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ous researchers have been involved in
exploring its remarkable properties
and wide range of applications. This two-
dimensional material, which is just an atom
thick, has interesting electronic, thermal,
optical, and mechanical properties;'* how-
ever, its band gap of zero restricts it to
device application in nanoelectronics.® A
gap can be introduced in graphene sheets
either by nanopatterning®> or by chemical
treatment.® ® The latter has a greater ad-
vantage because of the ease to scale up
production.’ Graphene oxide (GO), an ex-
ample of chemically treated graphene, has
most recently emerged as a potential alter-
native to graphene. Adsorption of oxygenin
the form of epoxy, hydroxyl, carbonyl, and
ether groups on graphene not only opens
up the band gap, but also provides an
option to tune the electronic, optical, and
mechanical properties by means of con-
trolled oxidation.'® On the other hand, re-
duction of GO gives the possibility for the
mass production of graphene.'' "7
Although GO was discovered in the 19th
century, its structure and chemical compo-
sitions are still under debate.'®' Various
chemical compositions of GO were pro-
posed in the last two decades, which sug-
gests different compositions of carbon,
oxygen, and hydrogen.?® %° However, on
the basis of all the suggested compositions
of GO, it is clear that GO possesses oxygen
mainly in the form of hydroxyl and epoxy
groups, with a very small contribution of
carbonyl and carboxyl groups, which pre-
dominantly decorate the edges of the gra-
phene sheets. Apparently, all the chemical
formulas of GO obtained experimentally
describe 25%—75% coverage of graphene;
that is, there is a combination of sp® and sp>
hybridizations present in GO.'”?7?8 The sp?
hybridization is due to the carbon atoms
which are either bonded to neighboring
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ABSTRACT To modulate the electronic and optical properties of graphene oxide via controlled
deoxidation, a proper understanding of the role of the individual functional group in determining
these properties is required. We, therefore, have performed ab initio density functional theory based
calculations to study the electronic and optical properties of model structures of graphene oxide with
different coverages and compositions. In particular, we considered various concentrations of major
functional groups like epoxides, hydroxyls, and carbonyls, which mainly consititute the graphene
oxide and the reduced graphene oxide. Our calculated electron energy loss spectra (EELS)
demonstrate the sz plasmon peak to be less sensitive, while 7z + o plasmon is found to have a
significant blue shift of about 1.0—3.0 eV, when the concentration of epoxy and hydroxyl functional
groups in graphene oxide vary from 25% to 75%. However, the increase in carbonyl groups in the
center of the graphene sheet creates holes, which lead to the red shift of the EELS. In the case of 37.5%
of oxygen-to-carbon ratio, we find the 7z plasmon peak to be shifted by roughly 1.0 eV as compared to
that of the pristine graphene. Our results agree well with the experimental findings which suggest a
blue shift in the EELS of graphene oxide and an absorption feature due to a 77 electron transition of the
carbonyl groups at a lower energy than that of epoxy and hydroxyl groups. We also show that the
increase in the width of the hole created by the carbonyl groups significantly decreases the optical gap
and opens the band gap, and thus, we argue that reduced graphene oxide with mostly carbonyl groups
could be a useful material for developing tunable opto-electronic nanodevices.

KEYWORDS: two-dimensional materials - graphene oxide - density functional theory -
EELS - plasmon

carbon atoms (which are not connected
with hydroxy or epoxy groups) or when
they are bonded with oxygen in the form
of carbonyl or carboxyl groups, whereas sp>
hybridization emerges due to bonding of a
carbon atom with epoxy and/or hydroxyl
groups. The combination of sp? and sp>
bonded carbon atoms together with the
defects, breaks the symmetry of graphene
and opens up a band gap, thereby, making
GO a promising candidate for the opto-
electronic industry.

