edge roy = 0.3, and a degree
of oxidation at the basal plane roc = 0 (black triangles), roc = 0.0S
(red disks), and roc = 0.34 (blue squares), respectively. Lines are
guides to the eyes.

degree of basal oxidation of the particles. For GO particles with
a large degree of basal oxidation (blue squares in Figure 8), the
presence of a number N > 0 of GO particles at the interface
makes it unfavorable for the test particle to adsorb. As a
consequence, our results suggest that there is a maximum
amount of GO particles that would favorably adsorb at the
water—vapor interface. For the present system, the maximum
number of (total) particles that would favorably adsorb at the
interface is between one and three. In other words, for ro¢ =
0.34, adsorption of GO particles is expected only as long as the
surface density in particles remains low enough to prevent a
direct contact between the GO particles at the interface. These
results are consistent with the fact that GO particles with a
large degree of basal oxidation are relatively hydrophilic and do
not tend to form clusters when dispersed in water.”

For GO particles with a low or a zero degree of basal
oxidation (respectively, red disks and black triangles in Figure
8), nonlinearities of AE,; as a function of N are found, with
the adsorption of the test particle being the less favorable for N
= 2 and the most favorable for largest values of N. We link
these nonlinearities with the tendency of pristine graphene to
form clusters in bulk water as well as at the interface between
water and vapor."' By forming clusters, graphene particles
reduce the contact area with water while increasing the more
energetically favorable graphene—graphene contact."”** How-
ever, such a simple picture does not account for minimums of
IAE 4 for N = 2. To understand this minimum at N = 2, one
has to keep in mind that the lateral size of the particles used in
the present study is equal to 2 nm. Therefore, a stack formed
by all three GO particles in the case N = 2 has an effective
thickness of 2 dcc + 26 & 1.2 nm, where dc = 3.35 A** is the
interlayer distance and & = 2.5 A** is the effective radius of
the carbon atoms in water. Such parallelepiped rectangle of
approximate dimensions 2 X 2 X 1.2 nm’ must expose a
relatively large portion of its edges to the vapor phase (Figure
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9a), which is energetically unfavorable as suggested by single-
particle measurement (see the large positive value of PMF (z

Figure 9. Snapshots of the molecular dynamics system with numbers
N =2 (a) and N = 8 GO particles plus a test particle. GO particles
have a degree of oxidation at the edge roy = 0.3 and a degree of
oxidation at the basal plane roc = 0. Water is represented as a
continuum field.

— o) in Figure 3). In the case N = 8, however, GO particles
are assembled essentially in two superimposed layers, each of
them covering the entire lateral extent of the computational
domain (Figure 9b). In this case, only the top surface of the
top layer is exposed to vacuum and all of the edges of the GO
particles are in contact with the more energetically favorable
water or neighbor GO particles.

3.3. Discussion. One important implication of our results
is that the adsorption behavior in the case of multiple GO
particles cannot be predicted from adsorption energy measure-
ment obtained in the case of a single GO particle, at least for
the relatively crowded surfaces we consider here. One reason
for that are the strong interactions between GO particles, and
in particular, the tendency of GO particles with a low degree of
basal oxidation to form clusters and stack when in suspension.
Particle—particle interactions and clustering strongly modify
the value of the adsorption energy of a single particle, and,
depending on the degree of oxidation of the GO particles, may
either favor or hinder the adsorption of new particles at the
interface. To properly predict such complex effects, one needs
to develop models accounting for changes in solid—solid,
solid—liquid, and liquid—vapor surface energies at the two-
particle level at least, as well as the chemical heterogeneities
and large aspect ratio of GO particles. Such analysis is beyond
the scope of the present article but will have to be conducted
in future works.

