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ABSTRACT: Arrangements of hydroxyl groups on graphene sheets were
systematically investigated using density functional theory calculations that
included van der Waals interactions. Results show that hydroxyl groups tend to
gather at para-positions on graphene sheets to generate perfect ring-like
hexahydroxyl group adsorption. The close proximity of hydroxyl groups is in
good agreement with the experimental separation between unoxidized, aromatic
and oxidized, saturated regions in graphene oxide. The orientation of hydrogen
atoms in hydroxyl groups creates both O—H---O and O—H---7 hydrogen bonds.
Calculations also indicated that the binding energy per hydroxyl group follows a
logarithmic function with respect to the number of hydroxyl groups. Besides, the
opening band gap was observed for several derivatives, and the relationship
between the band gap and O/C ratio was found to be nonmonotonic. Analysis
of the density of states showed that bands around the Fermi levels of derivatives

between graphene and hydroxyl groups are mainly composed of 2p, orbitals of carbon and oxygen atoms.

1. INTRODUCTION

Since its successful isolation in 2004," graphene has drawn
significant attention not only in science but also in industry.”
Supercarrier mobility at room temperature,” extraordinary
electrical conductivity," good thermal conductivity,” high
transparency,® excellent mechanical strength,” extremely high
theoretical specific surface area,” unconventional quantum Hall
effect,” among others, are novel characteristics of graphene.
Graphene has been produced by several synthetic methods,"’
and the production of graphene from graphite is a promising
solution for its mass production at a low cost.'" In the method,
graphite is oxidized to form graphene oxide (GO); then, the GO
is reduced to create a graphene-like material. The product is
referred to as reduced graphene oxide (RGO), which is similar
to graphene but has some oxygen functional groups.
Experimental studies'>~"> have demonstrated that the epoxy
and hydroxyl groups are dominant functional groups in the
structures of both GO and RGO.

On the basis of density functional theory (DFT) computa-
tions, Boukhvalov and co-workers suggested that GO with a
coverage of less than 25% contains only hydroxyl groups on the
basal plane.'® These authors also reported that the further
reduction of GO from 6.25% coverage seems to be difficult to
achieve. This result was subsequently confirmed by an
experimental study by Velasco-Soto et al."* XPS results showed
that epoxy functionalities can be unstable and transform into
hydroxyl groups during the reduction of GO."” It was also
supported by a study by Mathkar et al.'” While performing a
stepwise reduction of GO, the latter authors identified that
epoxy groups were reduced first, while hydroxyl groups took
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longer to be completely removed from the GO surface.'
Besides, in a study on the effect of hydroxyl functional groups on
the mechanical properties of graphene, Verma et al.'” used
molecular dynamics simulations and established that a brittle
failure was occurred at 50—75% hydroxyl functionalization,
whereas with lower coverage the failure morphology of
hydroxyl-functionalized graphene shifted from brittle to
ductile.'” Furthermore, hydroxyl groups also play a critical
role in the water vapor sensing of GO,'® and graphene
derivatives with hydroxyl groups show excellent electroactivity
and biocompatibility with human retinal pigment epithelium
(RPE) cells."” Therefore, a better understanding of the
structural and electronic properties of graphene derivatives
with hydroxyl groups appears necessary. A legitimate question
emerges: when only hydroxyl groups are present, how are these
groups arranged on one side of the graphene sheet? It is assumed
that the other side of the graphene sheet is masked by a
substrate. Using theoretical calculations, Lahaye et al.”’ showed
that two OH groups on the same side of the graphene plane have
to be divided by one or more carbon atoms. Configurations with
either two hydroxyl groups that form an adjacent diol on the
same side of the graphene sheet or more than two hydroxzfl
groups per carbon atom are unstable. In addition, Yan et al.”!
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realized that the configuration with 1,4-paired hydroxyl groups is
the most favorable for two hydroxyl groups on the same side of
the graphene sheet. A derivative with two hydroxyl groups at the
para-position was also utilized in the study by Anasthasiya et
al.”* However, when the number of hydroxyl groups increases to
3,4,S, .., n (n€N*), how do hydroxyl groups localize on the
same side of graphene? This remains a crucial question of
interest. On the other hand, the process of hydroxyl groups
binding to carbon atoms of graphene is the chemical
functionalization of graphene. Functionalization is known as a
way to modify the band gap and other properties of graphene to
suit applications in fields such as nanoelectronic devices,*
photocatalytic technologies,”* etc.

