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ABSTRACT: The basal plane of graphene has been
known to be less reactive than the edges, but some studies
observed vacancies in the basal plane after reaction with
oxygen gas. Observation of these vacancies has typically
been limited to nanometer-scale resolution using micro-
scopic techniques. This work demonstrates the introduc-
tion and observation of subnanometer vacancies in the
basal plane of graphene by heat treatment in a flow of
oxygen gas at low temperature such as 533 K or lower.
High-resolution transmission electron microscopy was
used to directly observe vacancy structures, which were
compared with image simulations. These proposed
structures contain C=O0, pyran-like ether, and lactone-
like groups.

ubnanometer vacancy defects in the basal plane of single-
layer nanocarbon materials such as graphene and single-
walled carbon nanotubes (SWCNTs) have been intensively
studied because of a number of possible applications such as
selective ion passage,1 water desalination,” separation of
gases,””> impregnation of electrolytes,®” and ligands to
coordinate metal ions.*’ The most common methods to
introduce vacancy defects on carbon materials are reactions
with oxygen gas*™”'®!" and ion bombardment followed by
oxidation.'”"> Oxygen gas is superior to ion bombardment in
terms of the accessibility of oxygen gas from multiple directions
and the availability of oxygen gas. Thus, reactions of carbon
materials with oxygen gas are still preferred for mass production.
Observations of graphite reacted with oxygen gas by optical
microscopy have been reported since 1917."> Submicrometer
hexagonal pits and holes have been observed in the basal plane of
graphite after heat treatment in oxygen gas above 1073 K,'*** but
the sizes of the pits are at the scale of optical microscopy. Recent
studies have shown that pits with diameters of ca. 20 nm were
formed in the basal plane of graphene heated in a flow of oxygen/
argon gas at 723 K as determined by atomic force microscopy."
In related studies, subnanometer vacancy defects on carbon
nanohorns were formed by heat treatment in oxygen gas above
573 K as determined by a molecular sieving method,” but
defects observed by transmission electron microscopy (TEM)
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were larger than 1 nm.® These works have shown the existence
and sizes of vacancy defects, whereas direct observations of the
structures of vacancy defects including functional groups have
not been obtained.

Functional groups at subnanometer defects introduced by ion
bombardment followed by oxidation have been studied
theoretically and experimentally. It has been reported that
pyran-like ether, C=0, and lactone-like groups can be present at
vacancy defects as shown by calculations,'®'” and these
functional groups were also confirmed by X-ray photoelectron
spectroscopy (XPS).'*™*° However, the structures of subnan-
ometer vacancy defects in the basal plane of graphene introduced
simply by oxygen gas have not been directly observed.

We recently showed the relationship between the temperature
and the density of vacancy defects on the walls of SWCNTs by
the Ip/I; intensity ratio using Raman spectroscopy,” where the D
band (with intensity I,) at ca. 1340 cm™ originates from
intervalley scattering and the G band (with intensity I;) at 1580—
1590 cm™! originates from the Raman-active mode of graphite
and SWCNTs.*' " The Ip/I; ratio has been widely used to
evaluate the disorder density in the basal plane of carbon
materials.”'** The results suggest that the size of the vacancy
defects becomes smaller as the oxidation temperature decreases.
The onset temperature of the reaction of graphene with oxygen
gas has been reported to range between 473 and 573 K as
determined by the I/Ig ratio using Raman spectroscopy.'
Thus, an oxidation temperature of graphene just above the onset
temperature of the oxidation reaction is expected to be the
threshold temperature to introduce subnanometer vacancy
defects.

High-resolution TEM (HRTEM) is a powerful tool for direct
imaging of defects in nanocarbon materials. With the progress of
TEM aberration correction technology, subnanometer defects
such as pentagons, heptagons, and point defects in the basal
plane of graphene have been observed.”>™>” The defective
structure of graphene oxide including oxygen-containing func-
tional groups®® and that of reduced graphene oxide including
pentagons and heptagons™ have been observed by HRTEM.
However, the structures of the subnanometer vacancy defects
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created in the basal plane of graphene by reaction with oxygen
gas have not been directly observed by HRTEM.

