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ABSTRACT: Infrared spectroscopy in combination with density functional theory calculations has been widely used to
characterize the structure of graphene oxide and its reduced forms. Yet, the synergistic effects of different functional groups,
lattice defects, and edges on the vibrational spectra are not well understood. Here, we report first-principles calculations of the
infrared spectra of graphene oxide performed on realistic, thermally equilibrated, structural models that incorporate lattice
vacancies and edges along with various oxygen-containing functional groups. Models including adsorbed water are examined as
well. Our results show that lattice vacancies lead to important blue and red shifts in the OH stretching and bending bands,
respectively, whereas the presence of adsorbed water leaves these shifts largely unaffected. We also find unique infrared features
for edge carboxyls resulting from interactions with both nearby functional groups and the graphene lattice. Comparison of the
computed vibrational properties to our experiments clarifies the origin of several observed features and provides evidence that
defects and edges are essential for characterizing and interpreting the infrared spectrum of graphene oxide.

■ INTRODUCTION

Graphene oxide and its reduced forms have attracted significant
attention in recent years. Graphene oxide, with a carbon-to-
oxygen atomic ratio (C/O) of around 2,1,2 was first studied by
Hwa et al. in 1991 as a two-dimensional macromolecule.3 Fully
oxidized graphene can reach a C/O of ∼ 1.3.4,5 While the high
oxygen content makes graphene oxide an insulator, it can be
converted to an electrically conducting state by increasing its
C/O above ∼ 66 using thermal6−10 or chemical11,12 reduction
methods. Reduced graphene oxides, which we refer to as
functionalized graphene sheets (FGSs),6,9 have demonstrated
promising performance in many applications, including fuel
cells,13,14 propellants,15,16 structural composites,17−19 super-
capacitors,13,20 batteries,21−23 electrochemical sensors,24−26 and
dye-sensitized solar cells.27,28

The increasing interest and application of FGSs spurred the
development of a process now used for the large-volume
fabrication of FGSs.29 Briefly, the process involves three steps:
(i) producing graphite oxide (GO) by oxidizing graphite,
(ii) thermally exfoliating and partially reducing the GO to form
the FGSs, and (iii) additional thermal reduction of the FGS to

set the C/O.6,9,29 For example, to fabricate FGS with a C/O
near 100, GO is produced using a modified Hummers
method,11 which is then simultaneously exfoliated and reduced
to form FGSs with C/O near 10.6,7,9 The targeted C/O of 100
is achieved by thermally reducing the FGS at 1100 °C under
argon for 1 h.8 In Figure 1, we show the spectra from diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
performed on GO and heat-treated FGS prepared in the
described manner.
Models of the structure of graphene oxide based on density

functional theory (DFT)6,9,30−40 have been used to generate
tables of functional group IR absorption band assignments for
graphene oxide and its derivatives (see Tables S1 and S2,
Supporting Information). Using the tabulated values, band
assignments for the GO and FGS shown in Figure 1 can be
made as follows: The strong band near 1740 cm−1 is assigned
to CO, with possible contributions from acid anhydrides or
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quinones.9,13,14,18,24 The weak band at 1612 cm−1, a feature
occasionally attributed to cyclic ethers,33 is more often assigned
to O−H bending in water molecules physisorbed on the GO,41

the presence of which has also been used to explain perceived
shifts in other functional group absorptions.29,41−44 A band at
1580 cm−1 is attributed to CC stretches in aromatic regions
of the carbon network.6,9,13,14,18,23 The presence of water9,18 in
the hygroscopic GO42 is much more apparent as the intense
absorption at 3432 cm−1, with the weak shoulder at 3618 cm−1

taken as evidence of carboxyl groups.9,5,18,31,43−45 Hydroxide
groups (C−OH) on the GO are indicated by the band centered
at 1359 cm−1.
After thermal reduction at 1100 °C under argon, the FGS

spectrum shown in Figure 1 exhibits a sharp, intense absorption
at 1611 cm−1, possibly indicating the presence of small amounts
of physisorbed water between the aggregated sheets of the
sample.42 The CC aromatic band at 1583 cm−1 remains. A
broad band between 2800 and 3000 cm−1 becomes visible in
the spectrum of the heated FGS which does not appear to be
related to the spectrum of an isolated sheet. Rather, in studies
on similar materials this feature has been attributed to the
presence of dimeric carboxylates46 and associated with
interactions between the edges of neighboring graphene oxide
sheets. These interactions can be caused by the aggregation of
sheets when deposited on the DRIFTS sampling substrate.47,48

