Chapter 2
Structural Characterization

Abstract The experimentally fabricated GO powders are usually water dispersible,
insulating, and light brown in color. After the experimental synthesis, one important
issue is to determine the structure of GO. So far, the structure of GO is still ambigu-
ous due to its nonstoichiometry since the types of oxygen-containing groups and
their arrangements across the carbon network vary substantially under different syn-
thesis conditions. Generally, to determine the structure of GO, some primary ques-
tions have to be illuminated: (1) Which functional groups are present? (2) What are
the amount and relative fraction of the functional groups? (3) How do these func-
tional groups distribute spatially over the graphene plane? (4) How do the amount
and distribution of these groups evolve during reduction? Spectroscopic techniques,
such as solid-state nuclear magnetic resonance (NMR), X-ray photoelectron spec-
troscopy (XPS), X-ray absorption near-edge spectroscopy (XANES), Fourier trans-
form infrared spectroscopy (FT-IR) and Raman spectroscopy, can provide essential
insights into the types of oxygenated functional groups in GO and their distribu-
tions. Besides, microscopic techniques including transmission electron microscopy
(TEM), scanning tunneling microscopy (STM), atomic force microscopy (AFM),
and scanning transmission electron microscopy (STEM) have also been used to
determine the atomic structures of GO.

2.1 Spectroscopic Characterization

2.1.1 Solid-State NMR

The solid-state NMR spectra of different GO samples exhibit similar resonance
patterns featuring three peaks at 60, 70 and 130 ppm and their relative intensities
do not change significantly upon oxidation. In 1996, Klinowski’s group [1] studied
the structure of GO by using the >C and 'H NMR spectra and assigned the 60 ppm
peak to hydroxyl (C—OH), the 70 ppm peak to epoxide (C—O-C), and the 130 ppm
one to non-aromatic carbon double bonds (>C=C<). However, the identification
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of the first two peaks at 60 and 70 ppm was uncertain due to lacking of sufficient
spectral information. Then, in 1997 and 1998, the same group revisited the struc-
ture of GO and critically assigned the peak around 60 ppm to epoxide (C-O-C),
the peak around 70 ppm to hydroxyl (C—OH), and the peak around 130 ppm to
non-aromatic carbon double bonds (>C=C<) [2, 3]. Afterwards, Szabé et al. [4]
also examined the structure of GO by the '>*C NMR spectra and obtained two fea-
tured signals at 57.6 and 69.2 ppm, which corresponds to the epoxide (C—O-C) and
hydroxyl (C—-OH), respectively. In addition, they found two other peaks at 92.9 and
166.3 ppm as well, but were not able to clearly assign them to any specific groups.

A more accurate NMR characterization of GO was fulfilled in 2008 by Cai
et al. [5] using high-resolution solid-state NMR with magic angle spinning
(MAS). It was confirmed that the peak around 60 ppm corresponds to epoxide,
the peak around 70 ppm corresponds to hydroxyl, and the peak around 130 ppm
corresponds to sp? carbon. Until then, the three major chemical shift peaks around
60, 70, and 130 ppm are commonly accepted and assigned to epoxy, hydroxyl
and graphitic sp? carbon, respectively. As a consequence, epoxy and hydroxyl
are determined as the two major functional groups across the basal plane of GO.
In addition, in the high-resolution 13C NMR spectra [4-6], the other three minor
peaks at about 101, 167, and 191 ppm were also found, which were tentatively
assigned to lactol, ester carbonyl and ketone groups, respectively. In 2009, Gao
et al. [7] further assigned the peak around 101 ppm to five- or six-membered-ring
lactol decorated on the edge of holes in GO flakes.

A recent study by Zhang et al. [8] labeled all the six peaks mentioned above,
where peaks at 61, 70, 101, 130, 169 and 193 ppm were assigned to groups of
C-0O-C, C-0OH, O-C-0, graphitic sp2 C, O=C-0, and C=O0, separately. To gain
information about the distribution of major functional groups, two- and multi-
dimensional NMR spectra conducted by Ruoff’s group [5, 9] revealed that epoxide
and hydroxyl were close to each other, with some tiny islands of pure epoxies or
hydroxyls. Diagonal signals eliminated in the two-dimensional double-quantum/
single-quantum spectrum shows that the cross peak of epoxide is at (wsqQ,
wpQ) = (60, 130 ppm) and the cross peak of hydroxyl is at (wsq, wpg) = (70,
130 ppm), respectively [9]. This confirms clearly that the epoxide and hydroxyl
carbons are directly bonded. Besides, the major peaks (60 and 70 ppm) in the
NMR spectra were related to the carbon atoms single-bonded to oxygen atoms.
Figure 2.1 gives the typical '>C NMR spectra of GO.

