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1. INTRODUCTION

Carbon is abundant in organic compounds that form the
basis of life as well as in mineral forms from which several
functional materials are derived. Among organic compounds,
the chemistry of aromatic and heterocyclic groups has been
intensively investigated for their broad use in polymer industry,
fuel refining, and in biochemistry due to their presence in amino
acids and nucleotides.1 Therefore, an understanding of the
chemical reactivity of aromatic compounds is of wide interest.
In addition, the chemistry of aromatic and heterocyclic com-
pounds can also be used to understand the chemical properties
of other forms of sp2 carbons, such as monolayer membranes of
conjugated carbons that are extensively used in large area and
molecular electronics.2 The most prominent example of such a
material is graphene. It is a single layer of graphite that has
superlative electrical, mechanical, and chemical properties,
which make it unique for development of future nanotechnol-
ogy. Consequently, practical routes to efficiently extract gra-
phene from intercalated graphite3 via exfoliation into the in-
dividual layers of graphene have been actively sought. In this
context, graphite oxide (∼C8O2H), a compound where differ-
ent oxygen functionalities are covalently bound to the carbon

atoms within the hexagonal basal plane, has garnered significant
attention because it leads to the isolation of individual layers of
chemically functionalized graphene via an inexpensive, low-
temperature, and easily controllable one-step process of oxida-
tion and exfoliation in aqueous solution. The oxygen content in
individual layers of chemically functionalized graphene can
then be tailored by further thermal or chemical processes,
leading to different optoelectronic, mechanical, and chemical
properties. Because of the variety of oxygen functionalities that
can be present either within the carbon basal plane or at the
edges of an individual layer of chemically derived graphene and
their rapid transformation by applying slight variations in the
environment, graphene oxide represents a model system for
understanding the carbon�oxygen interplay in aromatic struc-
tures. It is, therefore, important to monitor the carbon�oxygen
bond evolution in chemically derived graphene as a function of
temperature and interlayer interaction between several oxidized
graphene layers.
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ABSTRACT: Understanding the thermal reduction of gra-
phene oxide (GO) is important for graphene exfoliation, and
chemical and morphological modifications. In this process, the
role of trapped water and the evolution of oxygen during
annealing are still not well-understood. To unravel the complex
mechanisms leading to the removal of oxygen in reduced GO,
we have performed in situ transmission infrared absorption
spectroscopy measurements of GO films upon thermal anneal-
ing at 60�850 �C in vacuum (10�3�10�4 Torr). Using cluster-based first-principles calculations, epoxides, ethers (pyrans and
furans), hydroxyls, carboxyls, lactols, and various types of ketones and their possible derivatives have been identified from the
spectroscopic data. Furthermore, the interactions between randomly arranged nearby oxygen species are found to affect the spectral
response (red and blue shifts) and the overall chemistry during annealing. For instance, the initial composition of oxygen species
(relative amounts and types of species, such as hydroxyls, carboxyls, and carbonyls) and reduction times determine the final oxygen
concentration (% of initial concentrations), varying from ∼46�92% in multilayer GO to ∼3�5% in single-layer GO. In the
multilayer case, there is no dependence on the layer thickness. An important indicator of the reduction efficiency is the relative
concentration of carbonyls at intermediate annealing temperatures (∼200 �C). These observations suggest that thermal annealing
can foster the formation of free radicals containing oxygen in the presence of trapped water in GO, which further attack carboxyls,
hydroxyls, and carbonyls, preferentially at edges rather than on basal plane defects. These findings impact the fabrication of
electronics and energy storage devices.
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Graphene oxide (GO), first discovered in 1859 by Brodie4 and
further modified by Staudenmaier,5 Hummers, and Offeman,6

has turbostratic random ordering with 6-fold symmetry of
stacking7 and an interlayer spacing of 0.625 nm when fully
oxidized.8 Intercalation of water between layers (interlayer
spacing ranging from 6.4 to 11.3 Å depending on the amount
of water)9 is possible due to the hygroscopic nature of GO.10 GO
is the most promising modified graphene precursor for large-
scale production (commercial scalability) and for functionaliza-
tion to derive graphene-like structures with controllable electro-
nic, optoelectronic, mechanical, and transport properties. It can
readily be deposited on a variety of substrates.

Control of GO stoichiometry is, however, difficult. The initial
oxygen concentration depends critically on processing, and the
reduction pathways are not well-understood.11 Reasons for
variations in the functional group density involve variation of
its elemental composition depending on the nature of the
pristine graphite, its particle size, oxidizing reagents, oxidation
level, synthesis method,12 and, more importantly, the oxidation
time.13 For instance, an increase of the oxidation time results in a
high conversion of hydroxyls to epoxides, as shown by Jeong
et al.7 Many models are, therefore, possible due to the non-
stoichiometry and diverse composition of GO,11 as proposed by
Lerf,14 Gao,15 Fuente,16 and Jeyong.17

Experimental studies have mostly focused on the identifi-
cation of nucleophilic sites, such as hydroxyls, small amounts
of carboxyls and carbonyls,11,18 epoxides, 1,3-epoxy bridges,
CdC,19 armchair edges, semiquinone and basal epoxy groups,20

tertiary C�OH groups,12 quinone, furan-like bridges, and five-
membered lactones.21 Similarly, first-principles calculations have
provided relevant information for the presence of ethers (more
stable than epoxide groups), in the process of oxidation due
to structural bistability,22 peroxides, 1,4 ethers (rare and not
dominant), and vacancy defects (one or two missing atoms,
including reactive dangling bonds).23 Among the above struc-
tures, the position of oxygen in ether-like structures is the least
known. It can be in the form of either 1,2-ether or 1,3-ether. It
was also suggested that there are hydroxyls and ether-like oxygen
bridges between one and three carbon atoms with random
distribution.24