The carbonyl band at 1728 cm−1 is almost undetectable in the
heated FGS, indicating the loss of carbonyls during high-
temperature thermal reduction. The C−OH band (1359 cm−1)
in the GO spectrum is not visible in the FGS spectrum, but two
new bands at 1512 and 1452 cm−1 appear in the spectrum of
the FGS. If due to hydroxide groups on the FGS, these are
shifted from the tabulated positions, and their presence is

unexpected based on previous descriptions of thermally
reduced graphene oxide.36 In the high-frequency part of the
spectrum, the band attributed to carboxyls at 3618 cm−1 in the
GO spectrum appears to have shifted to 3641 cm−1 in the FGS
spectrum. Merely extrapolating the assignment of these bands
and shifts from previously tabulated values does not explain the
apparent shifts and changes in relative intensities, increasing the
likelihood of incorrect identification and obscuring the effect of
thermally reducing GO to form FGS. Thus, as detailed below,
our goal has been to investigate the origin of these variations
between GO and FGS through DFT modeling.
As already mentioned, structural models based on DFT have

been widely used to obtain insights into the properties and
chemical compositions of graphene oxide and its reduced and
defective forms.6,9,30−40 The model structures are then linked
to experimental IR spectra by calculating the vibrational spectra
of the proposed functional groups.31−36 These IR calculations
typically involve small unit cells and simple cluster models, and
the investigated structures include selected functional groups
arranged singly or in groups in a fixed manner. In some studies
a uniform frequency correction, based on the calculated
frequency of vibration of a simple reference molecule,31,36 is
applied to the calculated frequencies that are used to support
the experimental band assignments. Problematically, these
cluster models do not account for the actual complexity of
graphene oxide composition6,9 and thus may not properly
describe the effective interactions between various functional
groups and lattice structure (defects and edges) that determine
the IR features observed in experiments. Because of the
variations in the graphene oxide composition and lattice
structure that arise from the different methods used to produce
GO and FGSs, more realistic models that integrate functional
groups on both sides of the carbon lattice and the lattice defects
(including vacancies and edges) are critical for the proper
interpretation of the experimental measurements.30,49−52

The work presented in this paper demonstrates that
experimental IR spectra can be described using first-principles
DFT calculations based on graphene oxide models that
incorporate oxygen-decorated vacancies and edges. A distinc-
tive feature of our models is that they are constructed using an
energetic step-by-step procedure and are further equilibrated
thermally by ab initio molecular dynamics (AIMD)53

simulations. With our modeling approach, we demonstrate
that the presence of lattice vacancies or edges intrinsically lead
to significant frequency shifts in the OH stretching and bending
bands, resulting in absorption bands whose frequencies cannot
be explained otherwise and to which no correction needs to be
applied. On the other hand, our results also indicate that these
frequency shifts are largely unaffected by the presence of water
molecules. We further show that carboxyl groups at the edges
of fully oxidized graphene contribute unique IR features in the
high-frequency OH stretching region, arising from the interplay
with neighboring functional groups and the carbon lattice.

■ METHODS
Experiment. The procedure for producing GO using a modified

Hummers method11 has been described previously.20 FGSs were
produced through the simultaneous thermal exfoliation and reduction
of graphite oxide as described previously.6,9,54 Both procedures are
summarized in the Supporting Information.

Fourier transform infrared (FTIR) spectra were collected using a
modified diffuse reflectance (DR) technique,55,56 in which the sample
(such as GO) was deposited from a suspension onto the surface of a
mirror. In a typical procedure, a few milligrams of GO powder were

Figure 1. A comparison of the DRIFTS of GO, produced via a
modified Hummers technique, to that of FGSs produced by exfoliation
(and partial reduction) of the GO and subsequently heated to 1100 °C
under argon to further reduce the oxygen content of the FGS to a C/
O ∼ 100 (see Methods). The subsequent thermal treatment was not at
sufficiently high temperature to lower the defect content through
annealing; instead, heating at 1100 °C increased the defect content of
the heated FGS over that of the GO.8 The scale of the FGS spectrum
has been multiplied by a factor of 100 to improve the visibility of the
bands for comparison to that of the GO, resulting in the higher noise
level in the FGS spectrum. The strong band between 2800 and 3000
cm−1 is related to the aggregation of the sheets on the DRIFTS sample
holder. The diffuse reflection spectra are shown in units of reflectance
after applying the Kubelka−Munk conversion.55
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added to a test tube containing ∼2 mL of carbon tetrachloride (Fisher
Scientific), shaken, and then agitated using a hand-held probe
sonicator (Branson SLPe, Fisher Scientific) for 5 min, all at room
temperature, to avoid intercalation or significant adsorption of the
CCl4.

57 An aliquot was removed using a Pasteur pipet and a few (3−4)
drops placed on a circular mirror 1 cm in diameter. The CCl4
evaporated under flowing nitrogen, leaving a thin layer of the sample
on the surface. The coated mirror was mounted in the sample holder
of a standard DRIFTS accessory (Collector, Barnes Spectra-Tech,
Stamford, CT) and placed into the sample chamber of an FTIR
spectrometer (Nexus 670 FTIR, Thermo Nicolet, Madison, WI)
equipped with a liquid nitrogen-cooled MCT/A detector. Spectra were
collected using a slow scan rate (0.16 cm·s−1) at 2 cm−1 resolution, and
the signal was averaged over 128 scans. No trace amounts of CCl4
were detectable in the sample after drying nor were the samples heated
(save for heating that occurs through sonication). Prior to taking the
spectra, the DRIFTS accessory was aligned for maximum signal
throughput using an uncoated mirror, which was used to provide the
background spectrum. Background and sample measurements were
taken only after the sample chamber was sufficiently purged using dry
nitrogen to reduce the levels of carbon dioxide and water vapor to
barely detectable concentrations in the sampling chamber. The
experimental samples were taken from powders dried from suspension
and then redispersed in solvent before depositing on the sample holder
to dry in place. This procedure resulted in samples composed of a
range of multilayer aggregates, varying in size and number of layers
and increasing interactions between sheets.
Computational Details. We performed DFT calculations using

