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Distribution of oxygen functional groups of
graphene oxide obtained from low-temperature
atomic layer deposition of titanium oxidef

Dong Seok Shin,? Hyun Gu Kim,}® Ho Seon Ahn,1¢ Hu Young Jeong,?
Youn-Jung Kim,® Dorj Odkhuu,? N. Tsogbadrakh,” Han-Bo-Ram Lee*?
and Byung Hoon Kim*?

The distribution of oxygen functional groups on the surface of graphene oxide (GO) has been investigated
experimentally and theoretically. Atomic layer deposition of TiO, was used to clarify the location of oxygen
functional groups. We found that the oxygen functional groups are distributed in the form of islands, which
is confirmed using aberration corrected transmission electron microscopy and X-ray photoelectron
spectroscopy. The density functional studies further support these findings. The evolution of oxygen
functional groups was also investigated with GO treated at 150, 200, 250, and 300 °C. In addition, the
reduction of epoxide and hydroxyl groups on the GO surface at different temperatures has been
discussed in connection with ab initio molecular dynamics simulations.

Introduction

Graphene oxide (GO) had been revisited due to the possibility of
the mass production of graphene." GO has attracted lots of
attention as a building block for novel applications towards not
only enhancement of electrochemical performance,*” gas storage
capacity,®™ and efficiency of solar cells* but also development of
artificial muscle®™ and shape-memory polymers,** and so on. Even
though the existence of functional groups and large surface area
have been suggested as the dominant factors for these superior
properties of GO in the various fields, the exact mechanisms are
still veiled. Hence, the structure of GO must be verified to under-
stand the reason for the outstanding properties and to improve the
efficiency in energy storage, gas sensing properties, and other
applications. Especially, the distribution of the oxygen functional
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groups is the most important to understand the mechanisms,*>*®
for example, the pathway of Li ions and charge storage in
a GO-based Li-ion battery and supercapacitor, respectively. The
existence of functional groups such as epoxy, hydroxyl, and
carboxyl surface groups'”*® was already known, and the quantity of
the functional groups with respect to a graphitic region have been
reported experimentally’®*® and theoretically.” Moreover, the
atomic structure of a highly-reduced GO (rGO) using chemical
agents and high temperature over 550 °C (ref. 22-24) has been
established. However, the structure of GO at low temperature is
more important to understand the energy storage of GO**® and
pillared GO." Nevertheless, the distribution of the oxygen func-
tional groups in GO at low temperature has rarely been investi-
gated®*” because the functional groups in a wide region of GO
surface cannot be identified clearly.

Herein, we report the results of experimental and theoretical
investigations on the distribution of oxygen functional groups
over GO surface. The experiments were performed using a tita-
nium nanostructure deposited on the oxygen groups of GO by
atomic deposition layer (ALD) method. Since a thin film by ALD
forms only through surface reactions of precursors with surface
species, the nucleation of ALD film strongly depends on the
surface species. Surface reaction mechanisms of TiO, ALD has
been many times reported through experimental and theoret-
ical studies, and it has been known that Ti precursor chemi-
sorbs on surface via reactions with oxygen species, such as
(OH); and O,.”*?° The pristine graphene surface is chemically
inert, so that the Ti precursor is hard to adsorb on the surface
for initiating nucleation of TiO,. Therefore, once nuclei of ALD
TiO, are formed on graphene surface, it can be inferred that the
graphene surface has reactive oxygen functional groups, which
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promote Ti precursor adsorptions, such as (OH); and O,. In
other words, the oxygen functional groups can be traced
through analyze of ALD TiO, formation on graphene. Titanium
oxide was deposited at various temperatures (150, 200, 250, and
300 °C) using low temperature deposition method. The distri-
bution was observed and compared with aberration corrected
transmission electron microscopy (TEM), which shows that the
oxygens are distributed with the form of island. This was further
confirmed by X-ray photoelectron spectroscopy (XPS) and
density functional theory (DFT) studies. Moreover, the experi-
mentally observed reduction process of epoxide and hydroxyl
groups on GO surface at the elevated temperature has been
discussed in connection with ab initio molecular dynamic
(AIMD) simulations.