Infrared absorption spectroscopy is an important tool for
characterization of these functional groups25,26 and has shown
that the edges of GO are likely to have pyrone-like functional-
ities (basic surface oxides). These groups include both sp2- and
sp3-hybridized oxygen atoms, which vary based on the pKa

values of the various possible combinations of different ketone
and ether-like rings. Other infrared spectroscopic studies have
focused on functionalized GO,27 GO papers,28 and GO nano-
platelets29 using diffuse reflectance, although issues remain
in the peak assignments. At higher annealing temperatures
(∼850 �C), only ethers arranged in atomically straight lines
appear to be stable.30

Recently, NMR studies have shown the presence of five- and
six-membered-ring lactols, 2-hydroxynaphthalic anhydrides, and
1,3-dihydroxyxanthones using solid-state 13C magic-angle spin-
ning (MAS) NMR.15 Other functionalities have also been
reported, such as quinone, furan-like bridges, five-membered
lactones,31 as well as the existence of enol groups.32 Moreover,
hydroxyl groups adjacent to CdC bonds (namely, enol groups)
have been shown to be in equilibrium with keto forms.33

In all these studies, the interactions between functional
groups have been ignored. Yet, interactions of adjoining

oxygen groups are likely to occur depending on their spatial
arrangements.34 So far, there is some evidence from XPS
studies that epoxy, hydroxyl, and lactol groups are located
nearby,14 which has also been confirmed with 13C NMRmagic-
angle spinning (MAS),35 13C and 1H NMR,14 solid-state (SS)
NMR with 13C-labeled GO,36 and solid-state 13C magic-angle
spinning NMR.15 Similarly, a quantum chemical study of
activated carbons has suggested that a red shift of CdO
frequencies should occur in the presence of neighboring
hydroxyl groups.16

Studies have also focused on determining the extent of oxygen
removal and exfoliation of GO, since chemical37 and thermal
reduction38 of graphene (or graphite) oxide are promising routes
toward isolating graphene layers from bulk graphite for large-
scale production. For instance, a recent Fourier transform
infrared (FTIR) study of thermally reduced GO after 200 �C
in argon ambient could identify the removal of water, hydroxyl,
epoxide, and carboxyl groups.39 Elemental analysis showed that
the C/O ratio increased from 2:1 in graphite oxide to 10:1 in
reduced GO upon thermal treatment,40 and 27% of oxygen is
removed upon heating to 180 �C and a further 10% at above
180 �C.41

There have not, however, been systematic studies to char-
acterize the detailed structural composition of GO and to
investigate both the chemical and the thermal reduction
mechanisms of GO. This is, in part, due to the dearth of
in situ studies, but also in the difficulties associated with data
analysis for a system that is characterized by random arrange-
ment of oxygen. For instance, a major difficulty for infrared
spectroscopy, typically used to identify gas-phase molecules,42

is the assignment of modes that involve several adjacent
configurations and are, therefore, very different from isolated
chemical groups (with well-documented vibrational frequen-
cies). To make progress, it is important to investigate and take
into account the effects of interactions between randomly
arranged oxygen functionalities. For this reason, we combine
infrared absorption measurements with theoretically simulated
infrared frequencies and intensities (strength of each vibra-
tional mode) using density functional theory (DFT) calcula-
tions. Thus, we are able to provide a more realistic inter-
pretation of observed spectra using a number of cluster models
featuring several different arrangements of oxygen functional-
ities expected to occur during the thermal annealing process.
Using both qualitative spectral analysis and quantitative estima-
tion of oxygen concentrations, we are able to provide useful
insight into possible thermal reduction mechanisms.

2. BACKGROUND AND MOTIVATION FOR MODELING
ANDQUANTIFYING OXYGEN FUNCTIONALITIES IN GO

2.1. Modeling Issues (Structural Evolution of Oxygen
Functional Groups). A detailed understanding of the chemical
structure of graphite oxide and reduced graphene oxide sheets is
complicated by a potential dependence on the processing
agreement. The present effort employs simple reduction
schemes that permit basic structural derivation of GO with
commonly known oxygen groups. However, the degree to
which the chemical properties of the reduced graphene oxide
sheets vary with the reduction protocol, therefore, needs to be
carefully explored.
The structural evolution of oxygen groups in GO has been

only partially studied. For instance, it is known that GO consists
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of pentagonal and hexagonal systems that have aromatic regions
with nonoxidized benzene rings and regions with aliphatic six-
membered rings.14 It is also known that isolated hexagons of
carbon atoms extruding from armchair edges have also been
observed when the straight edge is partially broken.43 Recently,
five- and six-membered-ring lactols at the edges have also been
reported by Gao et al. based on interpretation of NMR data,
suggesting that these groups are responsible for oxygen-contain-
ing impurities.15 However, these lactols may only be minority
species. One of the DFT calculations also confirms that functio-
nalization by both oxygen and hydroxyl is more favorable than by
hydroxyl groups only.44

Other important intermediate species in the formation of
GO are carbonyls, epoxides, hydroxyls, and ether groups.
Carbonyls at the edges are either isolated or arranged in a
quinone-like fashion, two neighboring carbonyl groups that
represent the most stable oxygen configuration, as suggested in
ref 34. Studies also show that oxygen functionalities of GO, for
example, enolic groups (with hydroxyl neighbor) and another
adjacent carboxyl group, are stabilized by inducing repulsive
forces, such as electrostatic stabilization between negatively
charged carboxylate groups45 at the edges of graphene sheets.46