the QUANTUM ESPRESSO simulation package.58 We employed the
gradient-corrected Perdew−Burke−Ernzerhof (PBE)59,60 functional
for the exchange and correlation energy, norm-conserving pseudopo-
tentials,61 and a plane wave basis set with kinetic energy cutoff of 80
Ry. AIMD simulations were carried out within the Car−Parrinello
framework53 and the NVT ensemble using a fictitious electron mass of
300 au and a time step of 3 au. A Nose−́Hoover thermostat was
chosen to control the ionic temperature with an oscillation frequency
of 40 THz.
Extended graphene oxide models were simulated using an

orthorhombic cell with a 7.77 × 8.78 Å in-plane unit cell and a 15
Å periodicity in the direction normal to the carbon plane in order to
minimize the interactions between repeated images. For finite
graphene oxide sheets, a 30 × 30 × 30 Å cubic cell was used to
make sure that no interactions were present between periodic replicas.
In all cases, only the Γ point was used to sample k space.
The atomic positions of graphene oxide models were relaxed until

the total energy change was less than 0.00014 eV per unit cell and all
components of forces were smaller than 0.0025 eV/Å. Vibrational
normal frequencies, ωi, and corresponding eigenvectors, {uI(ωi)},

62

were calculated by diagonalizing the matrix of the interatomic force
constants, which were computed as the second derivatives of the
system energy with respect to atomic positions via density functional
perturbation theory (DFPT).63 The intensities of IR-active modes
were calculated according to

∑ ∑ω ω= | * |
α β

αβ βI Z u( ) ( )
I

I IIR
2

where ω is the phonon frequency, α and β denote the Cartesian
components, ZI*

αβ is the Born effective charge tensor of the Ith ion,
and uI

α(ω) is the atomic displacement of the Ith ion in the normalized
eigenvector of the mode.63 Details on the calculation of the vibrational
density of states are given in the Supporting Information.

■ RESULTS AND DISCUSSION

As indicated in the descriptions of the spectra shown in Figure
1, the assignment and interpretation of IR spectral features of
graphene oxide and its reduced forms still remain somewhat
problematic despite the existence of extensive experimental and
computational results. IR spectral calculations done using more

sophisticated graphene oxide models that incorporate the
different structural features likely to be found on graphene
oxide are necessary. We address this by constructing energetic
models equilibrated through thermal reduction as described
below.

Theoretical Modeling. The computational graphene oxide
models used in this study are depicted in Figure 2a−e. An initial

graphene oxide structure, Figure 2a, was constructed by a
systematic step-by-step procedure in which hydroxyls and
epoxy groups were successively added in configurations that
minimized the total energy of the resulting structure.
Neighboring functional groups were generally adsorbed on
the different sides of the graphene oxide in order to minimize
the stress induced by the adsorption. This initial graphene oxide
model contains hydroxyl and epoxy groups on both sides of the
plane but no sp2 carbon bonds in the lattice, and the C/O is
∼ 1.4, indicating an almost fully oxidized graphene.
Starting from this structure, extended graphene oxide models

were generated by AIMD simulations in which the temperature
was gradually increased from 300 to 1200 K at a rate of 50 K
per 5 ps. Diffusion and, in some cases, desorption of the
functional groups (−OH) were observed during the heating
process. Molecular products released from the graphene oxide
were removed from the model, and the final structure was
further equilibrated at 300 K to confirm its stability. The
resulting model (Model I) is shown in Figure 2b. It consists of
a periodically repeated unit containing 24 C atoms with 2 C
C double bonds, 8 hydroxyl, and 5 epoxy groups (Figure 3)
with a C/O of 1.85.
Another extended graphene oxide model was generated with

the same protocol used for Model I but with one C atom
removed from the lattice. The resulting structure of graphene
oxide containing a monovacancy (Model II) is shown in Figure
2c. The unit cell contains 23 C atoms with 3 CC double
bonds, 8 hydroxyl, 4 epoxy, 1 ketone, and 1 ether groups