2.1.2 XPS

As a complementarity to the NMR spectra, XPS can further unveil the nature
of carbon atoms in different chemical environments. Comparing the survey
scan spectra of bare graphite and GO [4], it was found that the C and O atoms
were presented at the surface of both systems; but the oxygen content of GOs
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Fig. 2.1 a 'H-'3C cross polarization (CP) spectrum of GO obtained with 7.6 kHz MAS and
a contact time of 1 ms (67,000 scans), and a direct '3C pulse spectrum obtained with 12 kHz
MAS and a 90° 13C pulse (10,000 scans). Reprinted with permission from Ref. [7]. Copyright
(2009) Nature Publishing Group. b 2D '3C/'3C chemical-shift correlation solid-state NMR spec-
tra of GO; ¢ slices selected from the 2D spectrum at the indicated positions (70, 101, 130, 169,
and 193 ppm) in the w; dimension. Reprinted with permission from Ref. [5]. Copyright (2008)
American Association for the Advancement of Science

was much higher because of the oxidative treatment, as shown in Fig. 2.2a, b.
Further high-resolution XPS spectra demonstrated that in the C 1s signal of pris-
tine GO, there are five different chemically shifted components at 284.5, 285.86,
286.55, 287.5 and 289.2 eV respectively, which can be assigned to sp? carbon
atoms in aromatic rings (284.5 eV) and C atoms bonded to hydroxyl (C—OH,
285.86 eV), epoxy (C-O-C, 286.55 eV), carbonyl (>C=0, 287.5 eV), and car-
boxyl groups (COOH, 289.2 eV), respectively [10-13], as shown in Fig. 2.2c.
However, the presence of carbonyl (>C=0) groups is still ambiguous. Some
reports [3, 14] only considered four feature components of the deconvolution of
the C 1s spectra by ignoring the presence of >C=0 groups, i.e. sp> carbons, C—
OH, C-0-C, and COOH. Further information provided by the O 1s spectra can
complement the information from the C 1s spectra. Deconvolution of the O Is
spectra indicates three main peaks around 531.08, 532.03, and 533.43 eV, which
were assigned to C=0 (oxygen doubly bonded to aromatic carbon) [10, 15],
C-O (oxygen singly bonded to aliphatic carbon) [16, 17], and phenolic (oxy-
gen singly bonded to aromatic carbon) [16, 17] groups, respectively, as shown
in Fig. 2.2d. On the other hand, the pristine GO shows an additional peak at a
higher binding energy (534.7 eV) [12], which originates from the chemisorbed/
intercalated adsorbed water molecules.

An important parameter that can be used to characterize the degree of oxidation
in GO is the fraction of sp? carbon, which can be estimated by dividing the area
under the sp? peak by the area of C 1s peak. In pristine GO, the fraction of sp? car-
bons is only ~40 %. During thermal reduction, the amount of sp> carbons gradu-
ally increases due to the loss of oxygen. It reaches a maximum value of ~80 % at
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Fig. 2.2 a, b are XPS spectra of graphite and GO separately. Reprinted with permission from
Ref. [4]. Copyright (2006) American Chemical Society. ¢, d are high-resolution XPS spectra of
the C Is and O 1s signals in GO. Reprinted with permission from Ref. [10]. Copyright (2009)
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

an oxygen content of ~8 atom% (C/O ratio 12.5:1) [10, 17]. This suggests that the
remaining oxygen is responsible for ~20 % of the sp* bonding.