Such functional groups influence the selective molecular inter-
calation or the adsorption of ions and molecules, leading to a
variety of covalent modifications.47 On the basal plane, out-of-
plane groups, such as epoxides and hydroxyls, are present,
although much less stable. Epoxides are typically present at a
lower concentration in comparison to hydroxyls.48 Oxygen in
the form of ether (either xanthene or pyran) is difficult to detect
by most techniques and has, therefore, not been discussed as
much. Although these issues have been already recognized,
there is still a lack of experimental evidence necessary to identify
all these functionalities, and clarify the interaction mechanisms,
in particular, the role of oxygen during GO reduction.
On the basis of the factors summarized above, we have

designed simple cluster models for the most plausible oxygen
groups, as motivated by the model structures presented in refs 44
and 34, and determined the associated vibrational modes and
frequencies by DFT calculations.
2.2. Issues with Spectral Interpretations. IR spectroscopy is

a powerful tool to unravel the composition and evolution of
graphene/graphite oxide. This technique is complementary to
either 13C or 1H NMR or XPS analysis. So far, IR analysis has
been performed mostly for evaluating the spectral changes either
at room temperature or after chemical or thermal reduction.
Previous IR studies have been interpreted on the basis of simple
model molecules using common infrared tables. In general,
conjugation and proximity effects can lead to substantial fre-
quency shifts and need to be taken into account, which has not
been the case so far. Consequently, determination of GO
chemical composition has been difficult.
For instance, the identification of ketone and carboxyl groups

is difficult, and are mostly referred to as “carbonyls” (e.g., an
intense peak at 1732 cm�1 was ascribed to the stretching
vibration of a carbonyl by Melucci et al.)49 or “CdO group”
(at 1750 cm�1 by Nakajima et al.).50 Although Chen et al.51

assigned a peak at 1734 cm�1 to carbonyls, they were not able to
identify whether it was a carboxyl or a ketone. The overlapping
spectral features in the 1650�1850 cm�1 region complicate the
spectral interpretations of as-synthesized GO. Therefore, it is
impossible to distinguish these infrared modes without using
further differentiation methods (e.g., selective removal of some

species by thermal annealing). This difficulty has led to confusing
assignments. For example, absorption bands at 1630 cm�1 for
GO and 1570 cm�1 for reduced GO (rGO) were attributed to
the asymmetric vibrations of the carboxylate groups,52 partly
because the contribution from ketones in this region could not
be distinguished. Taking into account the shifts associated
with π-conjugation in benzene rings, the peaks at 170053 and
173054 cm�1 were both attributed to the carboxyl groups
adjacent to benzene groups. Indeed, Shen et al. reported a lower
frequency at 1650 cm�1 for noninteracting carboxyl groups.55

Furthermore, the deformation mode of the C�O band of a
carboxyl was first associated with a peak observed at 1100 cm�1

in a thermal annealing study monitored by thermal gravimetric
analysis (TGA).56 Another tentative assignment of a peak at
1647 cm�1 to carboxyl was made for the nonoxidized graphitic
domains by Kim et al.57

The presence of the other species, such as stretching and
bending modes of hydroxyls and ethers, also complicates the
identification of carboxyls and ketones in lower-frequency
spectral regions (800�1500 cm�1). Absorption features at
1414 cm�1 (carboxy)58 or 1410 cm�1 have mostly been
assigned to the deformation vibrations of C�OH groups,37

an assignment that ignores the contribution of ketones in this
frequency region. Lee et al. were the first to assign a peak at
1680 cm�1 to the vibrational mode of the ketone groups.
However, they were not able to interpret the peaks below
900 cm�1. Similarly, the assignment of modes at 1705, 1730,
and 1750 cm�1 to free carboxyls, esters, and lactone groups,
respectively, has been made for carbon fibers.59 The assignment
of the weak vibrational modes in the bending mode region for
hydroxyls and carboxyls at lower frequencies has also been
difficult. For instance, Yan et al.60 have assigned the peak at
1365 cm�1 to a C�OH, while assigning only one peak to both
carboxylic acid and carbonyl moieties at 1732 cm�1. In other
studies, the stretching modes of carboxyl groups were ignored
and only a weak absorption at 1356 cm�1 was assigned to the
stretching vibrations of carboxyls.61 Nonetheless, only IR
measurements are sensitive enough to determine the presence
of carbonyl groups despite potentially controversial assign-
ments. NMR studies have not been able to confirm the
existence of carboxyl groups due to difficulty in differentiation
of the overlapping binding energies.62