Figure 2. Atomic structures of graphene oxide models. Unit cells of
the extended graphene oxide models are displayed in the top panel:
(a) Initial graphene oxide with a C/O of ∼ 1.4; (b) extended graphene
oxide with no lattice defect (Model I); (c) extended graphene oxide
with monovacancy (Model II). The full extended graphene oxide
models are obtained by periodically repeating the unit cells (a−c). The
finite graphene oxide models are depicted in the bottom panel: (d)
finite graphene oxide with edges terminated with different functional
groups (Model III); (e) simplified version of Model III with fewer
functional groups at the edges and on the plane (Model IV).
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(Figure 3), corresponding to a C/O of 1.64 and a carbon
vacancy concentration of about 4%.
As synthesized, graphene oxide sheets are decorated with

oxygen-containing functional groups across the plane and on
the edges. Hence, we also prepared a finite graphene oxide
model by terminating a single unit cell of Model I with
hydroxyls, ketone, and carboxyl groups, H atoms, and one
lactone group (Figure 3), consistent with recent experimental
evidence suggesting that peripheral structures include lactone
groups.5 The hydrogen atom termini were introduced to
provide saturation of the edge carbons. The resulting structure
(Model III), shown in Figure 2d, has 23 C atoms with no C
C double bond, 5 hydroxyl, 6 epoxy, 2 ketone, 1 lactone, 2
carboxyl groups, and 7 edge-terminating H atoms. The C/O is
1.28, indicating that the carbon lattice is fully oxidized.
Finally, to better understand the effects of the interactions

between neighboring functional groups, we considered a
simplified version of Model III including 23 C atoms with 7
CC double bonds, presented in Figure 2e as Model IV, with
fewer functional groups at the edges and on the planes: 4
hydroxyl, 1 epoxy, 1 ketone, 1 lactone, 2 carboxyl groups, and 6
edge-terminating H atoms, yielding a structure with a C/O of
1.92.
Extended Graphene Oxide ModelsThe Vacancy

Effect. We first compare the IR spectra of extended graphene
oxide Model I, which has no defects in the carbon lattice, and
Model II, which contains a vacancy every 24 C atoms,
corresponding to a ∼ 4% concentration of monovacancy
defects. To determine the vibrational properties, we performed
long (41 ps) AIMD simulations at 300 K for both of these
models. We selected 18 snapshots at time intervals of 2.3 ps
from each MD trajectory, and for each snapshot we optimized
the structure and calculated the corresponding infrared
spectrum using DFPT.63 From a normal-mode analysis, we
found that the vibrational modes with frequencies below 1000
cm−1 correspond to collective motions involving multiple
functional groups and the carbon lattice. We thus focus only on
the bands above 1000 cm−1, which correspond to vibrational
modes that can be assigned to the motions of specific functional
groups. The resulting spectra, obtained by averaging over 18
snapshots, are shown in Figure 4a. The contributions of the
different snapshots are shown separately in Figure S1,
Supporting Information, where the frequency region below
1000 cm−1 is also included.
From a normal-mode analysis, we attribute the IR absorption

peak at 1664 cm−1, only visible for Model II in Figure 4a, to the
stretching of ketone (CO) groups at vacancy edges. The
vibrations of the CC double bonds in the plane give rise to
the IR activities in the region ∼ 1490−1605 cm−1, highlighted
by the green bar in Figure 4a. The hydroxyl stretching motions
result in the high-frequency bands over 3000 cm−1, while the
bending motions contribute to the vibrational bands over-
lapping the epoxy stretching modes in the range of ∼ 1250−
1500 cm−1, indicated by the blue bar in Figure 4a. Comparison

of the calculated vibrational spectra of defect-free and defective
graphene oxide shows that the hydroxyl stretching band
(3000−4000 cm−1) of defective graphene oxide (Model II) is
blue shifted with respect to that of defect-free graphene oxide
(Model I). By contrast, the bands in the ∼ 1250−1500 cm−1

range of Model II are slightly red shifted in comparison to those
of Model I. Although the hydroxyl bending and epoxy
stretching bands overlap in this region, analysis of the
vibrational density of states (VDOS) of different atomic species
(Figure S2, Supporting Information) unambiguously shows that
this red shift originates solely from the hydroxyl bending
motions. Such shifts indicate a significant influence of vacancy
defects on OH vibrations in graphene oxide.
To further characterize the effect of vacancies on OH

vibrations, we decomposed the OH bending and stretching
modes of Model II into modes contributed by hydroxyl groups

Figure 3. Molecular models of oxygen-containing functional groups
thought to exist on GO, graphene oxide, and FGS.

Figure 4. (a) Computed IR spectra of extended graphene oxide
models: Model I, with no lattice defect (black), and Model II, with a
monovacancy per unit cell (red). The assignment of individual bands
is based on a normal-mode analysis. Blue and green bars highlight the
overlapping hydroxyl bending and epoxy stretching bands and the C
C double bond bands, respectively. (b) OH bending and (c) OH
stretching bands in the VDOS of hydrogen atoms in Model II
(graphene oxide with monovacancy) (blue line). Contributions
originating from the hydroxyl groups on the periphery of and far
from the vacancy are shown as solid and dashed black lines,
respectively.
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on the periphery of the vacancy and away from it. As shown in
Figure 4b, the hydroxyl groups on the periphery of the vacancy
indeed exhibit lower bending and higher stretching frequencies
in comparison to the hydroxyls far from the vacancy. Such
differences can be attributed to the lower physical constraints
on the hydroxyl groups located on or near a vacancy. The OH
groups on the periphery of the vacancy have fewer
opportunities to form hydrogen bonds with neighboring
functional groups. This results in more gas-phase-like vibra-
tional motions, demonstrated by stiffer stretching and softer
bending modes relative to the hydroxyls far from the vacancy or
on defect-free Model I. Further, the size of the vacancy is
another factor that may affect the vibrational properties of
functional groups in the vicinity of the vacancy.36 For instance,
calculations by Acik et al.36 show IR frequencies of single ether
groups located at divacancies to be red shifted by ∼ 55 cm−1

