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Graphene has attracted interest for a number of applications ranging from electronics, optoelectronics to
membrane-based technologies. The thermal reduction of chemically exfoliated graphene oxide (GO)
sheets represents an important step for large-scale, solution-based graphene synthesis. Therefore, un-
derstanding the reduction process and being able to provide new handles to control the resulting sheet
properties is highly desirable. Using atomistic calculations combined with experiments, we study and
demonstrate the impact of one such new handle — oxygen clustering on the graphene basal plane — on
the structural and electrical properties of reduced GO (rGO) structures. Our calculations reveal that the
number of oxygen and carbon atoms removed from the graphene plane during reduction can be tuned
depending on the degree of oxygen clustering, without altering the reduction temperature. Further, we
demonstrate that rGO thin films with improved sheet resistance (up to 2-fold smaller) can be obtained by
facilitating oxygen clustering prior to reduction. Overall, our results highlight that oxygen clustering
serves as a useful handle in controlling the structural and electrical properties of the resulting rGO
structures, and could be potentially useful toward the synthesis of electrodes, graphene quantum dots
and for different graphene-based thin film applications.

© 2015 Elsevier Ltd. All rights reserved.

served as large-area, ultra-thin conductors in electronic devices,
they are becoming increasingly popular for other applications

1. Introduction

Graphene is an atom-thick sheet of carbon possessing remark-
able electronic properties and is emerging as a leading candidate
for next-generation electronic devices [1]. The ability to produce
graphene on a large scale and to control its deposition on a variety
of substrates is crucial in this regard [2]. The chemical exfoliation of
graphite to form solution-processable graphene oxide (GO) sheets,
and their subsequent thermal reduction to reduced GO (rGO)
through the restoration of graphitic characteristics is a promising
step in this direction [3—5]|. While rGO thin films have traditionally
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including optoelectronics [3], catalysis [6], sensors [7] and filtration
[8,9], where the tunable carbon—oxygen network and the ability to
form porous ultra-thin layered membranes are highly desirable. As
aresult, developing ways to control the reduction of GO sheets with
an aim to tailor the resulting sheet structure, chemistry and prop-
erties is of great importance.

Current thermal reduction protocols, however, depend largely
on the reduction temperature as a suitable handle to control the
sheet characteristics, i.e. they rely on direct reduction of as-
synthesized GO sheets at different temperatures with no addi-
tional ways to control the process [10,11]. Given the importance of
rGO in a number of applications, it is desirable to develop other
useful handles, in addition to temperature, for tailoring the sheet
structure and chemistry (carbon/oxygen concentration, relative
functional group distribution etc.). It would be further beneficial if
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such control knobs help us realize better sheet properties (such as
lower sheet resistance, higher chemical reactivity etc.) compared to
the ones being currently achieved through high temperature
reduction alone.

Here, using a combination of atomistic computations supported
by experiments, we demonstrate the advantages of one such
handle, which involves facilitation of oxygen clustering in GO
structures, prior to its reduction. Using atomistic simulations on
realistic, disordered GO structures, we show that — at a constant
reduction temperature — our strategy enables additional control
over the residual carbon—oxygen content, along with tailoring the
size and distribution of carbon vacancies (pores) created during the
thermal reduction process. Further, by employing this strategy in
our experiments, we are able to reduce the sheet resistance of rGO
thin films by 30—50%, thereby representing a promising step to-
ward the production of higher electrical quality graphene. Finally,
we discuss the associated structural models and suggest suitable
approaches to exercise effective control over the process of oxygen
clustering in GO. Taken together, our results shed new insights on
the reduction process of GO and provide suitable guidelines for
designing GO/rGO structures for various applications.

2. Methods
2.1. Computational details

All Molecular Dynamics (MD) simulations were carried out us-
ing the LAMMPS package with the ReaxFF reactive force field
[12,13]. For the thermal reduction simulations, we followed a pro-
cedure from previous computational works [2,14], where the
temperature of the system containing GO structures was increased
from 10 K to 1500 K over a time interval of 250 fs. The GO sheets
were annealed at 1500 K for 250 ps to obtain rGO structures. The
resulting by-products were removed from the simulation cell, and
the rGO structure was further annealed at 300 K for 1.25 ps to
confirm its stability.