Chhowalla and his co-workers'® illu-
strated a blue shift in the EELS spectrum of
GO with respect to pristine graphene using
a GO sheet with around 40% of sp> hybridi-
zation. Moreover, in an another paper they
demonstrated that by means of controlled
reduction of originally synthesized GO, the
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TABLE 1. k-Points Mesh Used for the Relaxation and the Electronic Structure Calculations (vac ~ 12 A) and for the Loss
Spectra Calculations (vac ~ 27 A), for Graphene (Gr) and Graphene Oxide (GO) with Various Configurations and
Functional Groups Depicted in Figure 4. The Number of Atoms in the Unit Cell and Formation Energies of the Systems

Presented in Figure 4 Are Also Mentioned

structure no. of atoms in the unit cell sp3 bonded carbon atoms (%)
Gr 4 0
a 9 25
b 10 50
C 10 50
d n 75
e n 75
f 6 100
[ 6 100
h 13 50
i 14 75
j 4 50
k 24 100
| 10 0
m 16 0
n 2 0

electronic and optical properties of GO can be tuned
and it can be transformed from an insulator to an
electronically and optically active material.?®> While
they indicated the variation in the size, shape, and
relative fraction of the sp>-hybridized domains of GO
responsible for the change in properties, it is also
essential to identify and understand the role of the
individual functional groups in order to interpret its
opto-electronic properties. Experimentally it is difficult
to analyze the role of a particular functional group in
describing the properties of a material that contains a
bunch of functional groups. Theoretically, Boukhvalov
et al?® and Lahaye et al*® modeled graphite oxide,
while Yan et al.? set up GO considering various posi-
tions and coverages of epoxy and hydroxyl groups to
investigate the evolution of the electronic structure
with respect to various concentrations of the func-
tional groups. However, as per our knowledge, none of
the previous calculations considered the impact of a
particular functional group and its concentration on
the optical properties of GO. Moreover, most of the
theoretical models considered GO composed of ep-
oxides (—O—), hydroxyls (—OH), and a combination of
both, while the effect of carbonyls was hardly analyzed.
In carbonyls (—C=0), oxygen is attached to carbon via
sp? bonding. They are demonstrated as the stable
functional groups, which are hard to deoxidize,'” and
thus, they can play an important role in determining
the opto-electronic properties of the reduced GO. We,
therefore, in this paper present an ab initio density
functional theory based study of the linear optical
properties of GO with different coverages and compo-
sitions. To this extent, we examined the electron en-
ergy loss spectrum (EELS) of several models of GO,
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epoxy
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functional groups k mesh

hydroxyl carbonyl vac~ 12 & vac~ 27 A Egorm (eV)
0 0 45 x 45 x 1 45 x 45 x 1 -
0 0 3B x25x1 25 x15x1 0.13
0 0 3B x25x1 25 x15x1 0.08
0 0 35 x 25 x1 25 x 15 x 1 —0.16
0 0 3B x25x1 25 x15x1 —1.09
0 0 3B x25x1 25 x15x1 —0.82
0 0 45 x 45 x 1 20 x 40 x 1 —0.94
0 0 45 x 45 x 1 20 x 40 x 1 —0.76
2 0 3B x25x1 25 x15x1 —3.53
2 0 3B x25x1 25 x15x1 —4.67
8 0 8 x32x1 8 x32x1 —17.04
4 0 21 x 42 x 1 10 x 20 x 1 —11.17
0 2 3B x25x%x1 25 x15x1 —0.47
0 4 30 x 15 x 1 20 x 10 x 1 —2.24
0 6 30 x 15 x 1 12 x 81 —4.09

exhibiting various concentrations of epoxides, epox-
ides+hydroxyls, and carbonyls.

RESULTS AND DISCUSSION

The formation energies calculated using eq 1 for
various coverages and compositions of GO are pre-
sented in Table 1. It is evident from Table 1 that except
for structures a and b, all configurations are stable. The
unstability of structure with 25% concentration of
epoxides (see Figure 4a) is in ageement with the results
of Boukhvalov et al.2% We see that in 50% coverage (see
Figure 4b,c), a structure having epoxides at the arm-
chair site of the hexagonal ring is unstable, but the
configuration with epoxides at the zigzag site is en-
ergetically favorable. The epoxides in Figure 4b pull the
carbon atoms coupled to them in the opposite direc-
tion of the graphene sheet, and thus cause widening of
graphene basal plane in the z-direction, which makes it
an unstable structure. This widening gets minimized
and the structure becomes stable when one of the
epoxy lies on the side of other epoxy on opposite side
of the basal plane (see Figure 4c). This is further
confirmed from Figure 4d,e, which exhibit 75% cover-
age. We find that structure d is energetically more
favorable than structure e (see Table 1). In structure d,
the epoxy functional group lying adjacent to the other
two epoxides faces opposite to them and thus mini-
mizes the stretching of the graphene basal plane in the
perpendicular direction and makes the configuration
relatively favorable. This spliting reduces further with
100% coverage (see Figure 4f,g), where the stretching
by epoxides at one side is balanced by the epoxides on
the other side. However, we find that configurations
with 100% coverage of epoxides are less stable than
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Figure 1. Electron energy loss spectra (EELS) of graphene oxide with epoxy (left), epoxy and hydroxyl (center), and carbonyl
(right) functional groups, when ¢lla. The naming convection of each individual spectrum corresponds to the respective

structure presented in Figure 4. For direct comparison, the EELS of pristine graphene (Gr) is also given.