In the present study, molecular simulations have been
chosen as they offer a good description of interactions between
GO and water, including for instance the atomic details of
oxygen surface groups. However, one major limitation of such
atomic simulations is the size of the system, with simulation
boxes (and consequently GO particles) being limited to
nanometer sizes. The GO nanoparticles used in this study are
made of a small number of hydrophilic/hydrophobic patches
(typically one hydrophilic and one hydrophobic patches in our
case), while common GO particles are micrometric in size and
made of a large number of patches. Such a difference between
simulations and experiments makes it difficult to extrapolate
atomistic results to macroscopic scales. Another obstacle
encountered when performing molecular simulations is the
small time scales accessible, typically a few nanoseconds. Such
time scales are sufficient to study the adsorption of a single GO

particle of a few nanometers since the typical rotational
diffusion coefficient of a GO particle with half length a = 1 nm
is D, = 3 kyT/32 na® ~ 0.4 ns™" (here, we use the formula for a
thin disk of zero thickness*’). However, the formation of
clusters is associated with relaxation times that are larger than
the duration of a typical molecular simulation, and our
simulations in the case of multiple particles do not allow for an
efficiently sampling of the configuration space. To overcome
this difficulty, each simulation was reproduced multiple times
using different initial positions for the N GO particles of the
layer (see Figures S8—S10). Future numerical work should
focus on using computational methods that allow for the
exploration of larger times and larger scales, such as coarse-
grained modeling or continuum calculations. The loss of
precision inherent with such methods, as compared to all-
atoms molecular dynamics, could be overcome in part using
molecular dynamics results as a basis for calibrating the
simulations, as is done in ref 48.

The dynamics of particle—particle interaction is an
important aspect that is not accounted for by our present
free-energy calculations. Understanding the dynamics of
particle agglomeration and stacking is crucial as it can explain
certain differences between numerical and experimental
observations. For instance, in the case of pristine graphene,
the typical stacking time for particles trapped at a water—vapor
interface was found to increase exponentially with the contact
edge length of the particles.*’ Therefore, stacking is more likely
to be observed with nanometric particles during molecular
dynamics simulations than it is during experiments that
typically involve micrometric particles.”*’ In the case of
GO, oxygen groups at the edges and basal plane of the particles
are known to affect the particle—particle energy of
interactions,”® and therefore, their presence is expected to
lead to a different stacking time compared to the one measured
with pristine graphene.

4. CONCLUSIONS

In this article, we used all-atom molecular simulations to study
the adsorption of single and multiple GO nanoparticles at the
interface between water and vapor. The adsorption energy in
the case of a single GO particle was found to vary nonlinearly
with the basal plane coverage roc. Our results show that these
nonlinearities are due to the size of hydrophobic surface
patches at the particle basal plane. Consequently, GO particles
with oxygen groups distributed in patches were found to have a
larger adsorption energy (in absolute value) than particles with
uniformly spread oxygen groups. Our results obtained in the
case of multiple GO particles at the interface highlight the
significance and the complexity of particle—particle inter-
actions on adsorption behavior. Two different regimes were
identified, depending on the value of ro¢. For low roc (ie.,
rather hydrophobic particles), particle—particle interactions
were found to lead to an increase in the absolute value of the
adsorption energy of a test particle, which we attribute to the
tendency of hydrophobic GO particles to form clusters at a
water—vapor interface. For the high roc value, however,
particle—particle interactions limit the adsorption of new
particles at the interface. Our results suggest that for high roc
values, the adsorption of GO particles would be mildly
favorable in the very dilute regime only because in this regime
a direct contact between GO particles is statistically unlikely.
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Single GO particle with L = 2 nm, roy = 0.3, and roc=
0.17 (Figure S1); set of histograms corresponding to a
simulation with a single GO particle with roy = 0.3 and
roc = 0.34 (Figure S2); set of histograms corresponding
to a simulation with multiple GO particles with N = 4,
fou = 0.3, and roc = 0.34 (Figure S3); set of histograms
corresponding to a simulation with multiple GO
particles with N = 4, roy = 0.3, and ro¢ = 0.05 (Figure
S4); error on the value of AE as a function of the data
acquisition duration for a single GO particle with roy =
0.3 and roc = 0 (Figure SS); PMF for a single GO
particle with roy = 0.3 and ro¢ = 0.17 (Figure S6); PMF
in the case of multiple GO particles with oy = 0.3, roc =
0.05, and N = 8 (Figure S7); example 1/3 of a system of
multiple GO particles, with N = 10, roc = 0.05, and roy
= 0.3 (Figure S8); example 2/3 of a system of multiple
GO particles, with N = 10, roc = 0.05, and roy = 0.3
(Figure S9); and example 3/3 of a system of multiple
GO particles, with N = 10, roc = 0.05, and rgy = 0.3
(Figure S10) (PDF)
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