In addition, XPS can further elucidate change of the functional groups of GO
at different degrees of oxidation [18]. At the initial stage, during increasing the
oxidation level, intensity of the C~OH and —O-C=0 functional groups increases
and the corresponding intensity of C-C decreases. In the following, further
increase of the oxidation results in the formation of epoxide groups along with the
hydroxyl and carboxyl groups. Afterwards, continually oxidizing GO will enhance
the intensity of epoxide groups but reduce the intensity of hydroxyl and carboxyl
groups simultaneously.
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2.1.3 XANES

XANES is another powerful tool for characterizing the GO materials. It provides
information on degree of bond hybridization in mixed sp*/sp> bonded carbon, spe-
cific bonding configurations of functional atoms, and degree of alignment of the gra-
phitic crystal structures within GO [19]. As shown in Fig. 2.3a, the high-resolution
C K-edge XANES spectrum of GO demonstrates distinctive unoccupied 7t* and o*
states around 285.2 and 293.03 eV, respectively, which can be primarily assigned
to the 1s — 7w* and 1s — o* transitions in the graphitic carbon atoms [13, 20].
Meanwhile, there is a broadening of the absorption peak at 289.3 eV, corresponding
to the 1s — 7t* transitions in the carbon atoms bonded with the oxygen atoms. The
ratio of w¥/o* peaks at the C K-edge can be used to estimate the relative concentra-
tion of sp> domain configurations in an sp> matrix of GO, where carbon atoms are
attached to oxygen groups. Thus, this ratio gives the degree of oxidation in GO [13].

On the other hand, the O K-edge XANES spectrum of GO [13, 21] generally
shows several distinct absorption peaks at 531.5, 534.0, 535.5, 540.0, 542.0, and
544.5 eV, respectively, as presented in Fig. 2.3b. These peaks have been separately
assigned to n*(C=0), n*(C-0), 0*(0O-H), 0*(C-0), ¢*(C=0), and ¢*(C=0)
[21]. Therefore, the O K-edge spectrum further helps to realize the GO struc-
ture, which clarifies the chemical composition of the oxygen-containing groups.
According to Pacilé et al.’s measurements [21], the groups of epoxy, hydroxyl and
carbonyl are likely to be attached to aromatic rings, while the carboxyl groups are
likely to be bonded to the edges of the GO sheets.
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Fig. 2.3 High-resolution a C K-edge and b O K-edge synchrotron NEXAFS spectra at different
reduction temperatures. The spectra were shifted in y-scale for clarity. Reprinted with permission
from Ref. [13]. Copyright (2011) American Chemical Society
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2.1.4 FT-IR

FT-IR spectroscopy is recognized as an important tool to study different types of
functional groups. From the FT-IR characterization, Lee et al. [22] found that there
are four main peaks in the FT-IR spectra of GO, as described detailedly in the
following. Firstly, the peak at 1,050 cm~! arises from epoxide groups (C—O-C).
Secondly, the one centered at 1,680 cm™! corresponds to the vibrational mode
of the ketone groups (-C=0). Another peak at 1,380 cm™! is assigned to a C-O
vibrational mode. Finally, the peak at 3,470 cm~! denotes C—OH stretching.

Bagri et al. [15] studied the structural evolution of GO during reduction. At
the initial stage where GO is mildly annealed at 423 K, the FT-IR characteriza-
tion shows that pristine GO was composed of hydroxyls (3,050-3,800 cm™1),
carbonyls (1,750-1,850 cm_l), carboxyls (1,650-1,750 cm_l), C=C (1,500~
1,600 cm™!) and ethers and/or epoxides (1,000-1,280 cm™!), as displayed in part
(1) of Fig. 2.4a. After annealing to 448 K for 5 min, the FT-IR spectrum changes,
indicating that the carboxyl groups are removed, as shown in part (2) of Fig. 2.4a.
When further annealing to 1,023 K, hydroxyls disappear continuously and some
ether groups are formed, as displayed in part (3) of Fig. 2.4a. In fact, the hydroxyls
are not detected in infrared spectra at temperature above 773 K.

Similarly, Krishnamoorthy et al. [18] also investigated the structure of GO with
different degrees of oxidation using FT-IR spectroscopy, as presented in Fig. 2.4b.
The sp2/sp3 ratios of GO samples from S-1 to S-6 are 2.15, 1.52, 0.36, 0.31, 0.27,
and 0.25, respectively. The FT-IR show band at 1,573 cm~! due to the presence of
C—C stretching in graphitic domains of sample S-1. With further increase in oxi-
dation level, the FT-IR spectrum reveal the presence of C=0 (1,720 cm_l), Cc-O
(1,050 cm™1), C-O-C (1,250 cm™1!), C-OH (1,403 cm™!) in the GO samples. The
peak at 1,620 cm~! is a resonance peak that can be assigned to the C—C stretching
and absorbed hydroxyl groups in the GO.