To understand how oxygen clustering affects the nature of the
carbon—oxygen bonds in GO structures, we performed additional
simulations at 300 K. This was done using the same set of initial GO
structures by following a similar procedure mentioned above,
except that the temperature of the system was increased from 10 K
to 300 K over a time interval of 250 fs, followed by annealing the GO
structures at 300 K for 250 ps [15]. In all our simulations, we used a
time step of 0.25 fs and the NVT Berendsen thermostat [2].

All the Density Functional Theory (DFT) calculations are per-
formed with a plane-wave basis set as implemented in the VASP
package [16,17]. We used the projector augmented wave method to
describe the core electrons [18] and the Perdew-Burke-Ernzerhof
exchange-correlation functional [19]. To understand unit pro-
cesses controlling thermal reduction of GO, oxygen clusters (1—4
oxygen atoms) were modeled on a periodic graphene sheet with
128 carbon atoms, large enough to prevent any interaction with
their images. To study the impact of N-doping on the oxygen
clustering process, we used N-doped GO structures constructed
using a 4 x 0.8 nm graphene sheet consisting of 64 C atoms. The
structures were relaxed to less than 0.03 eV A}, and a wave-
function kinetic energy cutoff of 500 eV was used, with a gamma-
point k-grid. A vacuum region of 16 A was used in the direction
normal to the graphene sheets.

2.2. Experimental details
GO solutions (4 mg/ml, in water) were purchased from Sigma

Aldrich (product #777676). Two types of thin films were prepared:
1) GO films produced through drop-casting onto silicon substrates,

and 2) Free-standing GO thin films produced through the vacuum
filtration technique. In case of the former, 100 pL of the stock so-
lution (4 mg/ml) was deposited on silicon substrates forming
~2 um-thick films (~1 cm in diameter). In case of the latter, 2 ml of
the stock solution (4 mg/ml) was further diluted by adding 8 ml of
distilled water. The resulting solution was vacuum-filtered to
obtain ~10 um-thick films (~2.5 cm in diameter). Both these thin
films were dried overnight at room temperature. The freestanding
circular GO film of ~2.5 cm in diameter was cut down into four
equal parts, and each of these parts was used as a sample. The films
were subjected to mild annealing at 80°C in a temperature-
controlled oven (air atmosphere) for a course of nine days to
facilitate oxygen clustering (or sp? clustering), a procedure
employed by us previously [15]. Samples were retrieved at intervals
of one, five and nine days, to obtain GO thin film samples with
varying degree of sp? clustering with the day 0 sample showing no
clustering, while the day 9 sample showing the greatest degree of
clustering as demonstrated in our previous work [15]. The retrieved
thin film samples were subjected to thermal reduction at elevated
temperatures in a temperature-controlled oven (air atmosphere)
for 20 min. We evaluated the electrical properties of rGO thin films
using four-point probe transport measurements, conducted at
room temperature.

3. Results and discussion

3.1. Structural evolution during the reduction of GO with varying
degree of oxygen clustering: thermal annealing at 1500 K

We carried out a combination of classical molecular dynamics
(MD) simulations and density functional theory (DFT) calculations
to understand the impact of oxygen clustering on the structural and
chemical evolution of GO thin films during thermal reduction. For
our MD simulations, model GO structures with different sizes of
oxidized and graphitic domains (none, three and six graphene
rows) were prepared with the oxygen concentration kept fixed to
mimic the oxygen clustering process (Fig. 1a), based on a model
developed by us previously [15]. The row 0, row 3 and row 6 cases
were constructed to compare GO models with no oxygen clus-
tering, partial oxygen clustering and extensive oxygen clustering,
respectively (see Fig. 1a for more details). Briefly, the oxidized do-
mains consisted of randomly distributed epoxy and hydroxyl
groups attached to both sides of the graphene sheet [20]. Different
oxygen concentrations (10 and 20 at%) and fraction of epoxy to
hydroxyl groups (3:2 and 2:3) were tested to study the effect of
such local variations on the reduction behavior of GO films [2,14,15].
A 3 x 1.3 nm periodic graphene sheet was used for all simulations.
We used ten samples for each composition, which allows us to
present meaningful averages of the computed properties.