the structures with 75% (see Table 1), which is in
agreement with previous results.>>’

On examining the formation energies of model
structures of GO exhibiting both epoxy and hydroxyl
functional groups ((see Figure 4h—k), we find that these
structures are energetically more favorable than the
epoxide-only phases (see Table 1). This is in agreement
with the experiments which show epoxides and hydro-
xyls to be the major functional groups in GO.*>*? The
formation energies decrease with the increase in the
concentration of epoxy and hydroxyl functional groups.
However, our results replicate the previous findings® by
demonstrating the structure with stripes of pristine and
oxidized graphene at 50% coverage, to be the most
favorable among all the models studied (see Figure 4j)

Structures |, m, and n which exhibit 2, 4, and 6
carbonyl groups, respectively, are also found to be
stable (see Table 1). The formation energy decreases
with the increase in carbonyl groups at the adjacent
sites. We see from Table 1 that just by adding one
carbonyl pair, the energy reduces to approximately
1.8 eV. The increase in the carbonyl groups, raises the
width of the hole which leads to the cutting of the GO
sheet®® and results in a decrease in energy.

The major aim of the current work is to analyze the
role of individual functional group in the EELS spec-
trum of GO. We, therefore, calculate EELS for model
structures with varying coverages and compositions.
Figure 1 depicts the calculated EELS for all the stable
structures presented in Figure 4. The left panel of
Figure 1 presents EELS for GO containing only epoxy
functional groups, the central panel corresponds to the
loss spectra of GO with epoxy and hydroxyl groups,
while the right-most graphs show the results for GO
exhibiting only carbonyl groups. These spectra are
computed using the imaginary part of the inverse of
frequency dependent dielectric constant, Im(s;/}(a))),
when the scattering vector q is parallel to the basal
plane (qla). For the sake of comparison, we also
calculate EELS of pristine graphene (Gr). It is clear from
the loss spectrum of graphene (Gr) that the wand 7t + o
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plasmon peaks appear at around 4.8 and 14.5 eV
(see bottom-most graphs presented in Figure 1), which
is in excellent agreement with the results of Geim and
co-workers3***> On examining the loss spectra of gra-
phene covered with epoxides (see left panel of
Figure 1), we find that with the increase in coverage
up to 75%, the w + o plasmon peak spreads over a wide
energy range and even shifts toward higher energies
by roughly 1.0 eV compared to that of graphene, while
the 7 peak is found to be less affected by the increase
in concentration of epoxides. On examining the central
panel of Figure 1, we discover that the blue shift of = +
o plasmon peak is even more significant when both
eopxy and hydroxyl groups are present. By varying the
concentration of epoxy and hydroxyl functional
groups, one can vary the position of the iz + o plasmon
peak over a wide energy range of about 0.5—3.0 eV and
thus, can tune the dielectric and optical properties of
GO with the means of controlled deoxidation. The &
plasmon peak, however, again seems to be less sensi-
tive to the coverage and lies between 4.8—5.2 eV when
the coverage is 25%—75%. In the case of 100% cover-
age, that is, on complete oxidation of graphene, the &
plasmon peak diminishes, as all the carbon atoms in
GO become sp® bonded. On comparing the EELS of
two structures with 50% coverage of graphene by
epoxides and hydroxyls (see Figure 4h,j) we find that
the 7 plasmon peak of graphene at around 4.8 eV is
clearly visible for the structure j of GO, which carries
stripes of pristine and oxidized graphene. On compar-
ing the 7 + o plasmon peak in the EELS of structures h
and j with respect to the & + o plasmon peak of
graphene (Gr), we find a considerable blue shift of
about 3 eV in case of structure j, while the feature shifts
only by 0.5 eV in case of structure h. Our results for the
most stable model structure j are found to be in very
good agreement with the experimental results of
Chhowalla and his co-workers,'® who measured the
and 7T + o plasmon peaks of 40% covered GO at 5 and
19 eV, respectively. A direct comparison however
cannot be made as our modeled configuration is not similar
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Figure 2. Electron energy loss spectra (EELS) of graphene oxide with epoxy (left), epoxy and hydroxyl (center), and carbonyl
(right) functional groups, when ¢l c. The naming convention for each individual spectrum corresponds to the respective
structure presented in Figure 4. For direct comparison the EELS of pristine graphene (Gr) is also given.