In this work, the structures of subnanometer vacancy defects
introduced in the basal plane of graphene by oxidation with O,
were directly observed by HRTEM using the TEAM 0.5
microscope, and the stabilities of the structures were evaluated by
density functional theory (DFT) calculation. In addition, high-
surface-area graphite and large-diameter SWCNT's were oxidized
and analyzed to support the defect structures of graphene
observed using HRTEM.

Graphene was synthesized on both sides of a copper foil by
chemical vapor deposition using methane and hydrogen gases at
1313 K*° The synthesized graphene was transferred to gold
TEM grids without using a conventional polymer coating
method*" to avoid residues on the graphene [Figures S1 and S2
in the Supporting Information (SI)]. Graphene on the TEM
grids was heated in vacuum at 773 K for 0.5 h (Figure S3) prior to
oxidation at 493, 513, 533, 553, and 573 K for 5§ and 24 h at an
oxygen gas flow rate of 30 cm® min~". The oxidized graphene was
further heated in vacuum at 773 K for 0.5 h to remove thermally
unstable functional groups because the irradiation with electrons
during observation may cause migration and decomposition of
such functional groups.”® HRTEM observations of graphene
were carried out using the TEAM 0.5 aberration-corrected
transmission electron microscope at 80 keV.** Optimizations of
modeled structures and transition states were calculated by DFT
using Gaussian 03.*> Graphite and SWCNTs** were also
oxidized in oxygen gas and analyzed by elemental analysis
(Table S1 in the SI), Raman spectroscopy (JASCO NRS-2100,
laser wavelength 532 nm), and XPS (Shimadzu AXIS ULTRA
DLD) to support the results from the HRTEM images. Peaks in
Raman spectra were fitted with Lorentzian-type line shapes based
on the work done by Brown et al.*®

Figure 1 shows HRTEM images of pristine graphene and
defective graphene oxidized at 493, 513, and 533 K for S h. Fast

Figure 1. HRTEM images of (a) pristine graphene and (b—d) graphene
oxidized for Shat (b) 493, (c) 513, and (d) 533 K. An adatom in (a) and
defects in (b—d) are marked by white circles. All images were observed
using different graphene samples.

Fourier transform mapping (Figure $3a)*° and the Lp/Ig
intensity ratio (Figure $2a)*® confirmed that the pristine
graphene observed in Figure 1 was single-layer graphene.
HRTEM images of graphene with the most vacancy defects at
each temperature are shown in Figure 1. There was a tendency
that vacancy defects were more easily found in the basal planes of
graphene oxidized at higher temperatures. The density of
subnanometer vacancy defects in graphene heated at 533 K
was ca. 1 defect/100 nm* based on an average of 15 images.
White spots in Figure la are adatoms, which desorbed during
observation as indicated by Meyer et al.,>” whereas white spots
near the vacancy defects of oxidized graphene remained during
observation (Figure 1b—d). Large defects observed in the basal
plane of graphene tended to enlarge under electron irradiation
(Figure 1c),”® whereas a few small defects (Figure 1b,d) were
stable during observation. Large-diameter SWCNT's heated in
oxygen gas clearly showed that the I,/I;; ratio increased as the
temperature increased (Figure 2; see the SI for more detail),
which supports the increase in defect density in the basal plane of
graphene with temperature found in the HRTEM images.
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Figure 2. Raman spectra of pristine SWCNTs and SWCNTs heated in
oxygen gas at 533 and 573 K for 168 h.

Graphite heated in oxygen gas at 493, 533, and 573 K for 5 and
24 h showed increasing oxygen content as the temperature
increased (Table S1 and Figure 3). The increment of peak 1 in
the O 1s XPS spectra (corresponding to C=0 and C=0 in
lactone) and peak 3 (corresponding to pyran-like ether and C—
O—C in lactone)'®?%*® were increased above 533 K. These
functional groups are indications of vacancy defects in the basal
plane of graphite (see the SI for more detail). Thus, it is proved
that the vacancy defects introduced in the basal plane of graphene
(Figure 1b—d) were introduced by oxygen gas upon heating.

