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Nanoporous graphene is considered the next-generation material for reverse osmosis water desalina-
tion providing both high water permeability and almost complete salt rejection. The main problem with
graphene is the difficulty of synthesizing membranes with a consistent subnanometer pore size
distribution. A recently proposed solution involves processing as-grown graphene oxide (GO)
monolayers via a mild temperature annealing pre-treatment causing GO functional groups to cluster
into small oxidized islands. A following harsh thermal reduction process creates pores only in the small
oxidized regions. However, a suitable relationship between the area of the GO islands and the pore
dimension is still missing. Here, we study in detail the effects of such a thermal reduction process on the
graphene oxide sheet by means of molecular dynamics simulations, particularly highlighting and
analysing the process parameters affecting the final pore area. Besides proving that epoxides represent
the most suitable functional group to induce carbon removal and, thus, pore generation in reduced GO,
we find a twofold way to achieve control over the pore size: tuning the dimension and shape of the
initial clustered GO areas or changing the harsh reduction process temperature. An accurate balance of

rsc.li/pccp

1 Introduction

Reverse osmosis is considered the most efficient technique for
water desalination." Nevertheless, it suffers from significant
disadvantages, namely large energy consumption and high
capital costs because of water pressure,”™ limiting its large-
scale employment. Nowadays salt filtration is carried out using
polymeric semipermeable membranes which, however, have
poor neutral solute rejection or scarce water permeability
resulting in an increased energy cost for desalination to be
accomplished.® The recently proposed nanoporous graphene
membranes have the potential to solve the problem, being
superior in terms of permeability by several orders of magni-
tude, thanks to their small thickness, while preserving, at the
same time, an excellent salt rejection rate. Theoretical simula-
tions report that to achieve a high selectivity a pore diameter
of 5.5 A is needed to block the hydrated salt ions while
allowing water to pass.® Several following studies proved the
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these parameters consistently gives rise to targeted pore dimensions in graphene membranes.

effectiveness of graphene membranes”® and analyzed the
parameters that influence their performance, stressing in par-
ticular on the impact of pore dimensions.’™**

One of the hardest challenges, that characterizes this mate-
rial, is to consistently synthesize graphene membranes with a
narrow pore size distribution. Many techniques were proposed
so far. Jon bombardment was employed to knock off carbon
atoms from the sheet using both heavy ions'® and noble
gases.™ Alternatively, e-beam lithography'® was proposed to
accurately realize the desired features in the graphene layer.
Other approaches are based on ozone treatment'® or O,
plasma.”” Recently, Li-Chiang et al. proposed a new scalable
method that consists in the generation of pores starting from a
monolayer of graphene oxide (GO). The sheet is exposed to a
high temperature process that forms random pores.'® A pro-
mising evolution of the previous method tackles the problem of
the random size distribution as a consequence of the high
temperature process by applying a two-step thermal process.®
In the latter method, the starting material is a single layer
oxidized graphene with low defect concentration, obtained
either by exfoliating a multilayer GO with non-destructive
methods®®*' or by soft oxidation of pristine graphene
monolayer.”>** The layer is supposed to cover the micrometer
sized pores of a polymeric support with its basal plane when
used for filtration.>* For brevity, throughout the text we will
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refer to this structure simply as GO. In the two-step process the
GO is, first, heated at controlled low temperature (300-320 K).
This step is aimed at favoring the aggregation of GO functional
groups into small oxidized areas surrounded by pristine gra-
phene. The oxide cluster size can be tuned by changing the
heating time, temperature and initial coverage of the GO.
The first two parameters are strictly connected and determine
the area of the clusters. The longer the heating time the larger
is the average area of the oxidized clusters. A high temperature
drastically increases the diffusion of epoxides, reducing the
heating time required for the clusterization at the risk of going
beyond the targeted average size. Experimentally, these two
parameters must be suitably tweaked using a trial-and-error
approach to obtain the desired cluster distribution. The initial
coverage influences the shape of the clusters. When the cover-
age is low (< 10%), the resulting oxidized islands are mostly
circular. As the coverage is increased the clusters become more
linear. The treated layer, then, undergoes a high temperature
reducing process which not only decreases the concentration of
oxygen of the sheet but also causes a localized carbon removal
only in the clustered oxidized areas formed in the previous step
leaving pores behind. The process ensures a better control over
pore size distribution.

