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ABSTRACT: Graphene oxide nanoribbons (GONRs) are
wide bandgap semiconductors that can be reduced to metallic
graphene nanoribbons. The transformation of GONRs from
their semiconductive to the metallic state by annealing has
attracted significant interest due to its simplicity. However, the
detailed process by which GONRs transform from wide-
bandgap semiconductors to semimetals with a near zero
bandgap is unclear. As a result, precise control of the bandgap
between these two states is not currently achievable. Here, we quantitatively examine the removal of oxygen-containing groups
and changes in the bandgap during thermal annealing of GONRs. X-ray photoelectron spectroscopy measurements show the
progressive removal of oxygen-containing functional groups. Aberration-corrected scanning transmission electron microscopy
reveals that initially small graphene regions in GONRs become large stacked graphitic layers during thermal annealing. These
structural and chemical changes are correlated with progressive changes in the electrochemical bandgap, monitored by cyclic
voltammetry. These results show that small changes in the thermal annealing temperature result in significant changes to the
bandgap and chemical composition of GONRs and provide a straightforward method for tuning the bandgap in oxidized
graphene structures.

■ INTRODUCTION
Graphene nanoribbons (GNRs) are narrow, elongated strips of
graphene with a bandgap dependent on their widths. As the
GNR width increases, the bandgap decreases, and GNRs evolve
from a semiconductor to a semi-metal. Narrow GNRs (width
<10 nm) can have band gaps that are affected by edge
configurations; however, such narrow structures are not
considered here.1−11 Various techniques have been proposed
for generating ribbon-like graphene with a substantial
bandgap,12−15 but no method exists for producing bulk
quantities of semiconductive GNRs. By contrast, graphene
oxide nanoribbons (GONRs) can be produced through the
longitudinal unzipping of carbon nanotubes, a scalable,
solution-based synthetic procedure.8,10 The resulting GONRs
have large bandgaps (∼4 eV)16−20 due to the distorted
structures originating from oxygen-containing substituents;
however, by chemical reduction or thermal annealing, oxygen-
containing functional groups can be removed, transforming
semiconductive GONRs to semimetallic GNRs. GONRs and
their reduced products are therefore attractive materials for
flexible thin film electronics due to their adjustable bandgap and
scalable preparation methods.7,11 Access to a solution-

processable form of graphene with a tunable bandgap would
be of particular interest for numerous applications including
organic photovoltaics, transistors, and sensors.
The bandgap of GONRs progressively decreases from 2 to 4

eV to nearly 0 eV under thermal annealing or chemical
reduction.8,10,17,18,21−24 Semiconductive states of GONRs23,24

and semimetallic states of reduced GONRs8,10 have also been
reported. Nevertheless, the process by which GONRs trans-
form between two extreme states has not been detailed, which
makes accurate control of the bandgap difficult and limits their
applications. Furthermore, detailing the changes of GONR
under thermal annealing may provide clues for understanding
the large differences among reported bandgaps of graphene
oxide (GO, a GONR analogue with an aspect ratio
∼1).16−18,21,22,25−28 Here, we systematically investigate the
structural, chemical, and electronic changes of thermally
annealed GONRs using a combination of X-ray photoelectron
spectroscopy (XPS), cyclic voltammetry (CV), and aberration-
corrected scanning transmission electron microscopy (STEM).
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XPS reveals the progressive removal of oxygen-containing
functionalities during thermal annealing. The CV29,30 of
thermally annealed GONRs provides a measure of the
electrochemical bandgap, and we find that GONRs remain
semiconductive at low annealing temperatures but transition to
semimetals at higher annealing temperatures, consistent with
the XPS results. STEM provides direct evidence for the growth
of graphene regions in the annealed GONRs from initially
isolated graphene islands. Taken together, these results show
that small changes in the thermal annealing temperature result
in significant changes to the bandgap and chemical composition
of GONRs and provide a straightforward method for tuning the
bandgap in oxidized graphene structures.