Similarly, epoxies have been identified, but the assignment of
their associated vibrational modes has been unclear in most
cases. Only one or two modes of the ether groups have been
assigned. Some studies have avoided the 800�1330 cm�1

spectral region altogether because of the overlap of hydroxyl
and carboxyl frequencies. Indeed, contributions in the 1000�
1180 cm�1 region may arise from hydroxyls, carboxyls, ethers,
epoxides, and ketones. A mode at 1057 cm�1 was attributed to a
C�O in C�OH or C�O�C functional groups by Xu et al.,63

an assignment that ignores possible weak contributions from
carboxyls and ketones. Absorption bands at 1220, 880, and
850 cm�1 have been assigned to the symmetric stretching,
asymmetric stretching, and deformation vibrations of epoxy
groups, respectively.64 However, the band at 1220 cm�1 may
also originate from a ketone, instead of an epoxy. In other
studies, the C�OH stretch mode was placed at 1226 cm�1,65

where ketone also has a weak contribution (see Table 2). Gonc
et al. assigned the two modes at 1139 and 873 cm�1 to C�O in
epoxy groups. However, they were not able to distinguish
scissor modes of water and ketone from aromatic carbon double
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bonds, all occurring at ∼1620 cm�1,66 whereas Bon et al.
interpreted a similar absorption to vibrations of nonoxidized
graphitic domains.67 In general, the identification of sp2-hybri-
dized CdC groups at 1580�1600 cm�1 is also greatly compli-
cated by the scissor mode of water (deformation vibration) at
1630�1650 cm�1.
Another challenge has been the identification of C�O

stretch modes of CO and CO2 in the 2200�3000 cm�1 region
that overlaps within a broad feature with C�OH stretch modes
(2800�3600 cm�1), arising from a number of functionalities
(e.g., tertiary alcohols, enols, phenols, and COOH)46 involved
in hydrogen-bonding interactions with widely varying
strengths. In the work of Pham et al.,68 for instance, the
observation of modes at 1703 and 3188 cm�1 was used to
identify carboxylic groups, but additional contribution in the
O�H stretch region was not taken into account. Indeed, other
studies have observed and assigned bands at 3616 and
3490 cm�1 to hydroxyl species.69 Hontoria-Lucas et al.70 first
identified a broad band at 3000�3700 cm�1 showing two
maxima at around 3190 and 3403 cm�1 and a shoulder at
approximately 3590 cm�1. These were attributed to the pre-
sence of the free and associated hydroxyl groups, due to
“adsorbed and inhibited” water molecules and to the hydroxyl
groups of GO. In this study, therefore, we clarify the spectral
interpretations using a stepwise thermal reduction protocol,
where we can differentiate each functional group with matching
the simulated frequencies.
2.3. Issues in Identifying Thermal ReductionMechanisms.

Apart from the challenges discussed above regarding the vibra-
tional mode assignments in the infrared studies, a major chal-
lenge remains with describing the evolution of functional groups
and deriving the mechanisms of thermal reduction. Such an
understanding is important because the physical properties are
dramatically modified upon reduction. For instance, electrical
current�voltage (I�V) measurements of the thermally reduced
GO at moderate temperatures (100�250 �C) leads to large
band-gap variations in graphene oxide.71 Furthermore, Jung et al.
demonstrated a significant increase in the electrical conductivity
when heated in vacuum at 125�240 �C, which is consistent with
partial reduction of GO.72 In general, thermal reduction studies
have been performed for a relatively narrow temperature range
and there have been no stepwise annealing studies, which makes
it difficult to develop a full picture of the reduction process. The
situation is even more complex when attempting to determine
the exact temperature regimes at which each oxygen group is
removed. For instance, pyrones are known to be quite heat-
resistant from studies with oxidized carbon blacks, which are
desorbed in the form of CO and CO2 only between 800 and
950 �C.73 In contrast, other studies suggest that carboxyls were
removed, but the carbonyls remained even after annealing at
1000 �C.74
The hydroxyls attached to the interior of an aromatic domain

are easier to remove than those at the edges of the aromatic
domain. These hydroxyl groups are eliminated at temperatures
higher than approximately 700 �C.74 Although such assumptions
are made using both experimental and theoretical studies, the
mechanisms of thermal reduction are not yet well-understood
and clarified.
2.4. The Role of Hydroxyl Radicals during Thermal Reduc-

tion. In principle, hydroxyl radicals are also likely to be produced
from reactions of the zigzag edge graphene with an attack of
water onto the carbon dangling sites, which occur much more

readily than that of the armchair edge graphene.75 Therefore,
another challenge is the presence of water, which offers a possible
alternative source for hydroxyl radical production with the help
of abundant electrons of dangling bonds in the π-conjugated
carbon network in addition to the other possible species, such as
O2, H2O, andH2O2, which further catalyze the reactions. Having
all these species in a medium, the residual oxygenated functional
groups in the reduced GO are found to be capable of facilitating
desorption/ionization processes76 (deprotonation of carboxyls,
enols, and phenolic groups following protonation of ether and
carbonyl groups) or radical cations,77 in the presence of analytes,
which still requires further understanding. In general, trapped
water offers control of radical reactions,78 though high reactivity
of the hydroxyl radicals as oxidants brings uncertainities to
explain these reactions.
Little attention has been paid to these radicals so the radical

reactions in water remain to be studied. Indeed, derivation of a
reaction pathway for the radicals is difficult because free radicals
are active species. Therefore, it is crucial to examine hydroxyl
radicals and their function in various ionization processes
because OH radicals are able to attack carbon atoms with a
dangling bond, as shown already for SWNTs.79 Carbons also
react with the free radicals (mostly peroxides), which also
further attack other radical sites.80 Similarly, radicals are formed
due to a partial oxidation reaction during growth of metal
template encapsulating graphite or oxidation of ethylene.81