2.1.5 Raman

Raman spectroscopy is a non-destructive technique that is widely used to obtain
structural information of carbon materials. Usually, the Raman spectrum of a GO
film displays a D band at ~1,350 cm~! and a broad G band at ~1,580 cm~! [11].
The G peak is the characteristic of all sp>hybridized carbon networks, which origi-
nates from the first-order scattering from the doubly degenerate Ep, phonon modes
of graphite in the Brillouin zone center as well as bond stretching of sp” carbon
pairs in both rings and chains. Meanwhile, the D peak is due to the breathing mode
of aromatic rings [23], which comes from the structural imperfections created by
the attachment of oxygenated groups on the carbon basal plane [19]. Therefore,
the D-peak intensity is often used as a measure for the degree of disorder [24].
Generally, the integrated intensity ratio of the D- and G-bands (Ip/Ig) indicates the
oxidation degree and the size of sp? ring clusters in a sp*/sp> hybrid network of car-
bon atoms. Another peak around 2,680 cm ™1, usually called 2D peak, is the overtone
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Fig. 2.4 a FT-IR spectra of single-layer GO: annealing at 423 K and referenced to the bare
oxidized silicon substrate the spectrum (/); annealing to 448 K (2), referenced to spectrum (/);
annealing to 1,023 K (3), referenced to spectrum (2); full SiO; absorption of the oxide referenced
to H-terminated silica (4). Reprinted with permission from Ref. [15]. Copyright (2010) Nature
Publishing Group. b FT-IR spectra of GO with different degrees of oxidation from samples S-1
to S-6. Reprinted with permission from Ref. [18]. Copyright (2012) Elsevier Ltd.
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of the D peak, which reflects the number of graphene layers [25, 26]. The 2D peak
is attributed to double resonance transitions resulting in production of two phonons
with opposite momentum. Different from the D peak, which is only Raman active in
the presence of defects, the 2D peak is active even in the absence of any defects [27].

Figure 2.5 compares typical Raman spectra of GO, RGO and graphene, which
were recorded at an excitation wavelength of 532 nm [28]. Generally, the Raman
spectra of GO and RGO are very close to each other, both exhibiting the same D, G
and 2D peak positions. The only distinct difference is the Ip/Ig ratio since RGO usu-
ally has much lower oxidation degree than that of GO. Compared with graphene, the
prominent D peak along with weak and broad 2D peak are the main signs of GO due
to structural disorder [29]. Usually, the D peak is absent in graphene [30]. Meanwhile,
the mechanically exfoliated graphene has a much strong and sharp 2D peak.

Krishnamoorthy et al. [18] studied the Raman spectra of GO with different
degrees of oxidation. During oxidation of graphite, the G band is shifted from
1,570 cm™! (G band of graphite) towards a higher wavenumber (1,585 cm™!) and
the D band has higher intensity, which can attributed to the formation of defects
and disorder such as the presence of in-plane heteroatoms, grain boundaries, ali-
phatic chains, and so on. On the other hand, the intensity of the 2D band is dimin-
ished after oxidation. Moreover, a new band appears around 2,950 cm~!, which is
denoted as D 4+ G band. The reduction in the intensity of the 2D band is attributed
to breaking of stacking order associated with oxidation reaction.

2.2 Microscopic Characterization

2.2.1 TEM

TEM is a common microscopic technique to feature the atomic structures of
nanomaterials. By means of TEM, one can directly image the lattice atoms and
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Fig. 2.6 a TEM image of a single GO sheet on a lacey carbon support and b its SAED of the
center of the region. Reprinted with permission from Ref. [34]. Copyright (2009) American
Chemical Society. ¢ Aberration-corrected TEM image of a single sheet of suspended GO with
a scale bar of 2 nm. Expansion (A) shows, from left to right, a 1 nm? enlarged oxidized region
of the GO, then a proposed possible atomic structure of this region with carbon atoms in gray
and oxygen atoms in red, and finally the average of a simulated TEM image of the proposed
structure. Expansion (B) focuses on the white spot on the graphitic region, which moves along
the graphitic region. Expansion (C) shows a 1 nm? graphitic portion from the planewave recon-
struction of a focal series of GO and the atomic structure of this region. Reprinted with permis-
sion from Ref. [32]. Copyright (2010) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
d TEM images of extended topological defects and deformations in RGO, including pentagons,
heptagons, distortions and strain in the surrounding lattice. Carbon pentagons, hexagons, and
heptagons are indicated in magenta, blue, and green, respectively. The red dashed lines denote
directions with strong deformations in the lattice. A relaxed structural model similar to the
observed configuration is shown in inset. Reprinted with permission from Ref. [31]. Copyright
(2010) American Chemical Society