■ EXPERIMENTAL SECTION
GONRs were prepared by using the previously reported carbon
nanotube unzipping technique where multiwalled carbon nanotubes
were treated with potassium permanganate in acid.8,10 The GONRs
were dispersed in water to form a solution with a concentration of 0.1
mg/mL. The thin film samples were prepared by drop-casting the
GONR solutions onto various substrates. The cast films were air-dried
and kept in a desicator in a glovebox overnight. Thermal annealing was
carried out using a preheated digital hot plate in the glovebox. The
annealing time was 10 min for all samples, which ensures that the films
reached the specified annealing temperatures. Specifically, the
annealing temperatures tested included 125 and 150 °C, and then
temperatures from 150 to 200 °C in 5 °C increments.
XPS was carried out on a PHI Quantera SXM Scanning X-ray

Microprobe with a base pressure of 5 × 10−9 Torr. As an X-ray source,
an Al cathode at 40 W was used with a pass energy of 26.00 eV, 45°
takeoff angle, and a 200 μm beam size. Low-resolution survey scans as
well as high-resolution scans of C and O were taken. C1s spectra were
shifted to standard positions (284.5 eV).
The XPS program Multipak v9.0 from ULVAC-PHI, Inc. was used

for fitting. The initial chemical shifts of the C−C bond, C−OH bond,
epoxide, CO bond, and O−CO bond were set to 284.5, 285.75,
286.6, 287.3, and 288.5 eV, respectively. A tolerance of ±0.1 eV
(±0.25 eV for the C−OH bond) shift from the initial peak position
was allowed during the fitting. The full-width half-maximum (fwhm)

of all five peaks were kept within a difference of 0.3 eV during fitting.
The fitting was carried out by a Lorentz−Gauss algorithm.

For CV experiments, thin films of the annealed GONRs were
prepared on a gold electrode and cycled in degassed, anhydrous
acetonitrile containing 0.1 M tetrabutylammonium hexafluorophos-
phate as the electrolyte. The counter and reference electrodes were
platinum. The voltage data were corrected using ferrocene; the scan
rate was 100 mV/s, and the temperature was 20 °C. For each
annealing temperature, 3−5 samples were measured. The oxidation
and reduction cycles were performed with fresh films and fresh
electrolyte, which avoids conflation of the results due to the
irreversible change of the GONRs after the redox cycles. The
oxidation onset potential and reduction onset potential were recorded,
which were then used to calculate the energies of highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the GONRs. The bandgaps of the GONRs at different
annealing temperatures were calculated using the HOMO and LUMO
information.

Atomic resolution STEM images were taken using a JEOL
ARM200F operated at 80 kV equipped with spherical aberration
probe corrector. The sample was prepared by drop-casting a GONRs
solution on a QUANTIFOIL substrate having orthogonal array of 1.2-
μm diameter holes with ∼1.3-μm separation and mounted on a 200-
mesh gold grid. The samples were dried in vacuum for 24 h before use.
Only the sample without annealing and the sample annealed at 200 °C
were studied by STEM. Annealing was carried out in a glovebox, and
the TEM grid with the drop-casted GONR samples was baked at 200
°C for 10 min. Then the samples were transferred to the STEM
chamber and were beam-showered for 10 min to decrease the charging
effect.

■ RESULTS AND DISCUSSION
XPS measurements provided information on chemical changes
occurring in GONR films during annealing. GONRs were drop-
casted in aqueous solution onto a silicon substrate (p-Si
substrates with 500 nm thermal oxide) and thermally annealed
using a hot-plate in a glovebox at temperatures ranging from
125 up to 200 °C. High-resolution XPS C1s and O1s spectra
were collected, and the ratio of the two elements was
calculated. The XPS results are shown in Figure 1 and

Figure 1. XPS data on the evolution of carbon and oxygen content in GONR during annealing. (a) Carbon and oxygen concentrations in GONRs.
The survey scan of the XPS shows carbon and oxygen are the major content in all GONR films. The concentration of the two elements are
calculated on the basis of the high-resolution XPS scan of carbon C1s signal and oxygen C1s signal. (b) XPS area percentage change of oxygen-
containing groups based on the peak fitting results. (c−e) Fitting results of high-resolution XPS C1s signals for GONRs films annealed at 125, 165,
and 200 °C, respectively.
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Figure 2. Cyclic voltammetry of GONRs films. (a) Blank test using a gold working electrode with no GONR film on it. (b) CV of a nonannealed
GONR film. (c−n) CV of GONR films annealed at the indicated temperature. CV measurements were carried out in degassed, anhydrous
acetonitrile containing 0.1 M tetrabutylammonium hexafluorophosphate as the electrolyte. Counter and reference electrodes are platinum. The
working electrode is gold. The scan rate is 100 mV/s at a temperature of 20 °C. The oxidation and reduction cycle are performed separately with
fresh film and electrolyte. The experiments are carried out with reverse scans for both oxidation and reduction processes, but only forward scans of
oxidation and reduction are presented for clarity. The oxidation and reduction onset potentials are deduced from the forward scans. All potentials are
calibrated using a ferrocene standard.
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Supporting Information Figure S1−S2. With increasing
annealing temperatures, XPS measurements show a decreasing
content of oxygen along with an increase in the content of
carbon (Figure 1a). Interestingly, the oxygen concentration is
roughly a constant at annealing temperatures between 160 and
175 °C.
To determine the functional groups present in the thermally