In this context, intending to shed more light on the structures
of derivatives of graphene with hydroxyl groups, we systemati-
cally studied the spatial distribution of hydroxyl groups on one
side of the graphene sheet. Here graphene was built from an
orthorhombic four-atom unit cell instead of a conventional
hexagonal two-atom unit cell as in all previous works on
graphene derivatives. The utilization of the orthorhombic four-
atom unit cell is significant in studies of heterogeneous
graphene—semiconductor composites where the unit cells of
the semiconductors are orthorhombic, for example, graphene/
rutile TiO,(110). This limits lattice mismatch, as a computa-
tional model of heterogeneous composites is constructed.
Furthermore, the electronic properties of graphene derivatives
with hydroxyl groups have also been investigated.

2. COMPUTATIONAL METHODS

All calculations were performed with the Vienna Ab Initio
Simulation Package (VASP)* in the frame of DFT. Spin-
polarized density functional calculations were employed to
study derivatives of graphene with OH groups. Plane-wave basis
sets with a cutoff of 450 eV were utilized for the valence
electrons, whereas the projector augmented wave (PAW)>
approximation was utilized for pseudopotentials of the core
electrons.

An orthorhombic four-atom unit cell of graphene was built
and relaxed. The calculated parameters of the unit cell were a =
2470 A, b=4.218 A, and d. = 1.426 A; these values are in good
agreement with the experimental values”” (a = \/ 3dcc = 2463
A, b =3dcc =4.266 A, and doc = 1.422 A). A 6 X 3 supercell
containing 72 carbon atoms was constructed from the optimized
orthorhombic four-atom unit cell. The supercell with
dimensions of 14.820 X 12.843 (A) was large enough to
investigate the arrangement of hydroxyl groups. To eliminate
interactions between adjacent images, a vacuum separation of 12
A was applied. Dipole slab corrections were carried out.

Monkhorst—Pack”*k-meshes of 2 X 2 X 1 and 12 X 12 X 1
were employed to sample the Brillouin zone of the supercell in
the structural relaxations and density of states (DOS)
calculations, respectively. Relaxations were performed until the
Hellman—Feynman force on each atom converged to 0.01 eV/
A. After the relaxation, the total energy of the electric structure
was computed using a self-consistent field method with a
threshold of 107 eV.

In order to take into account the dispersion interactions that
exist in derivatives, the optPBE—VdW,29 0ptB88—vdW,3O
optB86b-vdW,*" and vdW-DF2** functionals were evaluated
carefully. The results summarized in Table S1 of the Supporting
Information (SI) show that optPBE-vdW functional is suitable
for representing weak interactions.

The binding energy (E;,) between two species was calculated
as follows:

Eg_on — (Eg + nEgy) (eV/OH)
n (1)

where Eg_oy, Eg, and Eqy are the total energies of the graphene
derivative, pristine graphene, and a hydroxyl group, respectively.
The total energy was obtained by self-consistent calculation after
the optimization of the geometric structure. A negative value for
the binding energy manifests an exothermic process.

Eb=

3. RESULT AND DISCUSSION

3.1. Structures and Binding Energies. 3.1.7. Monomo-
lecular Adsorption. Similar to previous work,'®*"** the

(@ (b)

Figure 1. (a) Relaxed structure of the G1OH derivative (side view) and
(b) electron density difference at an iso-level of 0.0015 electrons/A.
Yellow and blue regions represent electron accumulation and depletion,
respectively.

formation of a single hydroxyl group on a basal plane leads to
the distortion of the graphene sheet (Figure 1a).