to the configuration of GO used in the measurements.
Our results, however, mainly present the trends and
elucidate that the GO structure is majorly a combina-
tion of covered and uncovered stripes of graphene and
50% of coverage by epoxy and hydroxyl groups can
cause a blue shift of roughly 3—4 eV in the  + o peak
of GO, as compared to graphene.

On analyzing the model structures of GO which
exhibit only sp? bonded carbon atoms, that is, when
oxygen is available in the form of carbonyl groups, we
find the loss peak corresponding to s plasmon to be
red-shifted as compared to that of pure graphene, with
the increase in oxygen-to-carbon ratio, while the fea-
ture corresponding to the & + o plasmon remains
almost unaffected and lies at around 15 eV (see right
panel of Figure 1). Compared to that of graphene, the
plasmon shifts toward lower energy by approximately
1 eV when the O:C ratio is 37.5%. Thus, the 7 plasmon
excitation can be modulated by varying the size of the
hole, that is, by changing the concentration of con-
secutive carbonyl groups. Hence, our results illustrate
that in GO, the carbonyl groups are mainly responsible
for shifting the sz plasmon peak of the loss spectra
toward the low energy region, while epoxides and
hydroxyls mainly control the high energy part of the
loss spectra. As in unreduced GO, oxygen is mainly
present in the form of epoxy and hydroxyl groups,
while a very small amount of carbonyls is present, the
EELS spectrais found to be blue-shifted as compared to
that of graphene.'® Our results also support the experi-
mental results of Eda et al.*® who demonstrated a
prominent feature corresponding to t—s* transition at
around 4.5—5.5 eV in the optical absorption spectrum
of GO. This feature also exhibits a shoulder at 4.1 eV,
which corresponds to the transition due to carbonyl
groups.?’® On the basis of our results, we predict that
a reduced GO which mainly contains thermondynami-
cally stable carbonyl groups could be a good source for
obtaining photoluminescense in the infrared and visi-
ble regions. Moreover, our study shows that EELS could
be a useful tool in determining the coverage and
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composition of the reduced GO by analyzing the
signature characteristic of a particular functional
group/s, dicussed in the present work.

We also studied EELS for all the stable model struc-
tures when the scattering vector q is perpendicular to
the basal plane, that is, when dllc (note that lattice
vectors a and b lie parallel to basal plane, while c lies
perpendicular to it). For pure graphene, as in refs 34
and 35, we obtain no energy loss up to 11 eV and
beyond that, two peaks are found roughly at 12 and
14.8 eV. The left, central, and right panels of Figure 2
present the respective EELS for GO with epoxides,
epoxides+hydroxyls, and carbonyls. It is evident from
the plots that in the case of epoxides and epoxi-
des+hydroxyls, even at low coverages, the spectra
exhibit mainly one peak which is smeared over a wide
energy range between 5 and 25 eV. Like the loss
spectra corresponding to qla, no shift in the 7 + o
plasmon peak is noticed. However, in EELS of GO
having carbonyl groups, a red shift in the spectra with
the increase in the O:C ratio and an additional feature
at lower energy side of the spectra is observed. This
plasmon feature is found at around 6 eV when the O:C
ratio is 25%, which shifts toward the lower energy with
the increase in the O:C ratio. We attribute the origin of
this 7t plasmon feature to the out-of-plane stretching of
sp> bonded carbon atoms attached to the oxygen
atoms. These results again demonstrate that reduced
GO with carbonyl functional groups could exhibit
photoluminescence.