Although the technique was proved to work, an extensive
characterization of the effects of the reducing thermal process
conditions on the clustered GO layers is still missing. A
relationship between area of the oxidized domains and final
dimension of the pores must be identified. In this work we aim
at understanding to which extent parameters like process
temperature, local coverage or shape of the oxidized area
influence the final pore area in order to guide experimental
research for the creation of selective graphene membranes for
desalination. The study is carried out by means of molecular
dynamics (MD) calculations, able to atomistically describe the
reduction of GO sheets under the influence of high
temperatures.

2 Method

The simulations were performed using the LAMMPS software
package®® with reactive force fields (Reax-FF)*® which, unlike
conventional potentials, capture bond formation and breaking.
The REAX-FF we chose (ref. 26) is known for its capability to
reproduce carbon based materials like graphite,”” 2D
graphene,®® laser induced graphene® and GO.*° Moreover, it
was successfully applied to study thermal reducing processes of
GO."® We tested the capability of the REAX potential to accu-
rately reproduce the heating process on GO by performing ab
initio molecular dynamics simulations. The results (see the
ESIT for details) indicate that comparable reducing reactions,
leading to carbon removal, take place in the classical and ab
initio molecular dynamics runs. In our REAX-FF molecular
dynamics simulations, a 43 x 45 A® graphene supercell was
realized. We assume that the mild annealing pretreatment
already took place, as described in ref. 19, so that the sheet is
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characterized by oxide clusters surrounded by pristine graphene.
Each supercell accommodates a single cluster constituted by
either epoxide or hydroxyl groups. Periodic boundary conditions
were applied. A vacuum layer of 90 A was placed in the direction
perpendicular to the layer to avoid interactions between replicas
and to hold the gas desorbed from GO during annealing. To
simulate the effect of a harsh reducing process, we performed
calculations at three temperatures, 1000 K, 1500 K and 2500 K.
The temperature values are not to be taken quantitatively but as
representative of three different intensities of the reductive pro-
cess. It is common practice in atomistic simulations to increase
the temperature to speed up the calculations."® Further experi-
mental work will be needed to match the simulation temperatures
to the real temperature. Similar matches between simulations and
experiments were previously performed for GO.* The thermal
process consisted of an initial relaxation of the starting structure,
followed by a temperature ramp from 10 K to the target tempera-
ture lasting 4 ps. The target temperature was maintained fixed for
500 ps. Finally, the temperature was cooled down to 300 K in 1 ps
and held constant for 4 ps (see the ESIt for a representation of the
temperature cycle). Temperature control was achieved thanks to a
Nose-Hoover thermostat. In our analysis, we explored the effect
on the final pore area of different -O-/-OH ratios (0.33 and 3.00),
of different local atomic percentages (12.5 at% and 25.3 at%) and
of different sizes of the oxidized region (12 A and 24 A in
diameter). For each cluster dimension, coverage and -O-/-OH
ratio, and temperature, ten different annealing samples were
simulated.

Additionally, we carried out an analysis of the influence of
the initial shape of the oxidized region, considering specific
selected structures described below. Ten different initial ran-
dom velocity distributions, for each combination of tempera-
ture and structure, were applied to provide sufficiently large
statistics. The different shapes (a single line of epoxides, a
double line of epoxides, and a squared and a highly packed
configuration) were selected to understand how the linearity of
the cluster could affect the pore formation. To estimate the
final pore area we considered the steric hindrance of each atom
as a sphere whose radius corresponds to the van der Waals
radius (1.70 A for carbon, 1.52 A for oxygen and 1.20 A for
hydrogen). The pore area was measured considering the largest
section shown from a tilted angle of view. We consider the final
pore area to be the most appropriate measure of the effect of
each factor we analyzed as it can be related to membrane
selectivity and permeability in experiments. It is not possible
to provide more details about the morphology of the final
pores, because of the high stochasticity of the desorption
process and the intrinsic random distributions of the func-
tional groups within the oxidized areas.