The carbon atom that binds to the hydroxyl group moves
upward, and the neighboring C—C bonds expand to nearly 1.500
A. The distance is smaller than the average bond length of a C—
C single bond (1.54 A) but larger than that of a C=C double
bond (1.34 A). The bond length between the OH group and the
carbon atom of the graphene sheet is about 1.530 A, which is
larger than the value of a typical C—O single bond (1. 43 A). In
addition, ZCCC angles change from 120° to 113.30°, and the
£0CC angle is about 101.79°. These results demonstrate that
the carbon atom in the C—OH group undergoes a trans-
formation from sp” hybridization to distorted sp® hybridization.
In particular, the relaxation of the G1OH derivative with
different orientations of the hydroxyl group produced the same
result. The optimized structure of G1OH has the hydroxyl group
tending toward the center of a hexagonal ring. The orientation of
the hydroxyl group is mainly derived from the formation of a
hydrogen bond between OH and 7-electrons of graphene, O—
H---7r. Indeed, the adsorption of the OH group results in electron
redistribution (Figure 1b). The electron density increases
between the oxygen and the carbon atom, which is responsible
for the C—OH bond. Besides, electron accumulation was seen
between hydrogen and s-electrons of graphene, which is the
consequence of the O—H:--7 bond formation. Furthermore, the
calculation also shows that the binding energy of the GIOH
derivative is about —1.17 eV/OH. In the previous study by
Lahaye et al,”* the binding energy obtained was only —0.7 eV.
Such a deviation may be ascribed to the use of the GGA
approximation in the Perdew—Burke—Ernzerhof formalism of
the previous study, which is known to be unsuitable for
describing van der Waals systems.’****

https://doi.org/10.1021/acsomega.2c03447
ACS Omega 2022, 7,37221-37228


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03447/suppl_file/ao2c03447_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03447/suppl_file/ao2c03447_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03447/suppl_file/ao2c03447_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03447?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03447?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03447?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03447?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
03050; ‘ogoSe!
‘o200 e ® b
29202 b b4
IS lePeYe!
26202 09922
CHLALTH ' 4
Pe2e %! SIS
099e® 0922
Top view Top view Side view
@ (b)-G20H1k1
Figure 2. (a) Relaxed G1OH derivative and (b) G20OHI1kI.
Pe¥e %!
” [ 4::: HE}:
Ia <H HH>
QT HT0 10260
< fa <H HH>'
Top view Top view Side view
() GIOH (b) G20H5-Ia

Figure 3. (a) Possible arrangements of the second hydroxyl group on the relaxed GIOH derivative and (b) the relaxed structure of the G2ZOHS-Ia

derivative.
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Figure 4. (a) Possible arrangements of the third hydroxyl group on the relaxed G2OHS derivative and (b—f) relaxed structures of derivatives

containing three hydroxyl groups in proximity (top view).

3.1.2. Bimolecular Adsorption. First, we have considered
many possible arrangements of two hydroxyl groups located on
adjacent carbon atoms. Carbon atoms that bind to the C—OH
group in the G1OH derivative are labeled as C1i, C1j, and Clk
(Figure 2a).

By dint of the equivalence of Cli and Clj atoms, only
arrangements of the second hydroxyl group related to Cl1i and
Clk atoms were investigated. Possible orientations of the
second hydroxyl group have been studied. Calculations showed
that the most stable structure corresponding to the CIk site is

37223

the G2OH1KkI structure with a binding energy of —1.43 eV/OH
(Figure 2b). Besides, other structures with more positive
binding energies were also obtained (Figure S2 in the SI). The
other structures are conformers that can interact with the most
stable structure with very smaller energy barriers. The difference
in the binding energy between the structures is ascribed to a
combination of the distance of the C—O bonds, the distortion of
the graphene sheet, and the interaction of hydroxyl groups
(Table S2 in the SI). It can be seen that the differences in the C—
O bond distances and the distortion of graphene sheets between
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Table 1. Binding Energies and Structural Parameters of Interactions between OH Groups in Some Relaxed Derivatives
Containing Three Hydroxyl Groups

the first interaction

the second interaction

the third interaction

H--O £0-H:--0 H--O £0-H--0 H--O £0-H--0 no. of O—H---O hydrogen no. of HO---w Ey (eV/
structure (A) @) (A) @) (A) ©) bonds bonds OH)
G30H10  1.994 152.56 2.062 152.12 5249 75.193 2 3 —1.58
G30HI 1.696 161.77 1.705 127.48 5.688 47.85 2 2 —1.51
G30H3 1.849 122.62 2434 135.54 2.886 129.47 2 0 ~1.14
G30H4 2.023 141.93 2.082 150.23 3.954 90.11 2 2 —141
G30H9 1911 145.52 1.925 153.78 5.878 58.5 2 2 —-1.42

Figure 5. Most stable structures of derivatives containing 4, S, or 6 hydroxyl groups (top view).
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Figure 6. Dependence of the binding energy on the number of OH
groups (the dashed line represents the curve fitting).

the most stable structure and the conformers are quite small.
Meanwhile, the interactions of hydroxyl groups are significantly
different between the structures. The most stable structure has a
hydrogen bond O—H--O with a H--O length of 1.803 A and a