Experimental

We prepared the titanium oxide-deposited GO (TiGO) using
ALD. The procedure is as follows. GO was synthesized by
a modified Hummers method with graphite powder of 450 nm
size. The graphite was oxidized with concentrated H,SO,,
K,S,0s and P,0s. After filtering, washing, and drying the
product was re-suspended in concentrated H,SO, and oxidized
further with KMnO, and H,0,; the result was a thick, brownish
yellow GO suspension. The GO suspension was centrifuged and
washed with 10% HCI and DI water, and then the suspension
was dried at 50 °C for three days to obtain GO. The well
dispersed GO in DI water was dropped on Mo TEM grid. Prior to
ALD process, the Mo TEM grid was annealed at 150, 200, 250,
and 300 °C for 20 minutes to reduce GO in the ALD chamber.
Hence, ALD of titanium oxide was performed on rGO in
a commercial ALD system (SN-100, SNTEK) using titanium(iv)
isopropoxide 97% (TTIP) precursor (Sigma-Aldrich) and H,O
reactant. The ALD system is a traveling wave type chamber and
capable up to 4 inch wafer and further detail configuration of
ALD chamber can be found in our previous paper.** N, was used
for purging gas. Substrate temperature was controlled from 150
to 300 °C, and the bubbler was heated at 50 °C to obtain a proper
vapour pressure. Both exposure times of TTIP precursor and H,O
reactant were 2 s, and purging times after precursor exposure and
reactant exposure were 15 s and 30 s, respectively. The thickness
of the deposited titanium oxide thin film was fixed to 1.0 nm by
changing the number of ALD cycle number. TEM study was
performed by aberration corrected TEM (FEI Titan cube G2 60-
300) operated at an accelerating voltage of 80 kV. XPS of the
samples was measured with PHI 5000 Versa Probe II (ULVAC-
PHI) using a monochromatic Al-Ka. X-ray source at 23.1 W.

Computation method

The DFT simulations were carried out within the framework of
the projector augmented-wave formalism*®* as implemented in
the Vienna ab initio simulation package (VASP).** The general-
ized gradient approximation formulated by Perdew, Burke, and
Ernzerhof was employed for the exchange correlation poten-
tial.** We used an energy cutoff of 400 eV and a k-point sampling
of 3 x 3 x 1 for the 6 x 6 graphene cell with periodic boundary
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conditions along the xy-direction. The vertical vacuum size of
the supercell along the z-axis was chosen no less than 15 A to
avoid a possible interaction between the repeated layers (an
isolated graphene). We optimize the in-plane lattice for each
sample while kept fixed the z-axis. The optimization of both
lattice and atomic positions proceeds until the changes in
energy were less than 10> eV per cell and the forces acting on
atoms were less than 102 eV A~'. Both the spin-polarized and
spin-non-polarized calculations were taken into account (Table
S1 in the ESIf), and results presented in the following para-
graphs are those from the spin-polarized calculations. In the
AIMD simulations, we use a time step of 2 fs and a Nose ther-
mostat* to model a canonical ensemble. A total simulation time
was thus 2 ps and there is no difference between temperature
profiles at 2 and 4 ps. All the AIMD calculations were performed
at the constant volume and same evaluated simulation
temperature, where a k-point sampling and energy cutoff were
restricted to the I' point and 300 eV, respectively.

Results and discussion

The deposition of titanium oxide on graphene oxide was
confirmed by XPS study. Fig. 1 shows the O 1s spectra of TiGO as
a function of the deposition temperature. The O=C-OH at
530.80 eV, C=0 at 531.75 eV, and C-OH at 532.99 eV were
observed in the pristine GO. After ALD process, the peak corre-
sponding to the titanium oxide at 529.15 eV was developed. This
peak increased with the increase of the deposition temperature.
Since the detachment of oxygen functional groups from GO layers
becomes enhanced as the temperature increases, the quantity of
titanium oxide (red arrow in Fig. 1) increases with respect to that of
oxygen functional groups. Titanium oxide deposition onto GO
surface was also proved by TEM.

The single-layer GO was used to investigate the oxygen distri-
bution (inset of Fig. 2a). Titanium oxide-deposited GO at 150 °C
(TiGO150, the number 150 indicates the deposition temperature)
is shown in Fig. 2. The three representative structures were
observed; the clean hexagonal region, nanocrystalline structures,
and bright amorphous structure. The clean hexagonal regions are
graphitic carbons without any oxygen functional groups (sp>
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Fig. 1 O 1s XPS spectra of TiGO as a function of the deposition
temperature. The red arrow indicates the peak corresponding to
titanium oxide.
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Fig.2 TEMimages of (a) TIGO150 and (b—e) the profiles of nanocrystalline structure. The lattice spacings are (b) 2.30 A, (c) 2.00 A, (d) 2.30 A, and

(e) 3.15 A, which correspond to the structure of rutile TiO,.

carbon). Nanocrystalline structures with 1-2 nm of size were not
distributed evenly. Although they were identified as TiO, TiO,, and
Ti,O3, we found that the rutile TiO, was the main nanostructure
among them, which was proved by the profiles of the magnified
TEM images (Fig. 2b-e). We observed the lattice spacings of d =
2.30, 2.00, and 3.15, which respectively correspond to the lattice
spacings for (220), (210), and (110) planes of the rutile TiO,. In the
case of the bright amorphous atoms, although we cannot define
them at this stage, they are to be the noncrystalline titanium oxide.