Thermal reduction simulations were carried out at 1500 K (see
Methods). The number of oxygen and carbon atoms removed from
the GO structure during the MD thermal reduction runs is shown in
Fig. 1b as a function of different graphitic domain sizes (in other
words, as a function of increasing oxygen clustering). Since GO has
different local oxygen concentrations and functional group distri-
bution, it is important to understand the impact of clustering in
connection to these two factors. At high oxygen contents, our re-
sults show that not only does the number of oxygen atoms removed
increases, but also the number of carbon atoms removed from the
graphene backbone increases with increasing degree of oxygen (or
sp?) clustering. At lower oxygen contents, i.e. 10 at%, we observed
that the sp? clustering has weaker effects on increasing the carbon
and oxygen removal, although the effects still persist.

Our simulations also capture the effects of having different ox-
ygen functional groups in the oxidized domain. They show that the
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Fig.1. Carbon and oxygen removal during the reduction of GO structures with increasing degree of oxygen clustering. a) Representative model GO structures used to study the
effect of oxygen clustering on the thermal reduction behavior of GO structures in MD simulations. Each structure consists of two distinct oxidized and graphene phases with
different domain sizes, mimicking different degrees of oxygen clustering. The first structure has no graphene rows indicating no oxygen clustering, while the second and the third
structures represent partial and extensive oxygen clustering, respectively. Carbon, oxygen and hydrogen are represented as gray, red and white spheres, respectively. b) The number
of oxygen and carbon atoms removed during thermal reduction, both showing an increasing trend with increasing number of graphene rows (or increasing degree of oxygen
clustering). The effect is pronounced for GO structures with high local oxygen concentrations and epoxy-rich domains. (A color version of this figure can be viewed online.)

epoxy-rich GO domains are more influenced by oxygen clustering,
in that they tend to lose more carbon and oxygen atoms with
increasing oxygen clustering, even for cases with lower oxygen
concentrations. This result highlights the importance of functional
group distribution in GO and provides additional guidelines for
controlling the structural properties of resulting rGO structures.

It should be noted that such structural variations have been
previously attained when the reduction temperature is used as a
control knob [2,10]. In our case here, we observe that changes in the
carbon and oxygen concentration can be achieved — at the same
reduction temperature — by simply facilitating oxygen clustering
on the graphene basal plane prior to reduction. These results thus
demonstrate that controlling the degree of oxygen clustering in GO
structures can be an effective way to tune the local residual oxygen
and carbon content in the corresponding rGO structures.

Our simulations also point toward other interesting results. We
found that the formation of pores (a cluster of carbon vacancies)
decorated with oxygen atoms at the periphery, becomes increas-
ingly favorable with oxygen clustering, which follows from our
previous discussion on increasing carbon removal with oxygen
clustering. This result is important since it demonstrates that

oxygen clustering could serve as a useful control parameter for the
design of next-generation graphene-based porous membranes,
which have garnered tremendous attention recently [8,9,21,22].
Thus far, such membranes have been fabricated by directly reducing
as-synthesized GO thin films [8,9], while use of procedures to
facilitate oxygen clustering prior to reduction can lead to inter-
esting membrane properties, that currently remain unexplored.

3.2. Impact of oxygen clustering on carbon—oxygen bonding in GO:
thermal annealing at 300 K

In light of the insights obtained from the high temperature
reduction simulations, it is critical to understand if and how oxygen
clustering influences the carbon—oxygen bonding environment in
GO structures even before it is subjected to reduction. It is impor-
tant to ascertain if the driving force for oxygen and carbon removal
is derived from the mere difference in the arrangement of oxygen
atoms on the graphene plane.