£0—H--O bond angle of 126.02° (Figure 2b). The formation
of the hydrogen bond also results in an expansion of the O—H
bond from 0.979 A in G1OH to 0.985 A. Besides, the most stable
structure possesses a second interaction between hydroxyl
groups (Table S2). In comparison to the first hydrogen bond,
the second interaction is weaker and has an interaction distance
0f 2.779 A (Bondi radii*® of O = 1.52 A and H= 1.20 A). For the
Cli site, the most stable structure has the same binding energy as
the GIOHIKkI structure, about 1.43 eV/OH. The geometries of
the two stable structures are quite similar to each other.
Therefore, hydroxyl groups tend to generate a large number of
O—H:-O hydrogen bonds and other weaker interactions
between oxygen and hydrogen atoms as often as possible.
When the formation of these interactions is not possible, a
hydroxyl group tends to create an OH---z bond. This conclusion
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Figure 7. () Electronic band structure and (b) DOS and PDOS of a pristine graphene supercell. The Fermi level was assigned to zero, and the blurred

line in panel b is the Fermi level.
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10 M The G20OHS-Ia derivative outstrips the rest of the structures by
- 0F at least 0.1 eV/OH in terms of the magnitude of the binding
% -10 WMW ] | energy. In other words, the G2OHS-Ia derivative is the most
5 10F carbon . . .
A 0 MM o stable structure, which can be interpreted from its structural
§ -10 M WW TS characteristics (Figure 3b). Compared to the remaining
% 025 Loy : p— : T Iku oxygen structures, the average bond length of C—O bonds in
g 0B %’J\ , G20HS5-Ta is quite small, about 1.512 A (Table S3). In addition,
5025 | | | | F | unlike other structures, the G2OHS-Ia derivative creates two
B 01sf Jw hydrogen O—H:--7 bonds thanks to the two hydroxyl groups pointing to
.;‘_0 12 i W the centers of the hexagonal rings. Besides, like the other
2 ! ! ! ' structures in the (Ia) region, the G2OHS-Ia derivative also has
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Figure 8. DOS and PDOS of the GIOH derivative. The spin-up and
spin-down channels are separated. The Fermi level was adjusted to zero.
The black, violet, orange, green, and blue lines correspond to the total
DOS and the p,, p,y pw Py and s orbitals, respectively. The blurred
vertical lines denote the Fermi level.
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Figure 9. DOS and PDOS of (a) G20HS, (b) G30OH10, (c) G4OH],
(d) GSOH1, and (e) GGOH1. The spin-up and spin-down channels are
separated. The back, violet, and red solid lines represent the total, C-
2p,, and O-2p,, respectively. The Fermi energy (blurred vertical line)
was set to zero.

of the first exploration is a guideline for the construction of
structures in further investigations.

The remaining arrangements of two hydroxyl groups were
studied by dividing the basal plane of the relaxed G1OH into six
regions with three couples (Ia, Ib), (Ila, IIb), and (1Ila, I1Ib)
(Figure 3a). The regions of the (Ia, Ib) couple are interesting to
consider. The next regions belong to the (Ila, IIb) couple.
Meanwhile, the (Illa, IIIb) couple is far from the regions of
interest. Therefore, the two couples of (Ia, Ib) and (Ila, IIb)
were chosen. Only one region in each couple was considered.

For the first couple of (Ia, Ib), the (Ia) region was studied.
Carbon atoms in the (Ia) region were numbered 1, 2, 3, and so
on. When the second hydroxyl group was combined with those
numbered carbon atoms, the corresponding structures were
symbolized as G2OH1-Ia, G20OH2-Ia, G20H3-Ia, and so on.
Binding energies and some structural parameters of these
derivatives after relaxation are shown in Table S3 of the SI file.

an O—H:--O hydrogen bond. However, the bond angle £O—
H---O in the hydrogen bond of the G2OHS5-Ia derivative is quite
large, about 152.62°, which makes the hydrogen bond stronger.
Thus, the G2OHS-Ia derivative possesses the most negative
binding energy, about —1.53 eV/OH, as compared to the
previously reported value of —1.2 eV in the study performed
using the LDA :;1pproxirnation.21

For a second couple of (Ila, IIb), all carbons in the (Ila)
region were examined. In the same manner described above, we
determined that the G2OHS-IIa derivative was the most stable.
The geometries of the two most stable structures, G2ZOHS-Ia
and G2OHS5-II4, are again similar. Therefore, for the case of two
hydroxyl groups, the most stable structure consists of two
hydroxyl groups localized at a para-position on the same
hexagonal ring, with both hydrogen atoms of hydroxyl groups
pointing toward the centers of hexagonal rings. The result is in
line with previous studies that used the hexagonal two-atom unit
cell’*>* The most stable arrangement of the two hydroxyl
groups (G20OHS) is now utilized as the initial structure in the
following part to add the next hydroxyl group.