3 Results and discussion

We start our analysis addressing which functional group is
more relevant for pore formation. On the graphene oxide basal
plane mainly three functional groups are present: epoxides,
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ethers and hydroxyls.** Experimentally it is possible to promote
one group over the others by chemical treatments of the sheet
after synthesis.”>*>7¢ In our analysis, we assume that the sheet
we are simulating is the result of a post-synthesis treatment
designed to alter the relative ratio of functional groups as
previously reported.®” The sheet is supposed then to be exposed
to the first of the two-step process proposed in ref. 19, which is
aimed at clustering the functional groups in small areas with
controlled dimension. To understand the functional groups
effect, we simulated the reducing process of a sheet having two
different -O-/-OH ratios, 0.33 and 3.00, representative respec-
tively of a hydroxyl or epoxide/ether dominated sheet. The two
ratios were selected as test cases to highlight the differences
between functionals. For each structure, we monitored the
carbon removal and the amount of desorbed species during
the reduction process. The functional groups were generated
randomly within a circle of 12 A diameter to reproduce a
clustered oxidized area on the graphene surface.

Fig. 1a shows the results of the simulations. In general, there
is a strong dependence of the pore area on the heating
temperature. Moreover, consistently with what was predicted
in ref. 19, pores are only formed within the oxidized regions.
Larger pore areas are found if epoxides/ethers are the dominant
species, particularly at low process temperatures (1000 K and
1500 K). For higher temperatures (2500 K), the mean pore area
is comparable in both epoxide and hydroxyl dominated sheets,
although hydroxyls lead to a larger area variance. Even if the
final pore area can vary for a considerable amount, especially at
higher temperatures, the trends can be clearly identified.
The error bars are a consequence of the stochasticity of
the desorption process which is characterized by random
temperature-activated bond breaking events. From a larger
perspective, however, the variability of the process is highly
contained in these clustered GO sheets, where the desorption
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Fig. 1 Final pore area (a) and percentage of oxygen atoms covering the
sheet that desorbed as gaseous species, indicated along the x axis (b—d),
during a thermal reduction process as a function of the —O-/-OH ratio
(0.33 or 3.00) and the temperature, 1000 K, 1500 K and 2500 K.
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can occur only within the small oxidized area, as opposed to the
as-grown GO, where desorption occurs anywhere on the sheet.
The presence of the temperature resistant pristine graphene
surrounding the GO clusters in treated sheets poses an upper
limit to the final dimension of the pores.

In order to understand why epoxides are more prone to give
rise to pores, we plotted the type and number of gas molecules
formed for different annealed samples and temperatures.
Hydroxyl rich samples mainly form H,O molecules, which do
not involve carbon removal processes. As the treatment tem-
perature increases, both the numbers of H,0 and CO increase,
indicating that temperature equally promotes both desorption
processes. By contrast, in the epoxide dominated sheet, irre-
spective of the treatment temperature, a fixed amount of
-O- turns into O,, in agreement with the literature®* but a
temperature increase strongly boosts the production of CO
molecules upon annealing.

The tendency of epoxide groups to form holes is also
supported by Density Functional Theory simulations which
show that the bond between an oxygen and a graphene carbon
is stronger compared to the C-OH bond. Further, the typical
barrier for the formation of O, from two epoxides is around
1.0 eV while the barrier for water formation from two hydroxyls
is only 0.5 ev."***%? Consequently C-C bond breaking in GO is
more probable close to an epoxide rather than close to a
hydroxyl group. As such, for pore formation, epoxides are the
functional groups that more efficiently give rise to pores. It is,
therefore, advised to experimentally obtain an epoxide domi-
nated GO layer, before the reducing process starts, when
aiming at pore formation.