In this regard, we carried out additional MD simulations to
specifically understand how oxygen clustering affects the carbon-
—oxygen bond length distribution (and correspondingly their bond
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strength) in GO structures at room temperature. These simulations
were performed on the same set of structural models considered
before, but annealing was performed at 300 K to simulate room
temperature behavior (see Methods). After equilibration, we ob-
tained the C—O bond length distribution from the corresponding
GO structures. Fig. 2 shows an example C—O bond length distri-
bution plot comparing the two cases: 1) when oxygens are present
in randomly distributed (row O case), and 2) when the oxygens are
present in a highly clustered state (row 6 case). In this example, the
oxygen concentration is 20 at% and the epoxy to hydroxyl group
ratio is 3:2. Interestingly, oxygen clustering has a significant effect
on the nature of C—O bonds in GO structures, evident from the
changes in the C—O bond distribution at a constant oxygen con-
centration. Our analysis shows that when oxygen atoms are present
in a clustered form, a larger fraction of the C—O bonds are below
1.4 A (42%), compared to 28% for the distributed case. This suggests
that a larger fraction of the oxygen functional groups prefer to form
carbonyl groups (C=0) when oxygen atoms are present in prox-
imity, in favor of the epoxy groups (C—O—C) when they are present
in a distributed form. Given the larger fraction of C=0 bonds, this
result shows that it is easier for carbon to be removed at higher
temperatures in the form of CO molecules. Besides, it also shows
that the chemistry of GO sheets can be altered by simply changing
the degree of oxygen clustering in GO, without disturbing the
overall oxygen content.

We further find that a larger fraction of the C—O bonds are above
1.6 A (18%) for the clustered case compared to the distributed case
(3%), revealing the presence of a greater number of weaker C—0
bonds when the oxygen atoms are present in a clustered form. This
demonstrates easier removal of such oxygen groups when sub-
jected to reduction at elevated temperatures, consistent with
higher oxygen removal in the clustered case in our reduction
simulations (at 1500 K). Collectively, these results show how C—0
bonds can be weakened and oxygen clustering by itself provides
partial driving force for the removal of oxygen functional groups,

without needing impetus from the external temperature.

3.3. Understanding unit processes: DFT calculations

To further understand unit processes favoring oxygen removal
in addition to the consumption of the carbon backbone, we carried
out DFT calculations of the reaction pathways that lead to the
reduction of GO. Specifically, we considered removal of (1) O, (2)
CO and (3) CO, molecules from the initial GO structures; the last
two being responsible for the consumption of the carbon backbone
[23,24]. The initial GO configurations were constructed with one
(1-0), two (2-0), three (3-0) and four (4-0) neighboring oxygen
atoms to model different degrees of oxygen clustering. We
considered two possibilities for each cluster model: 1) when oxy-
gen atoms cluster on the same side, and 2) when oxygen atoms
cluster on both sides. Fig. 3a shows an example set of cluster
models used when oxygen atoms are on the same side. The gen-
eration of O, CO and CO; molecules from each of these configu-
rations was studied leading to different product structures (see
Supplementary Fig. S1 for the product structures).

We assessed the favorability of the reactions by computing the
energy difference between the final and initial configurations, as
shown in Fig. 3b. First, we note that oxygen removal in the form of
an O, molecule is diffusion-limited in the case of isolated oxygen
atoms (1-0 case, no clustering), i.e. oxygen atoms have to diffuse
around and find a neighboring oxygen atom to form an O, mole-
cule. Instead, upon partial clustering (2-O case, when oxygen atoms
are present on the same side), the formation of an O, molecule is no
longer diffusion-limited, and removal of oxygen in the form of O, is
favored thermodynamically by a reduction in the total energy of
1.44 eV. On the other hand, removal of oxygen through the other
two reaction channels, i.e. in the form of CO and CO, molecules,
remains thermodynamically unfavorable in the 1-O and 2-O cases.

Upon further clustering of oxygen (3-O and 4-O cases),
competing reaction channels that generate CO and CO, molecules
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Fig. 2. Impact of oxygen clustering on the carbon—oxygen bonding environment in GO structures. Plots showing changes in the C—0 bond length for two cases: oxygens are
randomly distributed (row 0) and oxygens are highly clustered (row 6). For the example chosen, oxygen concentration is 20 at% and the epoxy to hydroxyl ratio is 3:2. The fraction of
C—0 bonds present below 1.4 A and above 1.6 A is also shown. These numbers reveal that 1) a greater fraction of C—0 bonds are present as carbonyls and 2) a greater fraction of the
C—0 bonds are weakened, when oxygen atoms form clusters rather than being randomly distributed. (A color version of this figure can be viewed online.)
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Fig. 3. Assessing the favorability of unit reduction reactions with increasing degree of oxygen clustering using DFT calculations. a) Initial configurations with one, two, three
and four neighboring oxygen atoms used to model reduction reactions (oxygen atoms clustering on the same side). b) The energy differences (in eV) between the final and the initial
configurations (Er — E;) listed for three reactions — removal of O,, CO and CO; from the initial configurations shown in (a). These results show that with increasing clustering of
oxygen, removal of both oxygen and carbon in the form of CO and CO, becomes increasingly favorable, thereby leading to the consumption of carbon backbone and leaving behind

vacancies (and holes). (A color version of this figure can be viewed online.)

