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ABSTRACT Reduced graphene oxide (rGO) is a promising material for a variety of thin-ﬁlm optoelectronic

applications. Two main barriers to its widespread use are the lack of (1) fabrication protocols leading to tailored
functionalization of the graphene sheet with oxygen-containing chemical groups, and (2) understanding of the
impact of such functional groups on the stability and on the optical and electronic properties of rGO. We carry out
classical molecular dynamics and density functional theory calculations on a large set of realistic rGO structures to
decompose the eﬀects of diﬀerent functional groups on the stability, work function, and photoluminescence. Our
calculations indicate the metastable nature of carbonyl-rich rGO and its favorable transformation to hydroxyl-rich
rGO at room temperature via carbonyl-to-hydroxyl conversion reactions near carbon vacancies and holes. We
demonstrate a signiﬁcant tunability in the work function of rGO up to 2.5 eV by altering the composition of oxygen-containing functional groups for a ﬁxed
oxygen concentration, and of the photoluminescence emission by modulating the fraction of epoxy and carbonyl groups. Taken together, our results guide
the application of tailored rGO structures in devices for optoelectronics and renewable energy.
KEYWORDS: reduced graphene oxide . molecular dynamics . density functional theory . work function . stability .
photoluminescence . functional groups

R

educed graphene oxide (rGO) is
emerging as a solution-processable
material for a large number of applications including ultrathin ﬂexible electronics,15
sensors,6 catalysis,79 composites,1013 and
energy conversion and storage technologies.1417 rGO consists of a one-atom thick
layer of graphene decorated with oxygencontaining functional groups such as carbonyl, hydroxyl, epoxy, and ether groups. The
possibility of varying the concentration of
such chemical groups and their relative
position on the graphene sheet makes rGO
a highly versatile functional material. For
example, the optical absorption and photoluminescence (PL) can be tuned in the visible, and the carrier mobility can be varied
over 912 orders of magnitude by altering
the ratios of various functional groups and
of sp2/sp3-hybridized carbon atoms.1820
Despite the presence of such a vast design
space for rGO, fabrication protocols capable
of tailoring the proportion of diﬀerent functional groups and their positioning on the
graphene sheet are still lacking,2,21 as is a
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detailed understanding of the impact of
each type of functional group on key properties for applications in optoelectronics, such
as the work function and photoluminescence (PL).
Another barrier toward the technological
application of rGO is the control of structural
and chemical transformation processes
with the potential to alter functionality over
time. Diﬀerent chemical groups on the rGO
sheet are inter-related by a complex network of interconversion reactions, thus limiting the stability of rGO and its reliability as
a functional material. It is therefore of central importance to understand structure
property relations in rGO with atomistic
detail, and to shed light on the eﬀects of key
functional groups present in rGO.22,23 While
experimental characterization of rGO at the
molecular scale is a challenging task because of its disordered and chemically heterogeneous nature, atomistic simulations of
rGO2428 can be employed to achieve an indepth understanding of the main trends in
structureproperty relations.
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as-synthesized rGO (carbonyl-rich rGO), and indicate
possible atomistic mechanisms for its spontaneous conversion to the energetically more favorable hydroxyl-rich
rGO with lower defect concentration. Taken together,
our results deﬁne several structureproperty relations
in rGO and guide the preparation of tailored rGO structures for application in optoelectronics and renewable
energy.
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In this work, we employ atomistic simulations using
classical molecular dynamics (MD) and ab initio density
functional theory (DFT) methods to study a large
statistical set of rGO structures with a range of chemical
compositions and displaying realistic disorder in the
positioning of the functional groups. We adopt a
reduction protocol based on classical MD simulations
with reactive force ﬁelds to generate over 360 rGO
structures (each with over 200 atoms in the simulation
cell) starting from nine diﬀerent graphene oxide (GO)
compositions (see Methods). We apply DFT calculations to this large set of structures in order to study
reaction paths limiting the kinetic stability of as-prepared rGO, as well as to correlate structural features in
the rGO sheet with trends in the work function, electronic
structure, and PL. We demonstrate that it is possible to
decouple the impact of individual functional groups such
as epoxy, hydroxyl, and carbonyl on each of these
properties, and show how the controlled modulation
of speciﬁc functional groups can be used to ﬁne-tune the
functionality of rGO, including achieving variations of up
to 2.5 eV in the work function and signiﬁcant shifts in the
frequency of peak PL emission. Our calculations further
reveal the metastable nature of a common form of

RESULTS AND DISCUSSION
Figure 1a shows our computational synthesis
protocol for generating rGO structures using MD simulations. Initial GO structures consist of randomly distributed epoxy and hydroxyl groups attached to both
sides of the graphene sheet, consistent with previous
work showing the dominant presence of such functional groups in GO.23,24,29 We employ diﬀerent oxygen
concentrations (in atom % hereafter) of 15%, 20%, and
25% in the initial GO structures,24 and prepare samples
with epoxy to hydroxyl ratios of 3:2 and 2:3. GO
preparation is followed by thermal reduction of GO
structures at 1500 K using classical MD simulations, and
structural relaxation and characterization using DFT
(Figure 1a and Methods).