topological defects in GO [21, 31-33], which is of significant importance to
explore their atomic structure. A typical TEM image of a GO monolayer shown in
Fig. 2.6a indicates it is highly electron transparent even in comparison to the thin-
film carbon support [34]. A selected area electron diffraction (SAED) pattern from
the monolayer region of the GO film is shown in Fig. 2.6b. It should be noticed
that clear diffraction spots are observed, indicating that the crystalline order of the
original graphene lattice is preserved. Meanwhile, for GO samples with different
oxidation degrees, their TEM images show different transparencies because of
different number of layers in the stacked structure of GO [18]. At lower oxida-
tion degree, the samples contain less oxygenated functional groups which limits
them in terms of exfoliation into monolayers or few layers after the exfoliation
process. With increasing the oxidation level, GO samples become highly transpar-
ent since the samples possess high amounts of oxygenated functional groups and
can be easily exfoliated into monolayers or just a few layers of GO after ultrasonic
treatment.
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High-resolution TEM (HRTEM) is able to directly image the honeycomb lattice
along with structural disorder in GO. Using HRTEM, Erickson et al. [32] dem-
onstrated that the specific atomistic features of GO shows three major regions,
which are holes, graphitic regions, and highly contrast disordered regions with
approximate area percentages of 2, 16, and 82 %, respectively (Fig. 2.6¢c). It is
proposed that the holes in GO are formed by releasing CO and CO, during the
aggressive oxidation and sheet exfoliation. The graphitic regions are resulted from
incomplete oxidation of the basal plane, which preserves the honeycomb structure
of graphene. Meanwhile, the disordered regions of the basal plane are originated
from abundant oxygen-containing groups aggregated in these regions, including
hydroxyls, epoxies, and carbonyls. Gémez-Navarro et al. [31] further unraveled
the topological defects in GO using aberration-corrected HRTEM. They pointed
out the dominant clustered pentagons and heptagons, as well as the existence of
in-plane distortions and strain in the surrounding lattice of GO, as displayed in
Fig. 2.6d.

222 STM

Another useful microscopic technique is STM. Previously, several groups have uti-
lized STM to study the surface of GO and observed highly defective regions [35—
39]. According to Gémez-Navarro et al.’s measurement [35], pristine graphene and
oxidized regions are distinguishable through the bright spots as shown in Fig. 2.7a,
where the oxidized regions are marked by green contours. By estimating the
ratio of oxidized regions, the degree of functionalization can be obtained. Then,
Kudin et al. [36] compared the STM images of highly oriented pyrolytic graphite
(HOPG) and GO, as depicted in Fig. 2.7b. The STM image of HOPG is presented
in the inset at the left bottom of Fig. 2.7b, which is in a highly crystalline order. In
contrast, the STM image of GO appears rough, featuring a peak-to-peak topogra-
phy of 1 nm. This roughness is caused by functional groups and defects. Fourier
transformation of the STM image (inset at the right top of Fig. 2.7b) shows a clear
signature of a graphitic backbone where the hexagonal symmetry is highlighted
by manually added lines. This indicates reemergence of graphitic order during the
reduction process.

Pandey et al. [38] also examined the oxidized regions of GO and surprisingly
observed a periodic arrangement of oxygen atoms, which spanned over a few
nanometers, as shown in Fig. 2.7c. This periodic arrangement can be understood
by a structural model illustrated in Fig. 2.7d, where oxygen atoms are arranged
in a rectangular lattice, suggesting a series of epoxy groups are presented in
strips.

In addition, through the STM images, Dogan et al. [39] shows the defects of
vacancies and adatoms in the electrochemically reduced GO. Particularly, from
the atomically resolved STM images obtained at different parts of the same
reduced GO sample, they observed a moiré pattern, where the GO sample exhibits
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Fig. 2.7 a STM image of a GO monolayer on a HOPG substrate, taken under ambient condi-
tions. Oxidized regions are marked by green contours. Reprinted with permission from Ref. [35].
Copyright (2007) American Chemical Society. b STM image of a GO monolayer on a HOPG
substrate and its Fourier transform (inset at top right). Reprinted with permission from Ref. [36].
Copyright (2008) American Chemical Society. ¢ High-resolution STM image of the oxidized
regions of GO revealing a rectangular lattice of oxygen atoms. d A structural model of GO to
show the case of (¢). Reprinted with permission from Ref. [38]. Copyright (2008) Elsevier B.V.
e An atomically resolved STM image of the electrochemically reduced GO film showing a Moiré
pattern with a periodicity of around 1.45 nm, where the lower part of the figure shows the height
profiles taken along the black line. Reprinted with permission from Ref. [39]. Copyright (2013)
Elsevier B.V.