Meanwhile, many different carbon-containing radicals are also
formed as a function of temperature. These carbon radicals
adsorbed on the surface decompose82 and lead to the reactions
with dangling bonds at the graphene edges with new radicals
(minimum free energy configuration).83 For example, catalytic
etching of ethylene requires hydroperoxide radicals (HO2)
during oxidation at 775�925 K.84 Therefore, hydroxyl radicals
are capable of generating new oxygen-containing species in the
presence of a catalytic environment and further oxidizing the
carbon backbone.
2.5. Defect Formation. Defects, in principle, serve as the

binding sites for chemisorption and radical formation, espe-
cially hydroxyl radicals in the presence of thermally dissociated
water.85 The production and the release of CO and CO2 is a
result of a thermally induced oxidative disruption86 of the GO
lattice, leading to random locations in the film.87 However,
the chemical reaction pathways for production of CO and
qCO2 involved in the thermal reduction process are not well-
characterized so far. However, CO is a strong reducing agent, so
it is possible that much of the CO2 production occurs via
multistep processes. One proposal is that oxygen can transform
to O2 from reactions with OH radicals and the secondary
reactions with H2O2. OH radicals are then further likely to
react with CO and form CO2 or COOH radicals. With
increasing temperature, these radicals tend to decompose,
leading to faster CO2 formation.
Similarly, the mechanism for the formation of CO is not well-

explained. There are plausible approaches deriving from com-
bustion reactions. For instance, CO2 can react with the carbon
surface to give CO, which further reacts with the surface oxygen
complexes to give CO2 at lower temperatures, and then decom-
poses at 250 �C. Alternatively, zigzag graphene edges constitute
active carbon sites with negative charges and can form oxygen
complexes with different levels of stability.88 Therefore, O2 can
be one of the main sources for the formation of CO/CO2 with
reactions at these carbon active sites triggered by radical species.
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In these intermediate temperature studies (200�350 �C), it was
observed that CO reacts with hydroxyl radicals, forming CO2. At
temperatures below 200 �C, hydroxyl radicals are not completely
converted to CO2 with possible contributions from COOH and
HCO radicals. At 200 �C, radicals attack CO (acting as a
scavenger for hydroxyl radicals), forming a maxima for the
CO2 production. Thus, all these studies with different systems
other than graphene motivate us to bring further spectroscopic
evidence to understand the CO/CO2 production and the asso-
ciated defect formation.

3. EXPERIMENTAL METHODS

3.1. Synthesis and Preparation of GO. The starting material
is commercially available graphite powder (SP-1 grade, 325 mesh,
Bay Carbon Inc.). GO (multilayers) was obtained by oxidation of
the graphite powder according to a modified Hummer’s89,90

method, including pretreatment using K2S2O8 and P2O5 with
careful temperature control. For purification, a prepared 2% w/w
of aqueous GO dispersion with Milli-Q water was dialyzed for
2 weeks. This solution was used to deposit GO on clean SiO2/Si
substrates by drop-casting with a pasteur pipet. Prior to deposi-
tion, the substrate (Float Zone Si/SiO2 (100), double-side
polished) was mechanically cleaned by rubbing with a Q-tip
soaked with ethyl acetate, ethanol, and distilled water and then
chemically by immersion in a piranha solution, a mixture of
H2SO4 and H2O2 (2:1, v/v) maintained at 90 �C for 15 min to
remove all the organic residuals from the surface.
A controlled number of GO layers (e.g., 1 L, 3 L, and 5 L)

could be prepared by controlling the GO concentration in
solution and removing the cellulose filter membrane by dissol-
ving it in acetone through a vacuum-filtration technique.91 The
thicknesses of GO thin films were determined by Raman
scattering and tapping mode AFM, as reported in our previous
work.92 A GOmonolayer exhibits a step height of about 1.0 nm.
A single-layer GO film is obtained when a continuous coverage
by individual monolayers is achieved. To achieve complete
coverage, some overlap between GO sheets is necessary. Thus,
the average film thickness is ∼1 nm for a single-layer film.
Similarly, bilayered GO films have a step height of about 2.0 nm.
Therefore, the argument can be extended to any n-layered GO
films. The thickness measurements are highly reproducible, and
the accuracy of the thickness determination is about (0.25
layers. This variation can be attributed to the fact that the GO
films are formed by individual flakes, which overlap in certain
regions. The air-dried GO samples were then transferred onto
clean hydrophilic silicon surfaces by either dissolution of
membrane (namely, “GO-ML (thin)”) or drop-casting (namely,
“GO-ML (bulk)”) for further FTIR analyses.
3.2. Analytical Instrumentation. Thermal annealing of GO

samples on SiO2/Si substrates was achieved by direct resistive
heating of the Si substrates, using two tantalum clips in an
evacuated chamber placed in an IR sample compartment of the
spectrometer. The IR beam was incident on the surface close to
the Brewster’s angle (∼70�). The temperature was monitored
by a K-type thermocouple spot-welded to a Ta clip attached to
the sample edge. In this arrangement, the thermocouple read-
ings are too low (∼20�50 �C) based on calibration of the
thermocouple using a pyrometer. The errors are systematic so
that the relative measurements are accurate and reproducible.
The FTIR measurements were performed in a transmission
geometry (typically 500 scans per loop), using a DTGS