annealed GONR samples, XPS C1s spectra were fit to a
Lorentz−Gauss algorithm for various chemical functionalities:
C−C bond, C−OH bond (hydroxyl), C−O−C (epoxide), C
O bond (carbonyl), and O−CO bond (carboxylic acid)
.8,10,18,21,25−27,31 Shifting the C−C bond signal of all the C1s
spectra to 284.5 eV (aromatic) enables quantitative comparison
between the various C1s spectra. Note that the XPS binding
energy for C−C bonds may be shifted to different values in the
literature; however, the relative shift in the binding energy of
various carbon−oxygen functionalities is nearly constant in
most examples. On the basis of previous reports,10,32 we adopt
the following chemical shifts relative to C−C bonds: 1.0−1.5
eV for C−OH bond, 2.0−2.2 eV for epoxide, 2.7−2.9 eV for
CO bond and 3.9−4.1 eV for O−CO bond. The signals at
284.5, 285.5−286, 286.5−286.7, 287.2−287.4, and 288.4−
288.6 eV are therefore assigned to the C−C bond, C−OH
bond, C−O−C bond, CO bond, and O−CO bond,
respectively. In the fitting program, the chemical shifts of
various carbon bonds were set to the middle value of the above
range and the range restriction for each bond was applied
during the fitting. The fwhm’s of all five peaks were also kept
within a difference of 0.3 eV during fitting. More detailed
information on the fitting procedure is provided in the
Experimental Section. Fitting results are shown in Figure 1c−
e for annealing at 125, 165, and 200 °C, respectively (additional
annealing temperatures are provided in the Supporting
Information Figure S1). The model provides a good match
to the original spectra, and the fwhm for different carbon bond
signals are similar, indicating the physical existence of all
proposed carbon bonds.
The evolution of oxygen-containing groups is qualitatively

presented in Figure 1b and Figure S2 in Supporting
Information. The results indicate that epoxide functionalities
represent the majority of oxygen-containing groups on as-
prepared GONRs and that the concentration of epoxides
progressively decreases with increasing annealing temperature.
In contrast, the concentration of hydroxyl functionalities
increases during annealing, and the carbonyl group content
increases with annealing over a temperature range from 125 to
160 °C, and then remains unchanged between 160 and 175 °C,
and then sharply decreases for annealing temperatures greater
than 180 °C. These trends can be explained by the different
stabilities of the various functional groups. The epoxide groups
are least stable and continuously decrease with increasing
annealing temperature, and the broad range over which epoxide
functionalities are lost may reflect the presence of different
chemical environments around the epoxide groups. The
increase in hydroxyl groups at low annealing temperatures
reflects the partial decomposition of epoxide groups to produce
hydroxyl groups. This hypothesis is consistent with the
observed two-step increase in the hydroxyl group content
coincident with a decrease of epoxide groups (Figure 1b). In
the case of carbonyl groups, the initial increase may be due to
the decomposition of epoxide groups. From 160 and 175 °C,
the carbonyl group content remains unchanged, similar to
epoxide group and hydroxyl group contents. The decrease of

the carbonyl group content at temperatures higher than 180 °C
indicates decomposition of the carbonoxygen double bond.
Finally, due to the stability of carboxylic acid groups, their
content is almost unchanged during the annealing. Overall, XPS
indicates a loss of oxygen-containing groups during thermal
annealing, which can be correlated to a more planar graphene
structure with greater sp2-carbon character. This is confirmed
by the smaller fwhm of the C−C bond from Figure 1c to 1e.
As-prepared GONRs are highly oxidized and contain various

oxygen functionalities on the edge and basal surface of the
ribbons.8,10 These attached functional groups are known to
distort the planar structure of graphene, resulting in a bandgap
greater than 3 eV. As the oxygen functionalities are removed,
the bandgap should decrease due to a more planar graphene
structure. To investigate changes in the electronic bandgap, CV
measurements were carried out on thermally annealed samples.
The GONR films were cast on gold electrodes and annealed at
different temperatures (Figure 2) for 10 min. For clarity, only
forward scans are presented in Figure 2. For each measurement,
the onset potential can be determined from the intersection of
two tangents drawn at the rising and background current of the
CV, as listed in Table 1.