We, then, studied the effect of another parameter: the
cluster local oxygen atomic percentage. It is important to
understand to what extent the functional groups have to be
packed in order to consistently give rise to pores. In these
calculations the -O-/-OH ratio was set to 3.00 given that
epoxides are the most suitable species for pore formation.
Functional groups were once again generated randomly within
a circle of 12 A diameter. The local atomic percentage, meaning
the ratio between the number of functional groups and carbon
atoms within the 12 A circle, was varied between 12.5 at% and
25.3 at%. Fig. 2a illustrates that a high coverage is needed to
consistently form pores. This is in agreement with the mecha-
nism suggested by Larciprete et al*® for which oxygen
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Fig. 2 Pore area of a clustered GO sheet with a 12.5 at% and a 25.3 at% (a)
or having oxygen containing functional groups localized in a circle of 12 or
24 A diameter (b).
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molecules are formed at lower coverages leaving unmodified
the graphene while for high coverages, epoxides evolve into CO
or CO,. Additionally, in ref. 19, it is suggested that, in order to
consistently produce pores, a mild annealing pre-treatment is
needed to promote the formation of GO clusters in graphene.
The formation of clusters is divided into two phases. Initially
epoxides diffuse to form small GO islands characterized by a
low local atomistic percentage of epoxides. When forming a
cluster, epoxides can take many possible relative positions.
However, mainly two of them, as we will later discuss, are
particularly stable and are characterized by a packed arrange-
ment. In the earlier phase, it is unlikely for the epoxides to
occupy these positions. If the mild annealing process is con-
tinued, the clusters rearrange to maximize the number of low
energy pair arrangements leading to configurations with higher
local atomistic percentage. The results in Fig. 2a reveal that the
latter stage cannot be skipped. The clusterization process
induced by a mild annealing must last for a sufficient time to
allow for the rearrangement of the cluster, resulting in a highly
packed structure which is more likely to give rise to pores.

Literature results on the high temperature process'® suggest
that the size and shape of the clusterized GO area determine
the final morphology of the pore. Here we provide a more
detailed analysis identifying a precise relationship between
clusters and pores. As first test, we generated randomly epox-
ides and hydroxyls with a ratio of 3.00 within a circle of
diameter 12 or 24 A. As indicated in Fig. 2b, there is a direct
relationship between the diameter of the GO cluster and the
final pore area. As previously observed, carbon was removed
only in the oxidized areas and not in pristine ones. Conse-
quently larger oxidized areas led to wider pores. The proportion
between cluster and pore area was found to depend on the
treatment temperature. When the heating process was most
intense (2500 K), an oxidized area of 113 A% produced a mean
pore area of 2.7 A® whereas an initial GO cluster of 453 AZ
resulted in a 24.1 A* pore. As a reference, the area of a pore
of 5.5 A diameter like the one optimal for Nacl filtration,® is
13.9 A? estimated with the approach explained in the Methods
section. So by either tuning the temperature or the dimension
of the oxidized regions, one can achieve the desired pore size to
filter different solutes in water.

In the following, instead of considering oxidized GO areas
with randomly distributed oxygen functional groups, we stu-
died low energy configurations which maximize epoxide pair-
ing. Indeed, it was shown that epoxides tend to arrange in two
particular low energy configurations:'® one has two epoxides
lying on one side of a benzene ring (left most couple of epoxides
in Fig. 3a panel II) leading to close packed and circular clusters,
the other one has two epoxides on a zig-zag geometry (Fig. 3a
panel I). The latter configuration is responsible for the linear
clusters most frequently observed at high coverages. Typically, a
stabilized cluster will be formed by a combination of these two
configurations. To comprehend how different cluster shapes
affect the final membrane morphology we simulated the redu-
cing processes on selected arrangements: a chain of epoxides
located on a zig-zag line (Panel I of Fig. 3a), a double chain on
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Fig. 3 Structure of the single line (Panel I), double line (I1), square (IIl) and
packed (IV) GO clusters before (a) and after (b) the harsh annealing
process. Final pore area of the previously illustrated GO clusters with
epoxides (c).

two zig-zag lines (Panel II), a square made of three lines
(Panel III) and a packed circular cluster formed by pairs of
epoxides lying on the same ring (Panel IV). All these arrange-
ments are made with, at least, one of the two described low
energy configurations and they roughly contain the same
amount of epoxides.