(deuterated triglycine sulfate) detector with a mirror optical
velocity of 0.6329 cm/s at a resolution of 4 cm�1. For in situ
FTIR measurements, annealing was performed in the vacuum
chamber and measurements were performed at 60 �C after each
annealing sequence. The annealing time during a sequence was
5min at each temperature for a stepwise reduction, and the total
annealing time for the overall experiment per sample was
approximately 18 h. Other possible reactions between the
graphene oxide samples and the substrate native oxide (Si/
SiO2) are ruled out at high-temperature anneals (∼850 �C), as
explained with details in ref 30. Analysis of each sample was
repeated twice to assess the reproducibility and consistency of
the IR data. An estimate of the total amount of oxygen is derived
from the IR absorbance data, using the total integrated area of
all the modes associated with oxygen functionalities. Such an
estimate is only as accurate as the variation of the dynamic
dipole moments of the various vibrational modes associated
with each of the oxygen functionalities. Therefore, the relative
amounts of oxygen quoted in this paper (atomic percent,
referenced to the starting amount) have errors as large as a
factor of 2, although the relative amount of specific function-
alities is much more accurate ((10%).
3.3. X-ray Photoelectron Spectroscopy (XPS) Analysis.GO

samples were characterized by XPS before and after reduction of
GO. XPS spectra were collected using a monochromatic Al Kα
X-ray source and Omicron EA 125 hemispherical analyzer. GO
films were cast from solution onto Pt foils and reduced by furnace
annealing (direct heating with a ramp rate of ∼10 �C/min) and
the cast films at 900 �C (corresponding to ∼850 �C via current
annealing) in vacuum (∼10�4 Torr) for 5 min (∼24 h of total
annealing and cooling time).
3.4. Theoretical Method. First-principles density functional

theory (DFT) calculations were carried out to investigate the
possible interaction mechanisms. The vibrational frequencies
were computed within a harmonic approximation by diagona-
lizing the dynamical matrix, consisting of the second derivative
of the total energy with respect to atomic displacements. The
total energy was computed using the Vienna Ab-initio Simula-
tion Package (VASP)93 with the projected augmented wave
(PAW)94 pseudopotentials for the electron�ion interaction
and the local density approximation (LDA) for the exchange-
correlation functional. The energy cutoff of 500 eV was used for
the plane-wave basis expansion. Using periodic boundary
conditions, a finite size cluster model was constructed to
represent a specific oxidation group with the 10 Å vacuum
region to decouple the interaction between periodic images and
a 4 � 4 graphene supercell to introduce a vacancy defect. The
criterion for structural optimization was that the total energy
change between two ionic relaxation steps be smaller than 1
meV. Our DFT simulation predicts larger frequencies than the
experimental values by 50 cm�1, as verified by calculating the
stretching mode of a gas CO (2220 cm�1 from our method, in
comparison with the experimental value of 2170 cm�1). In the
tables, we report the simulated frequencies and corrected
frequencies by subtracting 50 cm�1 from the simulated fre-
quencies. The experimental frequencies are then compared
with the corrected frequencies.

4. EXPERIMENTAL RESULTS

4.1. Spectral Assignments for GO at Room Temperature.
To investigate the thermal evolution and interactions of
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randomly distributed oxygen functional groups located both at
the edges and on the basal plane, a proper characterization and
identification of the existing functional groups prior to any
annealing is important and was carried out using in situ transmis-
sion infrared spectroscopy. Assignment of the measured infrared
absorption spectra provides direct information on the type of
oxygen species formed upon the oxidation process. For instance,
Figures 1 and 2 and Figures S1 and S2 (Supporting Information)
summarize results obtained on GO samples of different thick-
nesses (single, Figure S1, Supporting Information; three, Figure S2,
Supporting Information; five, Figure 1, and multiple layers,
Figure 2), all synthesized using Hummer’s method89 within the
same batch of GO. For comparison, Figure S3 (Supporting
Information) shows the spectrum of multilayered GO similarly
synthesized (i.e., modified Hummer’s method).90 Experimental
spectra recorded at room temperature are reproducible, indicat-
ing that, on average, the oxygen functionalities are similar from
sample to sample. The only difference among them is the relative
strengths of specific absorbance features corresponding to spe-
cific oxygen functional groups, suggesting that there is a quanti-
tative difference possibly resulting from their random distri-
bution. In general, the IR absorbance features are related to the
chemical functionalities on both the edges and the basal plane of
GO and their concentration depends on the synthesis conditions.
For instance, the modified Hummer’s method leads to strong
infrared absorbance associated with the CdO/COOH and
C�OH regions of multilayered GO with a sharp peak at
3000�3700 cm�1 due to larger hydroxyl, carboxyl, and water
contribution (Figure S3 vs Figure S2, Supporting Information).
Simply due to the number of layers (i.e., GO coverage on the
substrate), the infrared absorbance is stronger for multilayered
GO films (Figure 2 and Figure S3, Supporting Information) than

for five, three, and single layers of GO (Figure 1 and Figures S1
and S2, Supporting Information). In all these figures, we use
symbols “C�O, C�O�C, CdC, COOH, CdO, and C�OH”
to generalize the derivatives of “ethers, epoxides, sp2 carbon,
carboxyls, ketones, and hydroxyls”, respectively.
The random distribution of oxygen groups complicates the

analysis of the infrared spectra because there is a range of
environments for each species, leading to frequency shifts that
are particularly difficult to deal with in the frequency regions
where the modes overlap. We elucidate this by determining the
effects of interactions in the stretching modes (Tables 1�4)
using first-principles DFT calculations. Individual cluster
models of specific oxygen species given in Tables S1�S4
(Supporting Information) are selected based on discussions in
sections 2.1 and 2.2 and then simulated to determine conjuga-
tion, inductance, and resonance effects of aromatic and hetero-
cyclic systems on infrared frequencies.95 Infrared absorbance inten-
sities for each individual cluster provide a semiquantitative measure
of each functional group concentration for every specific assigned
frequency. In Tables S1�S4 (Supporting Information), the modes
are organized in the order of increasing intensities (1, the strongest,
and 4, the weakest). Each simulated vibrational frequency is shown
with its corrected values within∼50 cm�1 deviation from simulated
frequencies (further information given in section 3.4).
A broad band for C�OH, apparent in the spectra of single