To further support our findings we next analyze the
dependence of the optical gap on the concentration of
various functional groups. Note that in the current
work the optical gap is not the band gap but the
lowest mt—s* gap as obtained in the density of states
graph. In molecules, however, the band gap and the
optical gap are same as they exhibit flat bands, but in
case of 2D graphene which exhibit oscillating bands,
the band gap is zero while the optical gap is found to
be 4 eV (see left panel of Figure 3). A peak correspond-
ing to this lowest 7—a* gap actually appears in the
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Figure 3. (Left) DOS of pristine graphene, showing the optical gap, i.e., the 7—7* gap to be 4 eV. Dotted line depicts the Fermi level.
(Right) Optical gap of various compositions of graphene oxide with respect to its coverage by the functional groups. The optical gap
is plotted with respect to the percentage of sp> bonded carbon atoms (coverage) for epoxides and hydroxyls (lower and middle
plots), while for GO with carbonyl groups, it is plotted with respect to the O:C ratio (upper plot). Solid line shows the linear fit.

spectrum of the imaginary part of the frequency-
dependent dielectric tensor (which represents the
linear optical absorption), if the lowest band-to-band
transition is dipole-allowed for that particular system.?”
Since, our calculations are done within the independent-
particle approximation, that is, ignoring electron—
hole interactions in the excitation process, a more
sophisticated calculation based on the Bathe—Salpter
equation would be needed to account for the excitonic
effects and calculate the true optical gap. This is,
however, outside the scope of present work. Moreover,
it is well-known that the GGA-PBE exchange-correla-
tion functional underestimates the excited state prop-
erties. The use of hybrid functionals is however difficult
for such a large and ambitious computational study.
Nevertheless, we expect that, though our calculated
optical gaps are not exact, the excitonic optical gap will
follow the same trends as shown in the right panel of
Figure 3, which presents the w—x* gap for various
coverages (O:C ratio) of GO by epoxides and hydroxyls
(carbonyls). On analyzing the plots corresponding to
the case of epoxides and epoxides+hydroxyls we find
that the optical gap of pristine and fully oxidized
graphene is larger than that of the reduced GO. The
optical gap is found to be a minimum for the case of
50% coverage. While, in case of carbonyl groups, the
optical gap decreases linearly with the increase in
oxygen-to-carbon ratio. The optical gap reduces from
4.0 to 0.3 eV when the O:C ratio changes from 0% to
37.5%. However, before arguing that reduced GO with
cabonyls as the prominent functional group could be
useful in realizing graphene-based opto-electronic
devices, we calculate the band gap of the model
configurations presented in Figure 4l,m,n. We find
zero band gap for GO with 25% of O:C ratio. However,
the band opens up and increases linearly with the
increase in the concentration of carbonyl groups. For
33.3%, and 37.5% of O:C ratio, we obtain a band gap of
0.05 and 0.12 eV, respectively. Note that the presented
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Figure 4. Top and side view of the various configurations of
graphene oxide. GO with various coverages of epoxy func-
tional groups are depicted: (a) 25%, (b, c) 50%, (d, €) 75%, and
(f, 9) 100%. Configurations h, i, j, and k represent 50%, 75%,
50%, and 100%, respectively, coverage of the graphene basal
plane by epoxy and hydroxyl functional groups. GO with
carbonyl groups are shown in configurations I, m, and n with
two, four, and six carbonyl groups, respectively.

values are band gaps (Kohn—Sham gaps) with the PBE
exchange correlation functional, which are well-known
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to be underestimated.>® We see that the band gap
increases while the optical gap decreases and at some
point they should be equal. This shows that with the
increase in the length of the hole, bands become
flatter and orbitals become localized, which shows a
signature of oxygen-terminated zigzag graphene
nanoribbons.**# 4 Qur results agree with the experi-
mental findings, which demonstrated the thermally
and chemically reduced GO to be electrically and
optically active 2722364142

CONCLUSIONS AND FUTURE DIRECTIONS

In this work we have performed DFT-based calcula-
tions to study the individual role of major functional
groups present in graphene oxide, in determining its
electronic and optical properties. In agreement with
experiments, our calculations demonstrate a blue shift
in the EELS spectra when GO is 25%—75% covered with
epoxides and hydroxyls. For the corresponding model
structures condsidered in the present work, the 7 + o
plasmon peak shifts by roughly 1.0—-3.0 eV, while a
blue shift of around 0.4 eV is obtained for the x
plasmon, when qlla. Our results predict a red shift in
the EELS spectrum when oxygen in GO is present
mainly in the form of carbonyl groups. The 7 plasmon
feature is found at approximately 4.0 eV, as compared
to 4.8 eV in graphene, when the oxygen-to-carbon