The HRTEM images of stable defects in the basal plane of
graphene heated at 533 K for 5 h were further analyzed by focal
series reconstruction (Figure 4al,bl). The corresponding
estimated structures and their simulated HRTEM phase images
are shown in Figure 4a2,b2 and Figure 4a4,b4, respectively.
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Figure 3. O 1s XPS difference spectra of graphite heated in oxygen gas
for S h at different temperatures. The O 1s spectrum of graphite was
subtracted from each spectrum. Bold lines: original spectra. Dotted
lines: peak 1. Thin lines: peak 2. Dashed lines: peak 3.
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Figure 4. Phase images calculated by HRTEM exit-wave reconstruction,
proposed atomic structures, and corresponding simulated HRTEM
images of graphene heated at 533 K for S h. (al, bl) Reconstructed
HRTEM phase images. (a2, b2) Estimated structures of (al) and (b1),
with C atoms in gray and O-containing functional groups in red. (a3, b3)
Perspective views of (a2) and (b2). (a4, b4) Simulated HRTEM phase
images of (a2) and (b2). Scale bars are 0.5 nm.

These estimated structures were constructed on the basis of the
difference of in- and out-of-plane oxygen (Figure S4) and of the
reported calculated results that gasification of oxygen-containing
functional groups does not form dangling bonds to minimize the
energy.'””” Figure 4a3,b3 shows that oxygen-containing func-
tional groups such as C=O are out of the basal plane of
graphene. Indeed, atoms in simulated images of these functional
groups (Figure 4a4,b4 and Figure SSa4,b4) are higher in
brightness than other atoms. Out-of-plane oxygen-containing
functional groups such as hydroxyl groups and egoxide in the
basal plane of graphene oxide have been observed,”® whereas in-
plane oxygen-containing functional groups are reported to be
difficult to differentiate from other atoms such as carbon atoms.*’

Functional groups such as C=O, pyran-like ether, and
lactone-like groups on edges have been reported as stable
functional groups,'®'”*® whereas epoxides and OH groups in the
basal plane of graphene are known as relatively unstable
functional groups.”'”**® For example, the migrations of
oxygen-containing functional groups such as epoxide and
hydroxyl groups in graphene oxide require 2.1 and 0.7 eV,
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respectively.”®*' Another research group reported that the

migration of epoxide in the basal plane of graphene requires 1.0—
1.5 eV.*” These energies are much lower than the C—C bond
energy of graphene (4.9 eV) and are easily disturbed by the
incoming 80 keV electron beam.*

The stabilities of our proposed structures containing stable
functional groups in Figure 4a2,b2 were determined by
calculating activation energies. The activation energy required
for migration of one oxygen atom from C=0 at the 4,5-position
of a phenanthrene-like structure (Figures 4a2 and S6b1) was the
lowest (2.5 eV) among all functional groups in Figure 4a2. The
activation energy required for migration of one oxygen atom
from a lactone-like structure (Figures 4b2 and S7b1) was the
lowest (2.3 eV) among functional groups in Figure 4b2. These
activation energies are higher than those for the migration of
epoxide and hydroxyl groups observed previously by HRTEM.>®
In addition, the similarities of the simulated HRTEM images in
Figure 4a4,b4 to the actual HRTEM images in Figure 4al,bl
were high. Thus, the structures in Figure 4a2,b2 were selected as
the proposed structures. We investigated other possible
structures (Figure SSa2,b2), but these structures were neither
stable (Figures S8 and S9) nor the same appearance (Figure
SSa4,b4) compared with the actual HRTEM images in Figure
4albl. Thus, the presence of C=O, pyran-like ether, and
lactone-like groups in Figure 4 can be explained from the
viewpoints of HRTEM images as well as their stabilities.

In conclusion, HRTEM images of subnanometer vacancy
defects in graphene oxidized for S h at 533 K or lower could be
obtained. Since subnanometer vacancy defects were observed at
533 K, the onset temperature of the oxidation reaction of the
basal plane of graphene must be lower than 533 K. Experimental
exit-phase images matched the simulated images of the proposed
structures at the atomic scale. The proposed structures contain
C=0, pyran-like ether, and lactone-like functional groups. The
presence of the proposed structures could also be explained by
the stability of the structures. Oxygen-containing functional
groups such as C=0 and C—O—C detected by XPS spectra of
graphite and the increment of the I/I; ratio of SWCNTs are
also evidence of the presence of vacancy defects in the basal plane
of a single-layer graphene.
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