(Figure S1, Supporting Information), three (Figure S2, Support-
ing Information), and five layers (Figure 1) of GO sharpens in
the case of GO (multilayers) (Figure 2 and Figure S3, Supporting
Information). It arises from the presence of hydroxyl (3000�
3700 cm�1) and carboxyl (∼3550 cm�1) groups as well as water.
Indeed, there is a contribution from H2O scissor modes at

Figure 1. Transmission infrared absorbance spectrum of GO (five
layers) at room temperature. Vibrational modes are shown for hydro-
xyls (possible COOH and H2O contribution) (C�OH, 3000�
3700 cm�1), ketones (CdO, ∼1750�1850 cm�1), carboxyls
(COOH and/or H2O) (∼1600�1750 cm�1), sp2-hybridized CdC
(in-plane stretching, ∼1500�1600 cm�1), and epoxides (C�O�C,
∼1280�1330 and 800�900 cm�1). The regions labeled as α (red),
β (yellow), and γ (green) refer to the chemical species summarized in
Table S5 (Supporting Information) for the overlapped infrared
frequencies at 800�1500 cm�1.

Figure 2. Transmission infrared absorbance spectrum of GO
(multilayers) at room temperature. Vibrational modes are shown for
hydroxyls with contributions from COOH and H2O (C�OH, 3000�
3700 cm�1), ketones and/or carboxyls within the overlapped frequency
range (CdO, COOH, ∼1700�1900 cm�1), sp2-hybridized CdC (in-
plane stretching,∼1550�1650 cm�1), and epoxides (C�O�C,∼1350
and∼800�900 cm�1). The regions labeled as α (red), β (yellow), and
γ (green) refer to the chemical species summarized in Table S5
(Supporting Information) for the overlapped infrared frequencies at
800�1500 cm�1.

http://pubs.acs.org/action/showImage?doi=10.1021/jp2052618&iName=master.img-001.jpg&w=240&h=194
http://pubs.acs.org/action/showImage?doi=10.1021/jp2052618&iName=master.img-002.jpg&w=240&h=207
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1600�1750 cm�1, unambiguously confirming that water mol-
ecules are either intercalated among the stacks of GO or
physisorbed on the surface of GO sheets. In this broad band
above 3000 cm�1, there are contributions involving the C�OH
stretch at 3549, 3619, 3620, and 3695 cm�1, which are attributed
to carboxyls, five-membered-ring lactols, and hydroxyls (on both
the basal plane and the edge hydroxyls), respectively, with an
additional C�OH stretch of trapped water. Epoxides
(1280�1320 cm�1) are also present with a specific contribu-
tion at ∼850 cm�1, which is consistent with the simulated
IR frequency (896 cm�1, Table S1d, Supporting Information).
Although the simulated frequency for this mode is at 1320 cm�1,
the epoxide peak is initially observed at 1280 cm�1 and falls
within the frequency range of ∼1280�1320 cm�1. Because the

IR cross section of the C�OH mode of the carboxyl groups
(COOH) is stronger than the CdO stretch of ketones, their
contribution dominates. There is also a band at 1500�1600 cm�1

that is not related to oxygen groups, namely, the asymmetric
stretch of sp2-hybridized CdC. Its intensity critically depends on
the environment, being strongest when out-of-plane species are
removed, restoring the CdC bonds, but edge termination
remains (e.g., carboxyls, carbonyls). This mode overlaps with
CdO vibrations of ketones and 1,3-benzoquinones (Table 2) as
well. The stretching vibrational modes of all the other derivatives
of ketone groups (Tables 2 and 3) fall in higher-frequency regions
(1750�1850 cm�1) with contributions at 800�1600 cm�1

overlapped within ether (800�1322 cm�1, Table 4) and CdC
(1500�1600 cm�1) regions.

Table 1. Summary of the Simulated and Experimental Vibrational Infrared Frequencies fromTable S1 (Supporting Information)a

chemical species simulated frequencies (cm�1)c corrected frequencies (cm�1)

hydroxyls (basal plane phenol) 11252, 36701 1075, 3620

hydroxyls (edge phenol) 10903, 11452, 11664, 37451 1040, 1095, 1116, 3695

carboxyls 7811, 11314, 17873, 35992 731b, 1081, 1737, 3549

epoxides 7674, 7702, 8961, 11206, 12205, 13703 717b, 720b, 846, 1070, 1170, 1320
aCorrected frequencies are expected experimental values derived from simulated frequencies (subtraction of∼50 cm�1). The frequencies are ordered
with respect to the simulated IR intensities. b IR frequencies are not used due to interference from Si phononmodes. cNumbers correspond to the orders
in terms of the simulated IR intensities (i.e., the strongest is “1”, the weakest is “4”).

Table 2. Summary of the Simulated and Experimental Vibrational Infrared Frequencies fromTable S2 (Supporting Information)a

chemical species simulated frequencies (cm�1)c corrected frequencies (cm�1)

ketones 8644, 12903, 15031, 15362 814, 1240, 1453, 1486

1,2-benzoquinones 8522, 12734, 17051, 17343 802, 1223, 1655, 1684

1,3-benzoquinones 8452, 15261, 15733 795b, 1476, 1523

benzo[de]chromene-2,3-diones 7631, 12093, 16992 713b, 1159, 1649

acid anhydrides 6761, 10464, 11822, 17673, 18025 626b, 996, 1132, 1717, 1752
aCorrected frequencies are expected experimental values derived from simulated frequencies (subtraction of∼50 cm�1). The frequencies are ordered
with respect to the simulated IR intensities. b IR frequencies are not used due to interference from Si phononmodes. cNumbers correspond to the orders
in terms of the simulated IR intensities (i.e., the strongest is “1”, the weakest is “4”).