We exposed these structures to a 2500 K thermal treatment,
as it is the one that induces the greatest carbon removal. The
results show strong dependence on the initial arrangement of
the clusters. In particular, a long line of epoxides hardly
induces the formation of pores (see Fig. 3b panel I for an
example). Oxygen saturates carbon vacancies created during
the thermal treatment or it simply leaves the sheet without
damages. A similar incorporation of oxygen in graphene was
previously reported in the literature for low coverage sheets.**
The formation of triple-coordinated oxygen should not be
surprising as this configuration was already proven to exist
both theoretically and experimentally in graphene.*"*> When
there are two initial zig-zag lines of oxygens, the resulting pore
area is minimal (Fig. 3c), although in some cases, very small
holes appear as in Panel II of Fig. 3b. A completely different
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Fig. 4 Structure of a cluster consisting of a circular core and a linear tail
before (a) and after (b) the reduction treatment.

result is obtained in the case of a square or circular cluster (see
panel III and IV of Fig. 3b) and a substantial increase in the
pore area is reported (from a mean of 0.1 A% and 0.2 A? of the
single and the double lines to a mean of 1.5 A* and 2.6 A* for
the square and the packed circular arrangement). The holes
originated from the square arrangement are slightly smaller
compared to the ones originated from the packed clusters. The
analysis, shown in the ESI,T of the number and types of species
that desorb, indicates that the two kinds of clusters behave
similarly. For both of them mainly 3-4 CO molecules desorb.
The reason for the difference, therefore, must be attributed to
the different low energy configurations constituting the clus-
ters. The packed configuration is characterized by the presence
of three oxygen atoms belonging to the same ring. This
arrangement favors the creation of small holes that cannot be
easily healed. Conversely, the square configuration reproposes
the same zig-zag arrangement of the single or double line
clusters. As such, a less probable concerted desorption of many
non-aligned oxygen atoms is required to form an unhealable
hole. Nevertheless, both square and packed circular arrange-
ments appear to play a relevant role in the consistent genera-
tion of pores. To further prove this point, we simulated a cluster
consisting of a circular core with a linear tail.

As shown in Fig. 4, the circular core is the part that
originates a hole in the graphene while the tail only gives rise
to point defects in the sheet. This finding has important
consequences for the applicability of the two-step process
proposed in ref. 19. One of the constraints of the process was
that the initial GO should have a low oxygen coverage (between
5% and 10%), because only in this range clusters, after the mild
annealing process, preserved a circular shape. A higher initial
coverage (10-15%), typically, leads to mixed circular and linear
clusters. Thanks to the result shown in Fig. 3, we understand
that higher initial coverages are also suitable for the formation
of pores for desalination as only circular clusters will form
pores while their linear tail will not tear the GO. This will come
at the cost of a mechanically less robust membrane as oxygens
will saturate the dangling bonds left by carbon vacancies in the
linear tails or small impermeable pores will appear. We also
analyzed whether the presence of epoxides on both sides of the
sheet would change the trend identified previously (see the
ESIt). We found that consistently with the structures having
epoxides on the same side, the single and double chain
arrangements do not result in pores while the square and the
circle do. The analogous trend indicates that there is no
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significant effect of the sheet side on functional group
desorption.

4 Conclusions

To conclude, we provided indications on the main factors
influencing the harsh thermal treatment of clustered GO sheets
for pore generation in graphene-based membranes. In particu-
lar, we found that epoxides are more likely to produce larger
pores than hydroxyls, especially for less intense treatments. We
were able to identify that the mild annealing process, required
for GO functional groups to cluster before the harsh thermal
treatment, must last long enough to ensure that the clusters are
stable and highly packed. Only with a high local density of
functional groups that weakens C-C bonds and causes the
distortion of the sheet, it is possible to induce carbon removal
avoiding the sole O, formation. Most importantly, the treat-
ment temperature and the initial cluster size (dictated by the
mild annealing time and temperature) can be exploited experi-
mentally to tune the pore dimensions. We discovered that the
cluster shape heavily influences the final morphology of the
sheet: long linear clusters form oxygen impurity defects, and
square or circular clusters form pores. Therefore, for the
production of pores through application of the two-step pro-
cess, it is also possible to start from initial higher sheet
coverages given that more linear clusters will not tear the layer.
Thanks to our results, it will be possible to experimentally
synthesize membranes for desalination by means of the highly
scalable double-thermal process in a controlled way.
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