Figure 1. (a) Schematic of the preparation protocol of rGO. (b) Representative disordered carbonyl-rich rGO structure.
Carbon, oxygen, and hydrogen are represented as gray, red, and white spheres, respectively. (c) Various groups and defects
formed during high temperature reduction of GO by conversion of initial epoxy and hydroxyl groups. (d) Average fraction of
oxygen-containing functional groups as a function of average ﬁnal oxygen concentration in the rGO sheets, for diﬀerent
initial GO structures with epoxy to hydroxyl ratios of 3:2 (left) and 2:3 (right). The thermal reduction of these two cases results
in, respectively, carbonyl-rich rGO (left) and hydroxyl-rich rGO (right). In each plot, the results are obtained by averaging over
40 rGO structures, and the error shown represents the standard error of the mean calculated for the same set of structures.
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Eform ¼ Etot (Cl Om Hn )  lE(Cgr )  mμO  nμH
where Etot(ClOmHn) is the total energy of the rGO
structure with l carbon, m oxygen, and n hydrogen
atoms, E(Cgr) is the energy of a carbon atom in a

pristine graphene,28 and the reference chemical potentials of oxygen (μO) and hydrogen (μH) are chosen as
those in O2 and H2 gas molecules, respectively.28,30
The computed trends for the formation energies of
carbonyl-rich and hydroxyl-rich rGO (Figure 2a) suggest that hydroxyl-rich rGO with low oxygen content
is favorable over a wide range of oxygen partial
pressures. Conversely, the formation of carbonyl-rich
structures with higher oxygen content is favorable
only at high oxygen partial pressures. On this basis,
we suggest that while as-synthesized rGO commonly
displays large fractions of oxygen-rich epoxy and
carbonyl groups,24,31,32 such rGO structures are only
kinetically stable and may evolve to hydroxyl-rich
structures with lower oxygen content once exposed
to lower temperatures and oxygen partial pressures
than those used during the reduction process. Our
predictions are corroborated by recent experimental
work from Kim et al.,33 where as-synthesized multilayer
GO ﬁlms rich in epoxy groups evolved toward hydroxyl-rich GO at room temperature. A key mechanism
involved in this spontaneous reduction of rGO is water
formation via the interaction of hydrogen and oxygen
atoms within the basal plane, a process observed to be
favorable at room temperature and under ambient
atmospheric hydrogen and oxygen partial pressures
(see Figure 2a).
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Our thermal reduction simulations lead to the formation of disordered rGO structures with a range of
functional groups, such as epoxy and hydroxyl groups
initially present in rGO, carbonyl and ether groups,
three- and ﬁve-membered carbon rings, quinones, and
carbon chains (Figure 1b,c), consistent with previous
computational work.24 The generation of a large number of structures allows us to establish statistically
meaningful averages for the relative distribution of
functional groups present in rGO after the reduction
process. Figure 1d shows a key trend we observe in our
simulations, namely that thermal reduction of epoxyrich GO (initial epoxy to hydroxyl ratio of 3:2) results in
carbonyl-rich rGO structures, whereas thermal reduction of hydroxyl-rich GO (initial epoxy to hydroxyl ratio
of 2:3) results in hydroxyl-rich rGO structures. Additional
reduction data is available in the Supporting Information.
Next, we employ DFT calculations to study the
kinetic stability of the generated rGO structures, by
computing their formation energy as a function of
oxygen and hydrogen chemical potentials (or equivalently, partial pressures) as:

Figure 2. Stability of as-prepared rGO structures. (a) Formation energy per atom of hydroxyl-rich (10% O) and carbonyl-rich (20%
O) rGO structures as a function of oxygen chemical potential, shown for the standard value (0.35 eV) of atmospheric hydrogen
chemical potential at 300 K. The energetics shown in the plot indicates the higher stability of hydroxyl-rich rGO compared to
carbonyl-rich rGO, and the tendency of both to undergo a reduction process via the elimination of water. (b) The three reaction
mechanisms studied here for the conversion of carbonyl groups to hydroxyl groups in the presence of chemisorbed H atoms.
Reactions 2 and 3 involve reduction via elimination of water, while reaction 1 does not involve water formation.
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k ¼ k0 exp(Eact =kT)
where Eact is the activation energy computed using the
nudged elastic band method (Figure 2b), and k0 is an
attempt frequency with an assumed value of 1013 hz.
At room temperature (300 K), we predict Reactions
1 and 3 to possess a high activation energy of 1.40 eV
limited by the process of “hole” closure in these
cases, causing a slow reaction rate of k ≈ 1011 hz.
For comparison, the ﬁrst step of Reaction 2 involving
KUMAR ET AL.