Nonannealed GONR films show a reduction peak around
−2.9 V, but the oxidation peak is out of the measurable range.
Based on the onset potentials for oxidation and reduction, 1.27
V and −2.46 V, respectively, the bandgap for nonannealed
GONRs is 3.7 eV, similar to the reported bandgap of GO.17,33

CV measurements show that the bandgap decreases to ∼1 eV
as the annealing temperature is increased from room
temperature to 160 °C (Table 1). Furthermore, annealing at
temperatures from 160 to 175 °C does not further decrease the
bandgap. Surprisingly, at annealing temperatures above 180 °C,
CV measurements show an increase in the bandgap. This is
unexpected since progressive removal of oxygen containing
functionalities should result in a further bandgap decrease,
which is caused by the increase of sp2 carbon structure size on
the GONRs. However, this may be attributed to the emergence

Table 1. Onset Potentials and Bandgap Information of
GONRs Film Based on CV Experiments

annealing
temperature

(°C)
oxidation
onset (V)

reduction
onset (V)

HOMO
(eV)a

LUMO
(eV)a

bandgap
(eV)

25 1.27 −2.46 −6.07 −2.34 3.73
125 0.96 −2.45 −5.76 −2.35 3.41
150 0.75 −0.76 −5.55 −4.04 1.51
155 0.96 −0.24 −5.76 −4.56 1.18
160 0.68 −0.15 −5.48 −4.65 0.83
165 0.84 −0.24 −5.64 −4.56 1.08
170 0.64 −0.41 −5.44 −4.39 1.05
175 0.88 −0.18 −5.68 −4.62 1.06
180 1.19 −0.40 −5.99 −4.40 1.59b

185 1.16 −0.70 −5.96 −4.10 1.89b

190 1.16 −0.76 −5.96 −4.04 1.92b

195 1.18 −0.99 −5.98 −3.81 2.17b

200 1.34 −0.76 −6.14 −4.04 2.10b

aThe HOMO−LUMO gaps were calculated according to the
equation: −ELUMO = Eonset(red) + 4.8 eV and −EHOMO = Eonset(ox) +
4.8 eV, where Eonset(ox) and Eonset(red) are the onset potentials for the
oxidation and reduction processes, respectively, of GONRs films vs
ferrocene/ferrocene+. bContains a mixture of semiconductive and
semimetallic domains
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of continuous metallic regions in the GONR film, which is
further confirmed by STEM experiments as discussed below. As
the GONRs change to a mixture of both semiconductive and
metallic regions, the CV-measured electrochemical bandgap
may experience a nonmonotonic change since the CV
measurements only reflect electrochemical properties of the
semiconductive GONR regions. The metallic regions act as
electrodes and are not reflected in the bandgap measurement.
Similar phenomena have been observed in CV measurements
of carbon nanotubes, which contain both semiconductive and
metallic nanotubes.29 In Table 1, we designate by an asterisk
those samples which exhibit an increased bandgap at high
annealing temperatures and which we infer to contain a mixture
of semiconductive and semimetallic domains.
By comparing CV and XPS results, we can correlate bandgap

changes to cleavage of different chemical functionalities. During
the first annealing phase, from 125 to 160 °C, the most easily
cleaved groups (epoxide) are removed, and the bandgap of the
GONRs decreases monotonically with temperature due to the
regeneration of the sp2-carbon structure of graphene. From 165
to 175 °C, no significant chemical changes occur, and therefore

the bandgap of the annealed GONRs remains nearly
unchanged. When the annealing temperature is above 180
°C, there is a further loss of functional groups, and this leads to
the emergence of metallic graphene regions with extended sp2-
carbon structure. There is still a significant amount of oxygen in
the material at this stage (oxygen concentration ∼20%), and
therefore the material becomes a mixture of metallic graphene
and semiconductive oxygen-containing (mostly hydroxyl and
carboxylic acid groups) functionalized regions.
The chemical changes described above are directly related to

the GONR planarity and sp2-carbon structure of GONRs which
can be directly imaged by STEM. Only nonannealed GONR
samples and samples annealed at 200 °C for 10 min were
investigated by STEM. The use of an aberration-corrector
enables the identification of atomic structure of GONRs. In the
nonannealed samples (Figure 3a−e), nanoscale regions of
monolayer graphene are observed. The sizes of the graphene
regions are typically in the range of 1−2 nm, while in some
directions it can be as long as 3−5 nm, as shown in a and b of
Figure 3 (more STEM images are shown in Supporting
Information Figures S3 and S4). However, the majority of the