It is well established that the oxygen functional groups are
desorbed at high temperature and this behaviour is enhanced
with the increase of temperature. This was also confirmed using
the variation of C 1s peak in XPS study (Fig. 3). The C=C bond
at 283.85 eV, C-OH bond at 284.58 eV, C-O-C bond at 285.99 eV,
C=0 bond at 286.89 eV, and O=C-0 bond at 287.39 eV were
found in the pristine GO. The C=C bonds increased from
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Fig. 3 C 1s XPS spectra of TiGO as a function of the deposition
temperature. The oxygen functional groups decreased as the
temperature increased.
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40.470% for pristine GO to 80.012% for TiGO300. On the
contrary, the oxygen functional groups, C-OH, C-O-C, C=0,
and O=C-O, decreased as the deposition temperature
increased. TEM study also shows this behaviour (Fig. 4).
Although the clean hexagonal region (bright grey in Fig. 4), i.e.,
the area for sp> carbons did not increase up to 80% of total

Fig.4 TEM image of TiGO treated at various deposition temperatures
(a) 150 °C, (b) 200 °C, (c) 250 °C, (d) 300 °C. The grey colour indicates
the clean hexagonal region.
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region in TEM image of TiGO300, we found that it became
larger as the deposition temperature increased (from 19.2% for
TiGO150 to 29.9% for TiGO300). Note that the titanium oxide
and amorphous bright regions are not evenly distributed. They
are gathered in the form of the islands which are distributed
irregularly.

To better certify the aforementioned results, we conduct the
first-principles DFT and AIMD calculations. We first explore the
structural features and energetics of oxidation functional
groups on a single-layer graphene. The modelled geometries
consist of the 1-9 epoxide and 1-8 hydroxyl units adsorbed on
a 6 x 6 lateral unit cell of graphene. As an example, we show the
optimized atomic structures with the 9 epoxide and 8 hydroxyl
groups in Fig. 5a and b, respectively, in which the functional
groups are present on the both sides of graphene. This two-side
adsorption is identified to be energetically favourable against
the one-side configurations because of a cancellation of vertical
structural distortion (Fig. S51), as addressed in the previous
studies.***” The three distinct principal adsorption sites of
epoxide and hydroxyl groups on graphene have been taken into
account; namely hollow-, bridge-, and top-site. As shown in
Fig. S1 and S2,7 the total energy calculations show that the most
stable adsorption site of the epoxide group is the bridge-site,
whereas it is the top-site with C-O bond for the hydroxyl
group. Overall the optimized atomic structures of graphene
with the epoxide and hydroxyl species are in agreement with
those reported in the previous studies.**?*

The oxide functional coverage of graphene surface can
possibly exist in various configurations of the distribution.
Among the several geometries explored, the top and side views
of two selected patterns, named as ‘uniform’ (left panel) and
‘island’ (right panel), are shown in Fig. 5a and b for the two-
sided epoxide and hydroxyl groups, respectively. In the
uniform configuration, the functional groups are distributed

a Epoxy groups b Hydroxyl groups
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Fig. 5 Top and side views of the optimized atomic structures for
uniform- and island-type distribution of (a) 9-unit epoxy groups and
(b) 8-unit hydroxyl groups. The corresponding binding energies E, of
these groups are shown at the bottom of each panel. Red and blue
spheres denote the oxygen and hydrogen atoms, respectively. Ey
versus the number of (c) epoxide and (d) hydroxyl species for two
configurations.
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evenly with the similar distances from each other across the
graphene surface. In the island configuration, the functional
groups are aggregated rather in close proximity within the
highly oxidized domain like distribution. In order to identify
a ground-state phase of oxygen distribution, we formulate the
binding energetics (E},) as®

Eot(graphene oxide) — Ey,( (graphene) — ZNi,“«i

Eb = N, ’ [1)