a chemical process similar to Reaction 1 (in terms of
converting carbonyl to hydroxyl groups) but occurring
near C vacancies is signiﬁcantly faster, achieving an
estimated carbonyl-to-hydroxyl conversion rate of
106 hz, and involving a signiﬁcantly lower energy barrier
of 0.41 eV. Our calculations suggest that the higher
activation barrier for Reaction 1 is related to the presence of strain during the carbonyl pair reaction, while
in Reaction 2 strain is reduced by the presence of a
vacancy in the basal plane. The increased reduction
rate found here near C vacancies is consistent with
the recent experimental observation of spontaneous
healing of nanoholes in graphene.34 We conclude that
although rGO obtained via thermal annealing is kinetically stable with a signiﬁcant fraction of carbonyl
groups,24 these structures may evolve toward hydroxylrich rGO over time, as suggested by the calculations
discussed above. The sensitivity of the optical and
electronic properties on functional group composition
discussed below implies that such important stability
considerations should be carefully assessed before
incorporating rGO into functional devices.
In what follows, we perform DFT calculations on
the library of realistic rGO structures generated in this
work, with the goal of studying the dependence of the
electronic structure and work function of rGO on the
concentration of diﬀerent functional groups. In particular, we explore the impact of two crucial parameters
on the work function: (1) the overall oxygen concentration, and (2) the concentration of diﬀerent types of
functional groups. The work function tunability in rGO
stems from the formation of dipoles between carbon
and oxygen atoms with diﬀerent electronegativity.
Oxygen atoms in carbonyl, epoxy, and hydroxyl groups
are located outside the graphene basal plane, and
form CO bonds of diﬀerent types and with diﬀerent
chemical surroundings. As a consequence, the strength
of the out-of-plane dipole moment in rGO can be tuned
by varying both the overall oxygen content and the
concentration of diﬀerent functional groups.
Figure 3a shows the work function computed for
rGO structures prepared in this work, with oxygen
concentration in the 1020% range. Within this oxygen
concentration range, the work function is found to be
tunable between 5.05.5 eV, thus allowing a 0.5 eV
variation within this range by adjusting the reduction
conditions. We expect the tunability to increase further if
a wider oxygen concentration range is considered.
In addition to this favorable eﬀect, we demonstrate
here that oxygen concentration is not the main variable controlling the work function, and that a signiﬁcantly higher work function tunability spanning a
range of 2.5 eV can be obtained by varying the fraction
of a single type of functional group. To isolate the
impact of diﬀerent functional groups on the work
function, we carried out DFT calculations on smaller
structures (approximately 130 atoms) than considered
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To elucidate the atomistic mechanisms involved in
the reduction of carbonyl-rich to hydroxyl-rich rGO, we
examined three possible reaction pathways (Figure 2b)
capable of converting carbonyl to hydroxyl groups in
rGO, and quantiﬁed the associated energetics using
nudged elastic band calculations. Since carbonyl
groups occur commonly in pairs or at the periphery
of carbon vacancies in rGO, we consider two reaction
schemes involving a carbonyl pair or a carbonylvacancy pair (respectively, Reaction 1 and 2 in Figure 2b).
In addition, we investigate a third reaction scheme
(Reaction 3 in Figure 2b) where the interaction of a
carbonyl group with an epoxy group leads to rGO
reduction, a case chosen to emphasize the importance
of interplay between functional groups in the rGO sheet.
In our proposed reaction schemes, hydrogen is assumed
to be present in the chemisorbed form (within CH
bonds), as commonly generated during GO synthesis33
or exposure to air. As a result, the three proposed
reaction mechanisms are limited by the diﬀusion of
CH bonds across the basal plane (a process known
to have an energy barrier of 0.55 eV33) and by the
availability of H in the environment.
In the ﬁrst reduction mechanism (Reaction 1 in
Figure 2b), a carbonyl pair interacts with chemisorbed
H and forms a hydroxyl pair, with an energy gain
obtained from our DFT calculations of 2.59 eV. The
second reduction mechanism (Reaction 2 in Figure 2b)
is a two-step process: in the ﬁrst step, carbonyl groups
at the periphery of a carbon vacancy react with hydrogen to form hydroxyl groups, with a calculated energy
gain of 0.78 eV. In the second step, the interaction
between the so-formed hydroxyl groups leads to
water formation and the elimination of a vacancy by
forming an ether group, a process with an energy gain
of 1.88 eV based on our calculations. In the last reaction
scheme proposed here (Reaction 3 in Figure 2b), a
carbonyl pair and an epoxy group interact to form two
hydroxyl groups and a water molecule with a predicted
energy gain of 3.96 eV. Our calculations suggest that all
mechanisms considered here are energetically favorable
and are thus predicted to occur thermodynamically; the
computed energetics conﬁrms the tendency of rGO to
undergo further reduction and “self-heal” over time by
restoring sp2 carbon atoms in the graphene lattice.
We estimate the kinetics of Reactions 13 by computing their rates using the Arrhenius formula:
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above, containing only one type of functional group;
epoxy groups, hydroxyl groups, and carbonyl groups.
In each case, we consider two values of the total
oxygen concentration: 20%, considered here as an
upper limit of oxygen concentration in rGO, and
1.5%, used here to assure that in the limit of a graphene
structure with only one oxygen-containing functional
group a work function value close to that of pristine
graphene (4.2 eV) is obtained. For intermediate oxygen
concentrations, the work function varies continuously
within the range delimited by these two cases.
Figure 3b shows our calculated work function for
structures with a single type of functional group.
We observe the dominant eﬀect of carbonyl groups,
as seen by work function values in the 4.46.8 eV range
for rGO structures containing only carbonyl groups.
This represents a 60% increase compared to the computed work function of graphene (4.2 eV), an eﬀect
we attribute to the large dipole moment of the CO
double bond in carbonyl groups. We ﬁnd a considerable impact on the work function also in the case of
epoxy groups, yielding work function values in the
4.355.6 eV range, representing an increase by up to
32% compared to graphene. For hydroxyl groups, we
observe a more moderate eﬀect, yielding work function values in the 4.254.95 eV range, up to 17% higher
KUMAR ET AL.
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Figure 3. Work function tunability in rGO structures. (a)
Calculated work function of carbonyl-rich and hydroxyl-rich
rGO structures with diﬀerent oxygen content. (b) The eﬀect
of individual functional groups on the work function of rGO,
for two diﬀerent total oxygen concentrations of 1.5% (for
validation purpose) and of 20%. Carbonyl groups show the
largest impact on the work function among all groups, inducing
a work function value 60% higher than that of graphene (4.2 eV,
shown here for reference as a dashed red line).