Figure 3. STEM images of the GONRs ribbons. (a−e) Nonannealed GONRs and (f−i) GONRs annealed at 200 °C for 10 min. (a) Bright field
(BF) STEM image of GONRs ribbons with graphene regions shown in blue. (b) High-angle annular dark-field (HAADF) STEM image of GONRs
ribbons with graphene regions shown in blue. (c) HAADF STEM image of a monolayer graphene region (same area as the center in Figure 3b). (d)
High-resolution image of monolayer graphene with an oxygen functional group on the basal surface after applying a filter (upper-right inset) to the
FFT of the raw HAADF STEM image. (e) HAADF STEM image of the same region shown in Figure 3d with an overlay structure sketch. (f) BF
STEM image of annealed GONRs with stacked graphene layers. (g) BF STEM image of annealed GONRs with graphene regions shown in blue. (h)
HAADF STEM image of annealed GONRs graphene regions shown in blue. (i) HAADF STEM image of annealed GONRs with holes. A band-pass
filter was applied in (a−c) and (g−i) to decrease the noise.34.
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film is functionalized with oxygen-containing groups, as
indicated by the nonstained regions in Figure 3a,b, where
they are sp3-carbon rich. This indicates that graphitic regions
are small and isolated in a nonannealed sample, as expected
from the large bandgap (>3 eV) measured by CV.
The use of an aberration-corrector gives atomic detail of

GONRs, and a single oxygen-containing functionality can be
identified in a nanoscale region of graphene (d and e of Figure
3). Figure 3e shows the sketch based on the contrast-enhanced
high-resolution HAADF STEM image. The position of the
defect suggests the presence of an epoxy group; such groups are
abundant on the nonannealed ribbon basal planes. The results
agree well with the previous TEM simulations showing an
epoxy group bridging the adjacent carbon atoms on a ring.35

Additional images are shown in Supporting Information Figures
S3 and S4.
After the sample was annealed at 200 °C for 10 min, STEM

reveals regions of multilayer stacked graphene instead of the
monolayer graphene originally seen before annealing (Figure
3f−i). As shown in image f of Figure 3, 4 to 5 graphene layers
are stacked. Bright field image g in Figure 3 and dark field
images h and i in Figure 3 show that there is no clear single-
layer graphene region. The stacking of the graphene sheets
suggests that out-of-plane functional groups are removed with
annealing. Although the oxygen-containing functional groups
are still present (the bright area in images h and i of Figure 3),
the previously isolated graphitic regions on GONRs have been
merged, as indicated by the blue-stained regions. With the
likelihood of conductive paths between layers, annealed
GONRs structures in f−i of Figure 3 can be estimated to
have graphene/graphite regions greater than 10 nm in size. On
the basis of the previous experimental and theoretical
work,5,6,19,20,36 the quantum confinement-induced bandgaps
of graphene are found to be observable only when the size of
the sp2-carbon structure is small. The sp2-carbon structure
observed in Figure 3f−i (over 10 nm and multilayer stacked) is
large, and the material should have small bandgaps (<100 meV
or near 0 eV). These STEM measurements provide direct
evidence that thermal annealing results in the emergence of
metallic regions, and that the final GONR films contain a
mixture of both semiconductive and semimetallic regions.

■ CONCLUSIONS
The combination of XPS, CV, and STEM analysis of annealed
GONR provides a comprehensive picture of the evolution from
the semiconductive to the semimetallic state. Semiconductive
GONRs have large bandgap (>3 eV) and isolated sp2-carbon
structures smaller than 5 nm. Annealing at a relative low
temperature (160−175 °C) leads to the decomposition of
some epoxide groups, and the bandgap of GONRs decreases to
about 1 eV. Annealing at higher temperatures (over 175 °C)
results in the decomposition of more oxygen-containing groups
(epoxide and carbonyl groups), which leads to the formation of
semimetallic regions on GONRs film. The film becomes a
mixture of semiconductive and semimetallic materials. Our
observations indicate that the bandgap of GONR is very
sensitive to the annealing conditions. Even at the relative mild
annealing temperatures tested in this work (up to 200 °C), the
ribbons contain a mixture of semiconductive and semimetallic
regions. These results indicate that various processing
conditions such as the baking temperature may have a dramatic
effect on the bandgap and provide a possible explanation for the
low bandgap (as low as 10−50 meV) observed in some GO

based thin-film devices,16 similar to that of fully annealed
GONR devices (bandgap ∼50 meV).6
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