relative to the IR frequencies of ethers at monovacancies. Thus,
we performed spectral calculations on an extended graphene
oxide Model IIb with a divacancy decorated with two ether
groups, shown in Figure S3a, Supporting Information. A
divacancy in graphene oxide functionalized with two ether
groups has been shown to be stable even after high-temperature
heat treatment.15 Comparison of calculated IR spectra for
Models II and IIb, reported in Figure S4, Supporting
Information, shows that the blue shift of hydroxyl stretching
and the red shift of bending frequencies are slightly more
pronounced in the IR spectrum of graphene oxide with a
divacancy than in that with a monovacancy.
Adsorbed water is known to affect the IR spectra of graphene

oxide in both the high-frequency and the fingerprint
regions.31,49,64,65 To obtain (at least qualitative) insight into
the influence of water on the vibrational spectra, we performed
AIMD simulations in which a water molecule was physisorbed
on the extended graphene oxide Models I and II (see Figure
S5(a), Supporting Information). Our results show that the
interactions between water and graphene oxide contribute to
the broadening of the OH stretching band over 3000 cm−1 and
induce a moderate red shift (∼ 130 cm−1) of the hydroxyl
stretching frequencies, see Figure S5b, Supporting Information.
The hydrogen bonds between water and the hydroxyl groups in
graphene oxide facilitate the OH stretching, yielding modes
with lower frequencies. We further examined whether water
modifies the vacancy-induced vibrational shifts observed in
Figure 4 by comparing the spectra of Models I and II, both with
an adsorbed water molecule. As shown in Figure S5c,
Supporting Information, the vacancy-induced shifts of the
hydroxyl stretching and bending bands are essentially
unaffected by the presence of adsorbed water.
Finite Graphene Oxide ModelsEdge Effects. The IR

spectrum of a finite sheet terminated by different functional
groups at the edges (Model III) is shown in Figure 5a, where it
is compared to the IR spectrum of the extended Model II
containing carbon vacancies. Again, only the region above 1000
cm−1 is considered. It is evident that there are important
differences between the IR spectra of these two models, both in
the high-frequency region, ∼ 3000−4000 cm−1, and in the
∼ 1600−1900 cm−1 range, which correspond mainly to the OH
and CO stretching modes, respectively.
In comparison to the typical OH stretching band at ∼ 3300−

3700 cm−1 in the spectrum of the extended Model II, the
spectrum of Model III shows two characteristic features
(indicated by arrows in Figure 5a) due to the stretching
motions of the carboxyl OHs at the edges: a high-frequency

mode at ∼ 3900 cm−1 and a low-frequency one at ∼ 3200 cm−1

(see also Figure S6a and S6b, Supporting Information). From
Figure 5a, it also appears that the hydroxyl vibrations of Model
III form a wider band in comparison to the ∼ 3300−3700 cm−1

band of Model II. In the spectrum of Model III, vibrational
modes appear around ∼ 3000−3150 cm−1, caused by the
stretching of the C−H bonds at edges. The appearance of this
band should not be considered as representative of a true
feature of graphene oxide but instead as an artifact of the
model.
To elucidate the origin of the low- and high-frequency

carboxyl OH stretching modes for Model III, we computed the
IR spectrum of Model IV, which has fewer functional groups at
the edges and on the plane with respect to Model III. As shown
in Figure 5b, the calculated carboxyl OH stretching frequencies
of Model IV fall into the range of the normal OH stretching
band (∼ 3300−3700 cm−1). This suggests that the high- and
low-frequency features of carboxyls in Model III are likely to
originate from the interactions of the carboxyls with
neighboring functional groups and the carbon lattice, which