are favored more than O, evolution. Similar results were obtained
for the case when oxygen atoms were present on both the sides (see
Supplementary Fig. S2). In addition to favorable thermodynamics,
previous DFT calculations have reported favorable kinetics for such
reactions as well [23]. The activation barrier for CO and CO,
removal is known to decrease by a factor of up to three when ox-
ygens are present in proximity (from ~1.8 eV to ~0.6 eV) [23]. These
reactions consume the carbon backbone, and leave behind defects
(single vacancies and holes) in rGO films. The surrounding oxygen
atoms help saturate the carbon dangling bonds created due to a
carbon vacancy, which explains why these reactions become
favorable with increasing degree of oxygen clustering [23].

3.4. Electrical properties of rGO thin films

It should be recalled that oxygen clustering in GO could also be
viewed as clustering and formation of distinct sp?> domains. While
we concentrated mainly on the oxidized domains in the previous
sections, we explore the benefits of sp? clustering on the reduction
of GO structures here. From our structural models, we envisioned
that the rGO films produced from GO structures containing larger
and well-connected sp?> domains could lead to better electrical
properties, compared to rGO films obtained through direct reduc-
tion of GO. This is important because a well known limitation of the
direct thermal reduction protocol is that it leads to a spatial dis-
tribution of sp> sites in the graphene lattice that restricts the
expansion of the sp® phase, resulting in inferior electrical properties
of rGO compared to mechanically exfoliated graphene [25,10].

In order to test our hypothesis of obtaining better electrical
characteristics, we carried out experiments wherein oxygen clus-
tering was initiated in as-synthesized GO samples by mildly
annealing the GO films at 80 °C for up to 9 days, a process employed
by us previously [15]. This results in the expansion and formation of
distinct sp®> domains on the order of 1-2 nm [15]. The GO films
were then subjected to thermal reduction at elevated temperatures
(see Methods). A schematic of the experimental procedure used in
our study is shown in Fig. 4a.

Fig. 4b compares the sheet resistance values of control rGO films

(day 0) with those of the modified-rGO films (day 1-9), for a
reduction temperature of 350°C. In agreement with our hypothesis,
we did observe a sharp drop in the sheet resistance values with
pretreatment time at these reduction temperatures. Electrical
measurements reveal 30—50% reduction in the sheet resistance
values of the modified-rGO films (drop cast onto silicon substrates),
compared to the control rGO sample. Similarly, we performed ex-
periments on free-standing GO thin films (see Supplementary
Fig. S3), where we observed a drop in the sheet resistance values
by 20—40%. These results show that the mild annealing procedure
employed here is useful to derive crucial insights regarding the
impact of oxygen clustering on the electrical properties of rGO thin
films.

3.5. Schematic model

Based on our study, we present a structural model of GO sub-
jected to the process of oxygen clustering, followed by thermal
reduction. In as-synthesized GO structures, the oxygen atoms are
randomly distributed across the graphene plane, and when sub-
jected to a suitable external stimulus (such as mild temperatures),
they start to diffuse and form clusters, gradually leading to two
distinct phases, graphitic and oxidized domains. This process is
represented schematically in Fig. 5 (top panel), depicting different
degree of oxygen clustering over the nine days of mild annealing.