3.1.3. Trimolecular Adsorption. To investigate how the third
hydroxyl group was located on the most stable structure of
G20HS, we separated the basal plane of the relaxed G2OHS
structure into four parts (Figure 4a). Carbon atoms in the part
(I) were labeled as 1, 2, and 3, and so on. The derivatives
corresponding to these carbon atoms were symbolized by
G30OH]1, G30OH2, G30OH3, and so on.

The results of the calculations on the derivative are presented
in Table S4 in the SI. The lower negative binding energies are
seen in the structures with the third hydroxyl group near two
initial hydroxyl groups. In more detail, the G3OH10 derivative
has the most negative binding energy of —1.58 eV/OH, followed
by the G30OH1 derivative with a binding energy of —1.51 eV/
OH. Although the three hydroxyl groups in G3OH3, G30H4,
and G30OH9 derivatives are situated in close proximity, their
binding energies are not very negative. This is attributed to the
difference in the number and stability of hydrogen bonds in
these structures. The optimized structures of the G30OHI0,
G30OH1, G30H3, G30H4, and G30HY9 derivatives are
displayed in Figure 4. Detailed geometries of these structures
are described in Table 1.

Inspecting the data in Table 1 shows that each of these
structures contains two O—H:--:O bonds. Meanwhile, the
G30OHI10 derivative has the largest number of H—O---x
bonds. The G30H1, G30H4, and G30OH9 derivatives have

Table 2. Band Gaps of the Most Stable Derivatives

derivative graphene G1OH G20HS
0/C (%) 0.00 1.39 278
band gap (eV) 0.00 0.00 0.07

G30H10 G40H1 GSOH1 G60OH1
4.17 5.56 6.94 8.33
0.00 0.27 0.000 1.06
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two H—O---7 bonds, followed by the G30H3 derivative with
only one HO---w bond. Therefore, the G3OH10 derivative has
the most negative formation energy. the G30H1, G30H4, and
G30OH9 derivatives include the same number of hydrogen
bonds. However, H—O---H bonds of the G3OH1 derivative are
more stable than those of G30H9 and G3OH4 derivatives
thanks to the shorter O---H distances and larger < H-O---H
angles. This leads to E},(g30m1) being smaller than Ey(g30ne) and
Ep(gsonsa)- The G30OH3 derivative is composed of the lowest
number of hydrogen bonds. Thus, the binding energy of the
G3OH3 derivative is more positive.

Therefore, the most stable structure containing three hydroxyl
groups, the G3OHI10 derivative, has hydroxyl groups arranged
in para-positions. Interestingly, the para-arrangement is also
seen in the most stable structure with two hydroxyl groups.
Thus, we can conclude that hydroxyl groups tend to gather at
para-positions on one side of the graphene sheet. The para-
arrangement was used for further study.

3.1.4. Other Multimolecular Adsorption. The adsorption of
n hydroxyl groups (where n = 4, S, and 6) on graphene sheets
was investigated in the same way. First, the basal plane of the
relaxed G(n — 1)OH derivative was divided into equivalent
parts. Then, only one of these parts was considered. The nth OH
group was located at para-positions in this part (S3 in the SI).
The most stable structures corresponding to n = 4, 5, and 6 were
G40OH1, GSOH]I, and G60H], respectively (Figure 5).

Structural parameters and binding energies of the structures
are shown in S3 of the SI. As the number of hydroxyl groups in
the derivatives increases, the binding energy per hydroxyl group
of the most stable derivatives becomes more negative, except for
the GSOH1 derivative (Figure 6). However, the difference in
binding energies between the G4OH1 and GSOH1 derivatives
remains quite small, about 0.01 eV/OH.