than graphene. It is worth noting that in all cases
considered, the work function is never lower than that
of graphene, due to the orientation of the CO dipoles
pointing outward from the basal graphene plane in all
cases considered. Our results explain recent experimental work showing a wide range of work function values
in rGO,3537 which we interpret as a consequence of
diﬀerent content of functional groups resulting from
diﬀerent experimental reduction protocols used.
We conclude that in order to take full advantage of
the wide range of achievable work functions in rGO,
experimental reduction techniques yielding rGO with
speciﬁc types of functional groups should be devised.
Recently suggested routes toward synthesis with functional-group control include using hydrogen to adjust
the proportion of carbonyl and hydroxyl groups,24
dissociating oxygen molecules in ultrahigh vacuum
to achieve selective epoxy functionalization,38 or the
use of local reduction methods with nanometer resolution.2
Similar to the work function, the PL emission spectrum of rGO shows signiﬁcant tunability when the
oxygen concentration and the ratios of diﬀerent functional groups are varied.18,19 PL spectra of rGO samples
commonly show two prominent features: a broad
emission peak centered around 500600 nm (22.5 eV
photon energy, denoted as IP1) and a narrow peak
centered around 450475 nm (2.62.75 eV photon
energy, denoted as IP2).19 The energy of the narrow
IP2 peak is known to depend on the size of sp2-hybridized
graphene domains within the rGO matrix,19 while the
broad IP1 peak is thought to be determined by disorder-induced defect states. However, a clear understanding of the eﬀect of diﬀerent functional groups
present in rGO is still missing, and structural models
employed so far to account for the nature of the IP1
peak can only provide a qualitative picture of the role
of disorder.18,19,26
We perform DFT electronic structure calculations on
selected samples within our database of rGO structures, with the objective of elucidating the nature of
the PL peaks in rGO at the atomistic level, and to
decompose the contributions of diﬀerent functional
groups to the IP1 PL emission peak. Figure 4a shows the
electronic structure of two carbonyl-rich rGO samples
with respectively low (10%) and high (20%) total
oxygen concentration, expressed in terms of the projected density of states (PDOS) from carbon atoms in
the rGO structure. The carbon PDOS is chosen here as
the main variable since in rGO the frequency and
intensity of peak PL emission are governed by the π
and π* “tail” electronic bands, arising from carbon pz
states.
Figure 4a shows the presence of a signiﬁcantly
higher fraction of defect states around the Fermi
energy (EF) for the rGO sample with higher oxygen
concentration, with the formation of a well-deﬁned
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epoxy and carbonyl groups. Assuming that the peak
PL emission energy is set by the energy diﬀerence
between the DOS peaks of the π and π* bands, a similar
strategy of controlling the epoxy to carbonyl ratio
could also allow one to tune the peak PL emission
frequency. We note that an increase in the fraction of
epoxy and carbonyl groups at the expense of hydroxyl
groups causes a higher density of defect states, as seen
by the higher PDOS values around EF for epoxy and
carbonyl groups compared to hydroxyl groups in
Figure 4b. The possibility outlined here to combine
distinct contributions from diﬀerent functional groups
to the PL is a unique feature of rGO, and will be the
object of further investigation.
CONCLUSION