a hexagonal lattice with an average periodicity of about ~1.45 nm, as presented
in Fig. 2.7e. This hexagonal moiré structures originate from the lattice mismatch
between the graphene and the surface of hexagonally close-packed (hcp) Au solid,
which leads to incommensurate structures.

2.2.3 Other Microscopic Tools and Combined Techniques

Besides TEM and STM, other microscopic means are also helpful to reveal the
atomistic structures of GO. For example, AFM directly gives the apparent thick-
ness as well as the number of layers of GO [6, 35, 37, 38]. Generally, analysis of
a larger number of AFM images reveals that GO sheets have lateral dimensions
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Fig. 2.8 a AFM image of a GO monolayer deposited on a SiO, substrate, showing a back-
folded edge; b AFM section profiles along the three different lines in panel (a), revealing mono-,
bi-, and tri-layer structures, respectively. Reprinted with permission from Ref. [35]. Copyright
(2007) American Chemical Society. AFM nanolithography of GO sample into square arrays
(c) and linear arrays (d). Reprinted with permission from Ref. [41]. Copyright (2010) AIP
Publishing LLC

of 100-5,000 nm and heights in the range of 1.1-15 nm. Approximately 80 % of
the GO sheets displayed a height of 1.1 + 0.2 nm. Figure 2.8a displays an AFM
image of a GO sheet whose upper right edge is double-folded onto itself, as can
be concluded from the cross-sectional profiles depicted in Fig. 2.8b. Meanwhile,
AFM can be utilized for nanolithography [40-42], where GO samples can be
etched into different shapes, such as squares, ribbons, quantum dots, as shown in
Fig. 2.8c—d.

In addition, using high-resolution annular dark field (ADF) imaging in a
STEM instrument, Mkhoyan et al. [43] investigated the oxygen distribution on a
GO monolayer. Their results indicated that the degree of oxidation fluctuates at
nanometer scale, suggesting the presence of sp> and sp? carbon clusters of a few
nanometers. Employing STEM combined with electron energy loss spectroscopy
(EELS), they were then able to measure the fine structure of the carbon, oxygen
K-edges, and low-loss electronic excitations in GO [43]. They found that the oxy-
gen atoms are randomly attached to the graphene sites, converting the sp> carbon
in graphene to sp> hybridization.

Also employing the STEM, Zhu et al. [44] analyzed structural changes of GO
nanoribbons during thermal annealing, as shown in Fig. 2.9. Usually, the chemical
changes of GO nanoribbons are directly related to the planarity and the sp>-carbon
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Fig. 2.9 STEM images of the non-annealed GO nanoribbons (a—e) and GO nanoribbons
annealed at 200 °C for 10 min (f-i). a Bright field (BF) and b high-angle annular dark-field
(HAADF) STEM image of GO nanoribbons with graphene regions shown in blue. ¢ HAADF
STEM image of a monolayer graphene region (same area as the center in b). d High-resolution
image of monolayer graphene with an oxygen functional group on the basal surface after apply-
ing a filter of the raw HAADF STEM image. e HAADF STEM image of the same region shown
in (d) with an overlay structure sketch. f BF STEM image of annealed GO nanoribbons with
stacked graphene layers. g BF STEM image and h HAADF STEM image of annealed GO nanor-
ibbons with graphene regions shown in blue. i HAADF STEM image of annealed GONRs with
holes. Reprinted with permission from Ref. [44]. Copyright (2012) American Chemical Society

structures. As shown in Fig. 2.9a—e, in the non-annealed samples, nanoscale regions
of monolayer graphene are observed, where the region sizes typically range from 1
to 2 nm. But in some directions it can be as long as 3—-5 nm, as shown in Fig. 2.9a, b.
However, the majority of the film is functionalized with oxygen-containing groups,
as indicated in Fig. 2.9d, e. Meanwhile, the graphitic regions are small and isolated
in a non-annealed sample. During thermal annealing, the structure of GO sample
changes, even forming some holes, as indicated by the black regions in Fig. 2.9h, i.
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