Analysis of the arrangement of OH groups on the graphene
sheet showed that hydroxyl groups tended to localize at para-
positions in close proximity. In particular, hydroxyl groups tend
to gather in the form of a six-membered ring. The cyclization
stabilizes the G6OH1 structure and makes its binding energy
overwhelmingly negative, about —1.82 eV/OH. Ring-like hexa-
OH adsorption was shown to be the most stable form. Indeed,
when the calculation was expanded to the derivative with seven
OH groups (G7O0H derivative), a binding energy per OH group
was only —1.62 eV/OH, less negative than that of the G6OH1
derivative. Thus, the subsequent absorption of OH groups tends
to create new hexa-OH rings, and we expect that at the O/C
ratio of 25% for the localization of hexa-OH rin_gs is similar to the
case of the graphene hydrogenation process.’

3.2. Electronic Properties. First, electronic properties
including the electronic band structure, the DOS, and the PDOS
of the optimized pristine graphene supercell were calculated, and
the results are shown in Figure 7. The crossing point in the first
Brillouin zone (BZ) of the 6 X 3 supercell is the I'-point. This is a
Dirac point of graphene. Besides, a linear dispersion of bands
around the Dirac point was observed in the electronic band
structure of graphene. As a consequence, the electron transport
is controlled by Dirac’s (relativistic) equation. Electrons (or
holes) are massless Dirac fermions that travel with a speed of vy,
~ 1 X 10° ms™". This elucidates a number of experimentally
unconventional effects of graphene, such as new varieties of the
quantum Hall effect or relativistic quantum mechanical effects.”

The zero band gap of graphene was also demonstrated by
DOS analysis, as shown in Figure 7b. In addition, the PDOS of
pristine graphene shows that states around the Fermi level are
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composed of 2p, orbitals of carbon atoms. The 2p, orbitals of
carbon atoms that create 7-bonds present the electronic
properties of graphene. Meanwhile, 2p, and 2p, orbitals
contribute mainly to deep valence bands, forming o-bonds
and determining mechanical strength of graphene. To further
study electronic properties, hereafter we only consider the 2p,
orbitals of carbon atoms.

For the G10H derivative, the bonding formation of C—OH
leads to a distortion of the graphene sheet, followed by the
appearance of new states around the Fermi level (Figure 8).
Analysis of the PDOS indicated that the new states were
composed of 2p, orbitals of oxygen and carbon atoms. By
contrast, contributions from the 2p, and 2p, orbitals of oxygen
and the 1s orbital of hydrogen to states around Fermi are trivial.

Electronic property calculations for relaxed structures of the
rest of the most stable derivatives, from G20H to G60H,
indicated that the high valence band and low conduction band
mainly consist of 2p, orbitals of oxygen and carbon atoms
(Figure 9). The band gaps of hydroxyl graphene derivatives
depend on the arrangement of —OH groups. For the most stable
derivatives, the band gap is a nonmonotonic function of the OH
adsorption number or the O/C ratio, similar to the cases of
epoxy groups.'“*° At the O/C ratios of 2.8%, 5.6%, and 8.3%,
the band gap receives values of 0.07, 0.27, and 1.06 eV,
respectively (Table 2). The zero band gap was seen at O/C
ratios of 1.4%, 4.2%, and 6.9%. A previous study by Yan”'
showed a zero-band gap at the O/C ratio of 3.1%. Therefore, the
band gap of graphene could be tuned by hydroxyl functionaliza-
tion.

4. CONCLUSIONS

The arrangement of hydroxyl groups on one side of the graphene
sheet has been completely investigated. Results of calculations
on derivatives containing two hydroxyl groups are in good
agreement with previous works. For multimolecular adsorption,
results of the arrangement of 3, 4, S, .., n (n € N*) hydroxyl
groups explain the experimental existence of oxidized and
unoxidized regions in GO and RGO structures. The hydroxyl
groups tend to form hexa-ring adsorption structures on the
graphene sheet, and the orientation of hydrogen atoms in
hydroxyl groups creates both O—H:--O and O—H:--7 hydrogen
bonds. The formation of beautiful hexa-ring adsorption releases
a large amount of energy, about —1.82 eV per hydroxyl group.
Calculations also showed that chemically modifying graphene
with hydroxyl groups can turn the band gap of graphene. The
localization of hydroxyl groups on the basal plane of graphene
leads to the emergence of new peaks around the Fermi level.
States around the Fermi level are composed of 2p, orbitals of
carbon and oxygen atoms.
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