Figure 4. (a) Carbon PDOS plots for carbonyl-rich rGO with
10% (left) and 20% (right) oxygen concentrations. Above
the plots, the contribution of defect and ππ* tail states to
the PDOS is shown schematically for the two cases. (b) PDOS
from carbon atoms in carbonyl, epoxy, and hydroxyl
groups, shown here for 20% oxygen concentration. Similar
trends are found for 10% oxygen concentration.

PDOS feature between the π and π* tail bands. We
decouple the contribution of individual functional
groups to the tail and defect states by computing the
average PDOS arising from carbon atoms attached to
diﬀerent functional groups (Figure 4b). Our analysis
shows that the valence band (π tail) states are localized
mainly at epoxy groups, while the conduction band (π*
tail) states are mostly contributed by carbonyl groups.
On this basis, we suggest that it may be possible to
control the π and π* tail bands by varying the ratio of

METHODS
MD simulations used to prepare the rGO structures were
carried out using the LAMMPS package39 with the ReaxFF
reactive force-ﬁeld, chosen here for its ability to accurately
describe bond-breaking and formation events in hydrocarbon
systems.40 We employed a time step of 0.25 fs and the NVT
Berendsen thermostat.24 Initial GO structures consisted of a
2.2  2.1 nm periodic graphene sheet containing 180 C atoms
with randomly distributed epoxy and hydroxyl groups on both
sides of the sheet.41 During the reduction process, the temperature of the GO sheets was increased from 10 to 1500 K over
a time interval of 250 fs. The system was then annealed at 1500 K
for 250 ps to allow for structural stabilization. Molecular byproducts released from the GO sheet were removed and the
system was further annealed at 300 K for an additional 1.25 ps
to conﬁrm its stability. rGO structures generated with this
approach were further relaxed (to less than 0.03 eV/Å residual
atomic forces) using DFT with a plane-wave basis set as
implemented in the VASP package.42,43 In all the DFT calculations presented in this work, we used the Projector Augmented
Wave (PAW) method to describe the core electrons44 and
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In summary, we decompose the contributions of
individual functional groups to the stability, work function, electronic structure, and PL emission of rGO. Our
results highlight the signiﬁcant tunability of the optical
and electronic properties of rGO, including variation of
the work function by up to 2.5 eV in structures with a
precise control of oxygen-containing functional groups,
and signiﬁcant changes in the DOS and related PL
emission by changing the ratio of epoxy to carbonyl
groups. Our calculations indicate the metastable nature
at room temperature of carbonyl-rich rGO structures
usually obtained in the experiment, and show the
favorable energetics for their conversion to hydroxylrich structures with lower oxygen content, driven by the
carbonyl to hydroxyl conversion near carbon vacancies
and holes. Our computational approach provides the
basis to simulate realistic rGO structures, and our results
strongly suggest that further eﬀorts are necessary in
controlling the content of individual functional groups
in rGO to fully take advantage of its outstanding
potential for functional devices.

the PerdewBurkeErnzerhof exchange-correlation (XC) functional45 in combination with a gamma-point B
k -grid. The
wave function and charge density were expanded in plane waves
with a wave function kinetic energy cutoﬀ of 500 eV. A vacuum
region of 16 Å was used in the direction normal to the sheets. For
the study of reaction paths and energy barriers used to determine the kinetic stability of rGO, we employed nudged elastic
band (NEB) calculations as implemented in VASP with 913
image structures between the reactant and the product.
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