In Fig. 5 (bottom panel), structural evolution during the reduc-
tion of as-synthesized and modified-GO structures is depicted:
(control-rGO) The structure of rGO obtained directly from as-
synthesized GO shows oxygen atoms and carbon vacancies
distributed randomly across the graphene plane, thereby leading to
discontinuous sp? phases and poorer electrical
conductivity (modified-rGO). The reduction of GO structures with
increasing oxygen clustering shows larger sp? clusters facilitating
greater connectivity, which correlates to lower sheet resistance in
our experiments. At high enough reduction temperatures, these
rGO structures also depict a higher degree of carbon and oxygen
removal with progressively increasing oxygen clustering, as evi-
denced in our atomistic simulations, which could lead to creation of
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Fig. 4. Electrical measurements on rGO thin films. a) Schematic of the experimental procedure employed. b) Sheet resistances of modified-rGO thin films (day 1-9) prepared by
drop-casting show reduced values compared to that of the control rGO sample (day 0). The trend is represented by the dotted lines and the reduction temperatures are listed. (A
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Fig. 5. Structural models of rGO obtained from GO films at different stages of the oxygen clustering process. The upper panel shows the formation of distinct oxidized and
graphitic domains (different degrees of oxygen clustering) in GO structures. The graphitic domains are represented by orange, while the oxidized domain is represented by gray. The
bottom panel shows the corresponding rGO structures obtained after thermal reduction. The modified-rGO structures show larger sp? clusters compared to the control sample. Also,
importantly, at high enough reduction temperatures, they show an increasing degree of oxygen and carbon removal leading to a higher concentration of carbon vacancies and holes
compared to the control rGO structure (obtained through the direct reduction of as-synthesized GO structures). (A color version of this figure can be viewed online.)

larger pores and processes such as oxidative cutting of graphene
sheets.

In connection to the structural model presented above, it is
interesting to note that the electrical properties of corresponding
rGO structures obtained by high temperature thermal annealing
rather saturate after day 1 — day 5. We attribute this to the nature of
electrical conductivity in rGO films. The electrical conductivity in
GO is well known to be governed by a hopping model, thereby
exhibiting an exponential dependence on the sp? cluster size [10].
Therefore, the electrical conductivity in GO increases by up to 4
orders of magnitude from day 0 to day 9 upon mild thermal
annealing (see Ref. [15]). On the other hand, the electrical con-
ductivity in rGO is known to be governed by a percolation model

and thus exhibits a power law dependence on the sp? fraction [10].
This means that although we may increase the sp® cluster size in
rGO by the same amount as with the case of GO, we would measure
a much smaller change in the conductivity of rGO films as evi-
denced in this work, going from day 0 (control) to the modified-rGO
samples. Further, different factors at play such as the presence of
amorphous hydrocarbons on the surface could cause variations in
the sheet resistance data [2,26]. In spite of such factors, we still find
reduction in sheet resistance values, highlighting the importance of
creating larger sp® clusters in enhancing the electrical quality of
rGO films [10].
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3.6. Strategies to control oxygen clustering

We have demonstrated that mild thermal annealing, carried out
at 50—80 °C for 1-9 days can induce oxygen clustering through
diffusion of oxygen functional groups on the basal plane [15]. While
this is a useful procedure, the high diffusion barrier for epoxide
groups (0.83 eV, Fig. 6a) and the lack of spatial control on the
oxidized domains can be limitations. To this end, it would be
desirable to (1) expedite the process of oxygen clustering by
lowering the activation barrier for epoxy diffusion, and (2) exercise
control over the positioning of oxygen domains on the basal plane.
In what follows, we show that it is possible to obtain such control
by carefully doping GO sheets with nitrogen atoms. Our calcula-
tions show that N-doping of GO sheets can significantly lower the
activation barrier associated with the diffusion of epoxy groups
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(Fig. 6b). Depending on the positioning of the N atom relative to the
diffusing epoxy group, certain cases could even lead to a barrierless
diffusion of epoxy groups, suggesting that N-doping is an effective
route towards controlling the kinetics of oxygen clustering in GO.