STRUCTURAL MODELS

To analyze the evolution of the optical properties of GO with
the change in concentration of various functional groups, we
model GO with different coverages of epoxides, epoxides and
hydroxyls, and carbonyls. Figure 4 depicts the various composi-
tions of GO considered in the present work. Most of the model
structures are chosen from the previously proposed structures
by Boukhvalov et al.?® and Yan et al.’ To model GO with various
concentration of epoxides, we consider 25%—100% coverage
of the graphene basal plane and different positions of the
functional group (see Figure Figure 4a—g). For example, we
study two structures for the 50% coverage of graphene (see
Figure 4b,c) by considering a unit cell with eight carbon atoms,
in which four carbon atoms are bonded with the epoxy func-
tional group via sp® bonding, while the other four share a bond
with carbon atoms and possess sp? type of bonding. In the
structure depicted in Figure 4 b, oxygen atoms (one on the
upper side and the other on the lower side of the basal plane)
are arranged between the carbon atoms at the armchair site,
while in the other structure (see Figure 4 c) they lie in
between the carbon atoms forming a zigzag chain. Similar
kind of arrangements are also considered for the 100%
coverage of the graphene basal plane (see Figure 4f,g). In
the case of 75% coverage, one structure possesses epoxides
attached to the samering, on the same side of the basal plane
(see Figure 4d), while they oppose each other in the other
structure (see Figure 4e).

The nuclear magnetic resonance (NMR) results of Ruoff et a
demonstrated the presence of a large fraction of carbon atoms
bonded to epoxides and hydroxyls in the sheets of graphite
oxide. Boukhvalov et al?® and Yan et al’® also found the
structures having both epoxides and hydroxyls to be energeti-
cally more favorable than the configurations with only epoxide
or hydroxyl function groups. Therefore, we also calculate EELS
for different combinations of epoxides and hydroxyls with 50%,

/.25
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ratio is 37.5% in GO exhibiting only carbonyl groups.
Our results also reveal that unlike EELS of graphene,
which does not possess any feature until 11 eV when
qllc, GO manifests a broad = + o peak lying between
5—25 eV. In the case of carbonyl groups, this broad
feature is even coupled with a 7 plasmon peak in the
low energy region of the loss spectra, which makes the
configuration favorable for photoluminescense. More-
over, we have shown that the optical gap of reduced
graphene oxides is lower than the optical gap of
pristine and fully oxidized graphene sheets (4 eV). We
also demonstrated that the increase in the size of the
hole or defect in the case of carbonyl groups, decreases
the optical gap rapidly and show a reduction in optical
gap from 4.0 to 0.3 eV when oxygen-to-carbon ratio
changes from 0% to 37.5%. Thus, through our EELS and
optical gap calculations for various model structures,
we demonstrated the significance of the concentration
of various functional groups in modulating the optical
properties of GO and also supported the experimental
results, which proposed the tunning of the electronic
and optical properties of reduced graphene oxide via
controlled deoxidation. In the current work, we consid-
ered periodic structures, whereas all fabricated structures
are mainly amorphous. Therefore, in the future we would
like to study amorphous GO to examine the influence of
disordered GO on optical properties.

75%, and 100% coverage of the graphene basal plane. For
50% coverage, we analyze two structures (see Figure 4h,j). In
one structure (see Figure 4h) we consider a small unit cell with
eight carbon atoms, one epoxide, and two hydroxyl groups,
while in the other structure (see Figure 4j) we choose a large
unit cell with 24 carbon atoms, 2 epoxides, and 8 hydroxyls.
Epoxides are arranged at the armchair site of the carbon ring
in the first structure, while in the latter structure, they lie at
the zigzag site. Moreover, in structure j, there are separate
clusters of sp? and sp> bonded carbon atoms. Yan et al.’
found this structure to be the most favorable among the
other structures studied by them. The 75% coverage of GO
with epoxy and hydroxyl functional groups is modeled using
eight carbon atoms with two epoxides and two hydroxyls,
lying on both sides of the basal plane (see Figure 4i). To
examine 100% coverage (see Figure 4k), we consider the
model proposed by Yan et al.’ for the fully oxidized graphene,
which possesses 12 carbon atoms with four epoxides and
four hydroxyls in the unit cell.