Figure 5. (a) Comparison between the IR spectra of a finite graphene
oxide cluster terminated with different functional groups at the edges
(Model III, black) and extended graphene oxide with monovacancy
(Model II, red). (b) IR spectrum of the simplified graphene oxide
cluster Model IV, which contains fewer functional groups at the edges
and on the plane. Individual bands are assigned based on a normal-
mode analysis. Green bars highlight the region of CC bands.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b02727
J. Phys. Chem. C XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b02727/suppl_file/jp5b02727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b02727/suppl_file/jp5b02727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b02727/suppl_file/jp5b02727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b02727/suppl_file/jp5b02727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b02727/suppl_file/jp5b02727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b02727/suppl_file/jp5b02727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b02727/suppl_file/jp5b02727_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.5b02727


lead to different orientations of the carboxyl groups with
respect to the carbon plane (see Figure S7, Supporting
Information) and introduce varying strains in the carboxyl
group bonds.
The other interesting range of IR activities in Figure 5a lies in

the ∼ 1600−1900 cm−1 range, which corresponds mainly to
CO stretching modes. Four different types of CO are
included in our study: the CO of lactone and carboxyl
groups at sheet edges (Models III and IV) and ketones at sheet
edges (Models III and IV) and at vacancies (Model II). From a
normal-mode analysis, the vibration at ∼ 1800 cm−1, indicated
by an arrow in Figure 5a, corresponds to the CO stretching
in a lactone group at a sheet edge (see also Figure S6c,
Supporting Information). A combination of carboxyl CO
stretching and OH bending motions at the edges gives rise to
the next two modes at frequencies of ∼ 1750 and ∼ 1780 cm−1,
indicated in Figure 5a (see also Figure S6d and S6e, Supporting
Information). The stretching motions of ketone groups at
edges and vacancies yield IR peaks at ∼ 1715 and ∼ 1663 cm−1,
respectively, which are also indicated in Figure 5a.
Altogether, the frequency shifts of ∼ 50−140 cm−1 that we

find for ketone groups embedded in complex environments
with respect to an isolated ketone at a vacancy further illustrate
the essential effect of the interactions between functional
groups on the vibrational properties. As for the OH stretching
modes discussed above, the CO stretching frequencies are
thus determined by both the host functional groups and the
neighboring groups. This is consistent with calculations
presented in earlier work66 that show that the stretching
frequencies of a fixed number (two) of edge ether groups
remain essentially unchanged when additional carbon rings are
included in the cluster model, whereas an increase of the
number of edge ethers from two to seven give rise to large
frequency shifts. Besides demonstrating the importance of the
interactions between nearby functional groups, these results
suggest however that vibrational frequencies calculated using
small clusters or simple functionalization may lead to incorrect
band assignments for groups on graphene oxide.
On the basis of our calculations, the CO vibrational

frequencies associated with different types of functional groups
in the 1600−1900 cm−1 range obey the following order: lactone
at edge > carboxyl at edge > ketone at edge > ketone at
vacancy. This result is consistent with a previous computational
study on a decorated graphene cluster,33 where the following
CO stretching frequencies were predicted: six-membered
ring lactone, 1790 cm−1; carboxyl, ∼ 1740−1750 cm−1; ketone,
∼ 1650−1700 cm−1. The small, ∼ 10−30 cm−1, differences
between the frequencies obtained in our study and those
reported by Fuente et al.33 for the same functional group can be
attributed to the different graphene oxide models, DFT
exchange and correlation functionals and basis sets used in
the two studies. On the other hand, the calculations reported by
Acik et al.36 for a single functional group on a small carbon
cluster gave a higher CO stretching frequency of carboxyl
(1787 cm−1) with respect to lactone (1709 cm−1). Although
these frequencies may shift due to the interactions with
neighboring functional groups, their relative order is unlikely to
change.33 The discrepancy with our results may be due to the
simple cluster model and small unit cell used in the previous
work.36

We also note that the CC vibrations of the simplified finite
graphene oxide Model IV yield broader and more intense bands
than those of extended and finite graphene oxide Models II and

III, highlighted with green bars in Figure 5. The peak of the
spectrum within the green region for Model III is mainly
attributed to the bending motion between C and edge-
terminating H atoms. Such visible differences between the IR
bands of CC vibrations originate from the different number
of CC sp2 bonds included in the different models. This
suggests that the IR signals of the CC sp2 bond can serve as
an indicator of the presence of sp2 bonds in graphene oxide and
the amount of sp2 bonds recovered in FGSs, which corresponds
to the degree of reduction in experiments.
Finally, we integrate both vacancy and edges in graphene

oxide Model IVb (shown in Figure S3b, Supporting
Information), which is derived from the finite Model IV by
introducing a monovacancy decorated with ketone and ether
groups in the middle of the sheet. Comparison between the IR
spectra of graphene oxide Models IV and IVb, shown in Figure
S8, Supporting Information, shows that the OH stretching
mode of the hydroxyl on the periphery of the vacancy has a
higher frequency than that of carboxyls and hydroxyls on the
defect-free lattice and at edges. This result is thus consistent
with our findings that the presence of a vacancy induces a blue
shift in the OH stretching band. Vacancy effects on edge
carboxyl vibrations are mild, with shifts up to 30 cm−1 for both
the OH stretching mode and the combined mode of OH
bending and CO stretching. The CO stretching frequency
of the edge lactone group in Model IVb shows a moderate red
shift (∼ 80 cm−1) with respect to that in Model IV. However,
the relative order of the CO vibrational frequencies of edge
lactone and carboxyl is unaffected, with the CO stretching of
the lactone being at higher frequency than that of carboxyl
groups.