In order to investigate the possibility of exercising spatial con-
trol over the oxygen atoms, additional DFT calculations were per-
formed by considering oxidized domains of different compo-sitions
(G0, C(OH) and C40(0H);) in the vicinity of N-dopants (see
Methods). We computed the energetics of these structures by
systematically varying the separation between N-dopants and the
oxidized regions (Fig. 6¢). We also varied the dopant concentration
(1 and 2 N atoms) in our calculations. In all cases, we find that the
structures with least separation between the N-dopants and
oxidized domains are energetically favored. This indicates favorable
clustering of oxygen atoms closer to the N-dopants as opposed to

N-dopant

1 2 3 4 5
Position of N atom

oxidized

Fig. 6. Effective control of the oxygen clustering process. (a) Computed activation barriers for the diffusion of epoxy and hydroxyl functional groups on the graphene basal plane.
(b) Controlling the diffusion of epoxy functional group via N-doping. The plot shows computed activation barriers for the diffusion of a single epoxy group from bridge site-a to
bridge site-b, for different positions of the N-dopant (blue sphere). As shown, the computed barriers are well below the pure graphene case of 0.83 eV (dashed red line). (c)
Controlling the positioning of phase separated oxidized domains via N-doping. The plot reveals that it is energetically more favorable for oxygen atoms to cluster close to N-dopants
than to cluster farther away from them. For each cluster composition, calculations using two N concentrations (1 and 2 N atoms) are reported and the energy values are referenced
to the most stable structure, which turns out to be the case when the N-dopant is closest to the oxidized domain in all of the studied structures. A representative N-doped GO
structure is shown alongside for reference. (A color version of this figure can be viewed online.)
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farther away from them, meaning that it should be possible to
exercise spatial control over the oxidized domains by manipulating
the positioning of N-dopants along the basal plane.

An additional way to control oxygen diffusion was reported by
Suarez et al. [27]. They showed that the diffusion barrier for the
epoxy group decreases to values as low as 0.15 eV upon application
of a suitable gate voltage. Overall, the application of such external
stimuli is promising; in that they not only accelerate oxygen
diffusion, but also provide considerable opportunities to control the
positioning of the oxidized domains in GO. Further high-
temperature reduction of such tailored GO sheets could offer
routes to tune the optical and electronic properties of rGO sheets in
unique ways.

It should be noted that while our combined DFT and MD studies
help interpret structural evolution at the atomic scale, they do have
certain limitations. The reduction temperature of 1500 K used in
our simulations to expedite the kinetics is well above the temper-
atures commonly employed in experiments, and we further neglect
the presence of surface residue in our simulations, which could
impact the properties of rGO films in additional ways. A high degree
of oxygen clustering has been shown to lead to complex re-
constructions in GO structures [23]. Hence, modeling realistic GO
structures with a high degree of oxygen clustering is challenging
and may involve additional processes such as oxidative cutting
forming graphene quantum dots [28], charring [29] and generation
of by-products other than CO and CO, as observed in the case of
amorphous carbon systems [30]. Recent ab initio and MD simula-
tions based on ReaxFF potentials have predicted the evolution of
small-molecule hydrocarbons (CyHy) and other molecular frag-
ments containing oxygen (C;H,0) alongside CO and CO,, when
carbon-based phenolic resins are heated [29—32]. While such finer
details are not captured in our simulations owing to simpler initial
configurations, they nevertheless provide important topics for
future exploration. Another interesting direction to explore would
be to understand the impact of oxygen clustering on chemical
reduction of GO thin films. The mechanisms associated with
chemical reduction are distinct from the ones observed here with
thermal reduction [11,33,34], and could lead to other interesting
insights. Yet, utilizing the subset of rGO structures considered here,
we are able to gain important understanding related to the effects
of oxygen clustering on carbon and oxygen removal from GO.

4. Conclusion

In summary, our theoretical analyses show that oxygen clus-
tering in GO serves as a suitable handle toward controlling the
structure, chemistry and sheet properties of the resulting rGO
sheets. Specifically, we demonstrate enhanced oxygen and carbon
removal upon oxygen clustering, which can be used to control the
residual oxygen content and pore formation in rGO, without having
to alter the reduction temperature. Our electrical measurements
suggest that rGO sheets with superior electrical characteristics can
be fabricated by facilitating oxygen clustering in GO prior to its
reduction, highlighting the importance of increasing the sp?
domain size. Finally, we show controlled N-doping as a suitable
way to expedite oxygen clustering and manipulate the positioning
of the oxidized domains. These results are critical, in that they
represent a first step in highlighting the advantages of using
additional handles other than employing reduction temperature
alone to reduce as-synthesized GO films. Our strategy could open
up novel routes toward the production of rGO structures at lower
temperatures, synthesis of graphene quantum dots and develop-
ment of graphene for membrane applications.
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