The carbonyl group, which decorates the edges of GO, is
mainly found in pairs.'”3 Bagri et al.'” demonstrated carbo-
nyls to be one of the most stable functional groups, which
are hard to reduce without destroying the graphene basal
plane. Li et al.>® also showed a carbonyl pair to be more
stable than an epoxy pair. They suggested a reaction path-
way for the conversion of the epoxy pair to the carbonyl pair,
which governs the cutting of the GO sheet. The oxygen
atoms in the pair of carbonyl groups are arranged opposite
to each other on both sides of the basal plane and create a
hole between the carbon atoms to which they are attached.
The increase in carbonyl pairs at consecutive sites increases
the size of the hole, and thereby, affects the properties of
GO. To study the effect of the width of the hole, we studied
GO with two, four, and six carbonyl groups correspond-
ing to the O:C ratio of 25%, 33.3%, and 37.5%, respectively
(see Figure 41—n).
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COMPUTATIONAL DETAILS

First principles density functional theory (DFT) based calcula-
tions were performed to study the impact of concentration of
various functional groups in GO (see Figure 4) using the Vienna
ab initio simulation package (VASP).**** Projector-augmented-
wave (PAW) potentials* were used to mimic the ionic cores, while
the generalized gradient approximation (GGA) in the Perdew—
Burke—Ernzerhof*® (PBE) model was employed for the ex-
change and correlation functional. All the structures depicted
in Figure 4 were relaxed until the atomic forces were smaller
than 0.01 eV/A. In the relaxation simulations, along with the
atomic coordinates, we also allowed variation of the cell
dimensions. We used a periodic simulation cell with around a
12 A thick vacuum region in the direction normal to the graphene
sheet for the cell relaxation and the electronic structure calcula-
tions. However, a large vacuum thickness is required for the loss
spectra calculations, therefore, we used a vacuum of 27 Aforthe
study of plasmons. Calculations were performed using the
plane wave cutoff of 600 eV. Since the model structures exhibit
different unit cells, k-points were chosen accordingly. The k-
point mesh used for the calculations of various model structures
are tabulated in the Table 1.

To examine the stability of the structures discussed in the
present work we calculated formation energy using following
formula:

—Y ko, — zEon )

X
Eform = Ec,o0,00m, — 5 Ecy 3

8
In the above formulation, Eon = E,0/2 + Eo /4, where Eyy o, Eo,,
and Eqy are the energies of water molecule, oxygen molecule,
and the hydroxyl radical, respectively. In eq 1, Ec.o0m), defines
the total energy of the optimized cell and Ec, gives the total
energy of the graphene supercell having eight atoms.

To understand the optical properties of the GO sheets, it is
important to evaluate their frequency-dependent dielectric
response functions such as absorption or electron energy loss
spectra (EELS). We, therefore, in the current paper calculated
EELS in the long-wavelength limit g — 0, which essentially
determines the optical properties in the wavelength regime
accessible to optical or electronic probes. The loss spectra were
computed by taking the imaginary part of inverse of the long-
itudinal expression of the frequency-dependent microscopic
dielectric tensor, &4p, in the random phase approximation
(RPA).*” The longitudinal expression for the imaginary part of
the frequency dependent dielectric tensor is given as

47%e? 1 \
= o qllﬂ»o ? z 2wiO(eck — Evk — W)

(2)
£q5@)

vk

><<uck+euq‘uvk><uck+e,gq‘ka>* (2)

Here the indices c and v refer to the conduction and the valence
band states, respectively, k is the Bloch wave vector, wy are the
k-point weights (which are defined such that they sumto 1), the
factor 2 before the weights accounts for the fact that a spin-
degenerate system is considered, and Q is the volume of the
unit cell. The vectors e, are the unit vectors for the three
Cartesian directions. Note that the frequency w has the dimen-
sions of energy. VASP calculates the imaginary part of the
frequency dependent dielectric tensor for g = 0 and uses the
Kramers—Kronig transformation to obtain its real part.*® The
RPA approximation accounts for the weak screened Coulomb
interaction to describe the dynamic linear electronic response
of plasmons at the mean-field level, and thus, our calcula-
tions miss the many-body effects. However, the agreement
of our previous EELS calculations***® with the experimental
spectra>****" convinces us as to the reliabilty of the above-
mentioned approach.
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