Comparison between Theory and Experiment−The
Role of Vacancies and Edges. Before directly comparing
theoretical and experimental spectra, it is useful to assess the
accuracy of our theoretical approach in the case of gas-phase
molecules. In Table S3, Supporting Information, we compare
our calculated harmonic frequencies of gas-phase molecules at
the PBE level of theory to experiment. The differences between
theory and experiment in Table S3, Supporting Information,
are typical of DFT calculations and are not systematic. The IR
frequencies of H-involving motions tend to be overestimated
by a few wavenumbers in the bending mode and tens of
wavenumbers in the stretching modes. On the other hand,
frequencies of vibrations between C and O tend to be
underestimated by up to ∼ 50 cm−1. Due to these different
shifts, the frequently used procedure of applying a uniform
frequency correction,36 obtained by comparing the calculated
and measured frequencies of a single reference mode, on the
computed IR frequencies of different vibrational modes can
lead to inaccurate interpretations of spectra and assignments of
the various modes. It should also be noted that larger
anharmonicity effects should be expected in condensed-phase
systems relative to those in the gas phase. We further tested the
effect of different supercell sizes on the computed frequencies
by considering two graphene oxide models, Models V and VI,
containing 24 and 60 carbon lattice sites per unit cell,
respectively; see Figure S3c and S3d, Supporting Information.
These models comprise the same type of monovacancy
decorated with one ketone, one ether, and two hydroxyl
groups, yielding a C/O of ∼ 6 and ∼ 15, respectively. We found
that the stretching frequency of the ketone at the monovacancy
in Model V is ∼ 10 cm−1 higher than that in Model VI (see
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Figure S9, Supporting Information), indicating that size effects
are relatively small.
Figure 6 shows a comparison of the DRIFTS spectra of GO

and FGS already reported in Figure 1 to the calculated

absorbance spectra from Models I−IV (also see Table S4,
Supporting Information). We recall that the GO is a
multilayered stack of graphene oxide sheets, and the FGS, as
analyzed, is an aggregation of single sheets; on the other hand,
the effect of stacking is not addressed in the theoretical models
presented here. Generally, the experimental spectra have closer
resemblance to the computed spectrum of Model IV, which
includes simple edges and sp2 carbon bonds, with some
resemblance to features that appear in Model II, having a
monovacancy defect. The Model I structure, lacking both edges
and vacancies, results in an absorption spectrum that bears little
resemblance to experimental spectra. This clearly indicates the
essential role of the carbon lattice structure (containing defects
and edges) on the chemistry of the functional groups. The
spectrum of Model III (having no vacancies but incorporating
edges), on the other hand, gives insights into the possible
structure of fully oxidized graphite, in which the sp2 carbon−
carbon double bonds have been almost completely eliminated
and the high number of oxygen-containing functional groups
leads to a higher degree of neighbor−neighbor interactions.
As noted earlier, both the hydroscopic GO and the

hydrophobic FGS spectra have absorption bands near 1611
cm−1, typically assigned to physisorbed water,41,48,64,67 with
broad bands near 3400 cm−1. The presence of the broad high-
frequency band (also indicative of adsorbed water) masks the
OH stretching region, but distinct bands attributable to OH
bending appear in the GO and FGS spectra below 1550 cm−1

(Table S4, Supporting Information). This appears consistent

with the predicted red shift in the OH bending mode in the
presence of a vacancy (Model II).
The high-wavelength shoulder (∼ 3670 cm−1) observed in

the experimental spectra can be identified with the very high-
frequency OH stretching motion of edge carboxyl groups in
Model III. Minor contributions may originate from hydroxyl
groups in the vicinity of the vacancy. Experimentally, this
shoulder may thus provide a useful marker for characterizing
the degree of oxidation and number of carboxyl groups in
graphene oxide. At lower frequencies, the CO stretching
vibrations give rise to a band in the range of ∼ 1660−1800
cm−1 in the computed IR spectrum, while a band with main
peak at ∼ 1732 cm−1 is observed in the experimental spectra.
Our modeling shows that different types of CO groups, e.g.,
in lactone or carboxyl at edges, give rise to different vibrational
frequencies between ∼ 1660 and 1800 cm−1. This suggests that
a shift in the peak position of the CO band should be
observed during the evolution of various CO groups during
the reduction of graphene oxide, as has been shown for
multilayered graphene oxide reduced at temperatures below
200 °C.31 The band position and features correspond more
closely to features represented by Models II−IV and are
completely absent in Model I. From the computational point of
view, this observation alone demonstrates the essential role of
edges and vacancies play in the position of the CO
absorption band in the models and in the experimental
measurements.
The CO band so clearly visible in the GO spectrum near