where, E.(graphene oxide) and E.(graphene) are the total
energies of graphene with the epoxide or hydroxyl functions and
the pristine graphene, respectively. N; is the number of atoms in
the epoxide or hydroxyl groups, u; is the chemical potential of
the i-th atomic species, i.e., O and H, which is taken as the total
energy of an isolated O (H) atom in a vacuum. According to eqn
(1), Ep is then defined as change in energy when GO is formed
from its constituents (i.e., graphene and functional groups) in
their reference states,*® where the larger negative E,, implies the
more favourable formation of the functional groups on gra-
phene. As indicated in Fig. 5a and b, the calculated E}, are —2.52
and —3.18 eV per oxygen for the uniform and island phases of
the 9-unit epoxide groups on graphene, respectively. Those for
the 8-unit hydroxyl groups are —2.98 and —3.41 eV per oxygen,
respectively. These results clearly indicate that both the epoxide
and hydroxyl groups tend to adsorb on graphene in close
proximity with domain like distribution rather than uniform
one, in consistent with the present experiments (Fig. 2). It is
also expected from our calculations that the presence of
epoxide-hydroxyl pairs on graphene is most likely to be fav-
oured over individual epoxide units, owing to the stronger
binding affinity of hydroxyl/graphene sample, in consistent
with the XPS data in the present experiments (epoxide and
hydroxyl species are always coexisted, see Fig. 3) and previous
calculations.®” The further investigations demonstrate that this
argument should also be applicable to the different coverages of
the functional groups. As shown in Fig. 5c and d, the Ej,
decreases with the number of functional species for both the
island epoxide and hydroxyl groups. As a generic, the saturation
behaviour of Ej, is well evident at the eight functional groups.
For each functional group, we also compare the E}, between the
one- (square) and two-sided (circle symbol) configurations in
Fig. 5¢ and d, which reproduces the previous calculations for
the better stability of the two-sided functional groups adsorbed
onto the graphene surface.**** The more detailed atomic
structures of the different adsorption configurations and
binding affinity calculations are provided in Fig. S1-S5 in the
ESIt for the one- and two-sided 1 and 2 functional groups.
Next, the AIMD simulations are used to investigate the
decomposition process of the functional groups from GO
surface at an elevated temperature. As a precursor, only the two
neighbouring epoxide-only and hydroxyl-only species, incorpo-
rating the energetically favourable building blocks,** chem-
isorbed onto the one-side of graphene have been modelled in
the present computation. The left panels shown in Fig. 6a and
b are the top and side views of the optimized atomic structures
for the epoxide and hydroxyl groups on graphene at absolute

This journal is © The Royal Society of Chemistry 2017
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zero temperature, 0 K or —273.15 °C. It is seen that the presence
of the functional groups can induce a tenuous local distortion
in graphene lattice. This effect is indeed expected from the
previous studies that the chemisorption of functional atoms
(e.g., O, H, and F) onto graphene results in a phase transition
from planar sp” to distorted sp® like hybridization.****! As
temperature increases up to 300 °C, such a structural instability
of graphene upon functionalization is even further deformed
while the entire area of a flat graphene is significantly wrinkled,
as seen in the middle and right panels in Fig. 6a and b.
Furthermore, the C-O bond lengths of epoxide groups on gra-
phene increase from about 1.44 A at 0 K to 1.51 A at 150 °C to
1.64 A at 300 °C. This reveals a tendency of the functional group
desorption from the graphene surface at high temperature
although not complete.

Notably, the hydroxyl groups decompose into single oxygen
atoms as an epoxide on graphene and desorbed water mole-
cules (H,O0) even at 150 °C, where the GO surface would be
served as a catalytic activity at finite temperature. We also show
the temperature (both begin and end points at 150 °C) and total
energy profiles during the AIMD simulation with 1000 ionic
steps in Fig. 6¢ and d, respectively. The decomposition process
from hydroxyl groups into H,O molecules is also illustrated in
the inset in Fig. 6d. The hydroxyl groups are first detached from
graphene, and then the isolated water and oxygen atoms form.
Such an oxygen atom eventually adsorbs onto graphene,
making epoxide with graphene shown in the middle panel in
Fig. 6b. We finally would like to note that the direct comparison
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Fig. 6 AIMD simulations for the decomposition process of (a) epoxy
groups and (b) hydroxyl groups at various temperatures. Atomic
symbols are the same as used in Fig. 5. (c) Temperature and (d) energy
profiles during AIMD simulation with 1000 ionic steps.
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between experimental and theoretical results requires some
cautions, and the further simulations with more realistic
geometric patterns — considering a broad ranges of sample
stoichiometry with the presence of graphene defects (e.g., edge
and vacancy sites), different relative amounts and mixed phases
of epoxide and hydroxyl groups, domains of various interme-
diate phases — should be carried out to provide more practical
results and insights.

Conclusions

In summary, the oxygen functional groups on GOs treated at 150,
200, 250, and 300 °C was identified by the deposition of TiO, on
the GO surface using ALD. We found that the oxygen functional
groups are not distributed evenly but in the form of island. This
structural information was obtained from the aberration cor-
rected TEM and XPS. To understand this distribution of oxygen
functional groups, we conduct the DFT calculations, where the
binding energetics reveals that the oxygen functional groups
prefer the island formation rather than uniform distribution.
Moreover, the reduction process of epoxide and hydroxyl groups
on GO surface at different temperatures was investigated with the
ab initio molecular dynamics simulations. This work provides
not only the fundamental properties of GO but also offers the
information on designing the GO-based energy materials.
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