1740 cm−1 is much weaker in the spectrum of the FGS heat
treated at high temperature, indicating that the loss of oxygen
associated with thermal reduction results also in a significant
loss of carbonyl CO groups. We also note that previous
studies of oxygen-decorated vacancies and edges show that
epoxides are the predominant form of oxygens at vacancies and
edges.15,66 The low oxygen content of the heated FGS is
indicated by the 2 orders of magnitude difference in spectral
intensity between the GO and the FGS, the latter’s spectrum
shown in Figures 1 and 6 being multiplied by 100 for easier
comparison with the spectrum of the GO.
It is also notable that while the CO band intensity is much

lower in the reduced FGS, the OH bending bands in the
reduced FGS are more pronounced, especially ∼ 1460 cm−1. As
this frequency is close to that exhibited by OH groups in Model
II (∼ 1426 cm−1), the presence of this band is a strong
indication that OH groups are closely associated with defects
since the defect concentration in the FGS is greater than that in
the GO. Interestingly, another intense absorption near 1512
cm−1 appears in the FGS spectrum coincident with the
appearance of the OH band at ∼ 1452 cm−1. Lying in the C
C region, it is also close to the C−H (edge) absorption of
Model II (1555 cm−1). Our models do not allow us to clearly
identify the source of this absorption.
The absence of CC sp2 bonds in Model III is reflected by

the absence of the CC band in the calculated IR spectra
between 1500−1600 cm−1. This band is present in the spectra
of Models II and IV and in the measured DRIFTS spectra of
the GO and FGS, indicating that sp2 regions exist in both.
Finally, the broad band between 2800 and 3000 cm−1, more

clearly visible in the spectrum of the heated FGS, appears to be
related to interactions between sheets,48 a mode of interaction
not modeled in this study.
Comparing calculated and experimental IR spectra provides

new insights on the interpretation of spectral features shown

Figure 6. Experimental DRIFTS spectra of GO (black line) and FGS
heated to 1100 °C (red line) compared to the calculated IR spectra for
Models I−IV. (The FGS spectrum is multiplied by a factor of 100 to
enhance visibility.) The FGS was prepared as described in the text to
increase the defect content of the carbon lattice while maintaining a
detectable level of oxygen-containing functional groups. The strong
band between 2800 and 3000 cm−1 is related to the aggregation of the
sheets on the sample holder. The experimental GO and FGS spectra
are shown in Kubelka−Munk units,55 while the model spectra are
shown as units of absorbance. The band centered near 3100 cm−1 in
the spectrum of Model III arises from C−H stretching on H-
terminated edge carbons and is an artifact of the model structure.
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between GO and its thermally reduced form. We attribute the
blue shift of the OH stretching band observed in the
experimental spectrum of FGS with respect to that of GO to
the presence of more lattice vacancies in the reduced FGS. The
1452 cm−1 band is more shifted than our models predict,
perhaps due to the presence of large vacancies. The band at
1512 cm−1 may be related to C−OH present at the sheet edges
or on large defects, although we cannot confirm this with our
models. The effects of adsorbed water on broadening the OH
stretching band lie in not only adding extra OH stretching
modes from the water but also shifting the stretching
frequencies of hydroxyl groups on graphene oxide. The
pronounced blue shifted shoulders in the OH stretching
bands, present in both of the experimental spectra shown,
originate from the interaction between carboxyl groups and
neighboring functional groups. In the fingerprint region, our
calculated results indicate a peak shift of the CO band could
be observed during the evolution of various CO groups
during the graphene oxide reduction process due to the change
of CO group species.

■ CONCLUSIONS

We performed a detailed analysis of the IR vibrational spectra
of graphene oxide using first-principles calculations on realistic
structural models that include functional groups on both sides
of the carbon plane, vacancy defects and edges, and C/O of
∼ 1.3−2. Our results show that vacancy defects and edges have
an important influence on the IR signatures of the different
functional groups. Specifically, carbon vacancies lead to blue
and red shifts of the hydroxyl stretching and bending bands,
respectively, in comparison to the OH stretching and bending
of defect-free graphene oxide, due to reduced interactions
between functional groups around the vacancy. Hydrogen
bonds between hydroxyl functional groups and adsorbed water
cause a moderate red shift (∼ 130 cm−1) of the hydroxyl
stretching frequencies relative to those in the absence of water,
but the vacancy-induced shifts of the hydroxyl bands are
essentially the same in the absence or the presence of adsorbed
water.
We also found that carboxyl groups at the graphene oxide

edges can have OH stretching frequencies which are well above
and below the typical range, 3300−3700 cm−1, of OH
stretching frequencies. Such high (∼ 3900 cm−1) and low
(∼ 3200 cm−1) OH stretching frequencies, which originate
from the interactions of carboxyl groups at the graphene oxide
edges with both neighboring functional groups and the carbon
lattice, contribute to the OH stretching band broadening and
the high-energy shoulder observed in experiments.
Finally, comparison of the computed and experimental IR

spectra provides clear evidence that graphene oxide models
including both lattice defects and edges decorated with
functional groups are essential for capturing and explaining
the spectral features observed in experimental measurements.
Importantly, it also suggests that carbon sp2 regions are present
in graphene oxide. These results improve our understanding of
the atomic-scale structure of graphene oxide and provide useful
insights into the complex interactions of the various functional
groups among themselves and with the carbon lattice and may
lead to better understanding of the changes that occur in the
fabrication of FGS from GO.
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