Table 3. Summary of the Simulated and Experimental Vibrational Infrared Frequencies fromTable S3 (Supporting Information)a

chemical species simulated frequencies (cm�1)c corrected frequencies (cm�1)

2-pyranones (pyrone) 6612, 17091 611b, 1659

naptho[1,8-de][1,3]dioxin-2-ones 7241, 11232, 18633 674b, 1073, 1813

γ-butyrolactones 6992, 7211, 12473, 18544 649b, 671b, 1197, 1804

five-membered-ring lactols 7794, 9992, 11813, 36691 729b, 949, 1131, 3619
aCorrected frequencies are expected experimental values derived from simulated frequencies (subtraction of∼50 cm�1). The frequencies are ordered
with respect to the simulated IR intensities. b IR frequencies are not used due to interference from Si phononmodes. cNumbers correspond to the orders
in terms of the simulated IR intensities (i.e., the strongest is “1”, the weakest is “4”).

Table 4. Summary of the Simulated and Experimental Vibrational Infrared Frequencies fromTable S4 (Supporting Information)a

chemical species simulated frequencies (cm�1)c corrected frequencies (cm�1)

dioxolanes 10861, 11142 1036, 1064

peroxides 6181, 9782, 12354, 13173 568b, 928, 1185, 1267

ethers (pyran-like) 5571, 7193, 11534, 13722 507b, 669b, 1103, 1322

ethers (furan-like) 6802, 10531, 11153, 13293 610, 1003, 1065, 1279
aCorrected frequencies are expected experimental values derived from simulated frequencies (subtraction of∼50 cm�1). The frequencies are ordered
with respect to the simulated IR intensities. b IR frequencies are not used due to interference from Si phononmodes. cNumbers correspond to the orders
in terms of the simulated IR intensities (i.e., the strongest is “1”, the weakest is “4”).
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Many of the above chemical species have more than one
contribution (weaker in intensities) in the regions labeled α
(900�1100 cm�1), β (1100�1280 cm�1), and γ (1280�
1500 cm�1); that is, there is overlap of modes from several
distinct species within each region, as summarized in Table S5
(Supporting Information). Table S5 indicates that the ethers
(peroxides, furans, dioxolanes) dominate at the α region with
weaker contributions from hydroxyls and carboxyls, whereas
weak absorptions of ketones (mainly pyrones and γ-butyrolactones)
are more likely to fall in the β region, although peroxides (1267,
1185 cm�1) and pyrans (1103 cm�1) also contribute to the
β region. Both of these groups have modes in the γ region, where
the epoxides are the most common groups, following with
ketones and 1,3-benzoquinones (1453�1523 cm�1). Although
epoxides fall in the γ region (∼1320 cm�1), some of their
additional weak vibrational modes are present in α (1070 cm�1)
and β (1170 cm�1) regions as well. Five-membered-ring lactols
can only be identified from α and β regions with modes at
∼949 and 1131 cm�1, including an additional contribution at
∼3620 cm�1 (Table 3) in the hydroxyl stretch region. Dioxo-
lanes can only be characterized from α regions with two peaks at
1036 and 1064 cm�1. Additional weak vibrational modes of both
carboxyls (1081 cm�1) and hydroxyls (1040�1095 cm�1) are
only present in the α regions. Apart from the weak peak
contributions, the strongest infrared band of carboxyls is located
at ∼1600�1750 cm�1, as part of a broad band with contribu-
tions from CdC (1500�1600 cm�1) and CdO (1750�
1850 cm�1). It is also likely to have the stretching mode
contributions of CdO in the COOH region due to 1,2-benzo-
quinones (1655�1684 cm�1), benzo[de]chromene-2,3-diones
(1649 cm�1), acid anhydrides (1717 cm�1) summarized in
Table 2, and pyrones (1659 cm�1, Table 3).
The shapes and widths of the bands give information about the

concentration of each oxygen species specific to each sample
under consideration. For instance, infrared absorbance is the
strongest in the α region of GO-5 L (Figure 1) and in multi-
layered GO (Figure 2 and Figure S3, Supporting Information),
indicating that the contribution fromC�O (all ether derivatives)
and C�OH (all hydroxyls and species with OH groups)
dominates with a relatively smaller contribution from COOH
(carboxyls) and CdO (all ketone derivatives). In contrast,
samples prepared from the same batch of GO solution, but
deposited into a single layer only (Figure S1, Supporting
Information, GO-1 L), present a much stronger COOH con-
tribution, with relatively weaker C�OH and CdO contribu-
tions. Indeed, GO-3 L does have strong infrared absorbance
intensity for COOH as in the same level of infrared absorbance in
α and β regions. The strongest absorbance for all samples (single
layer to multilayers) in frequency regions with a large overlap
(900�1500 cm�1) is observed in both α and β regions (the
contribution from epoxides is the strongest in β regions of both
GO-1 L and GO-3 L samples and less intense in the GO-5 L and
GO-ML samples). The presence of water molecules trapped in
the interlayers or physisorbed on the film surfaces broadens the
band associated with C�OH at∼3000�3700 cm�1. Their effect
on the hydrogen-bond network of other existing oxygen func-
tionalities also modifies the infrared absorbance intensity and
may be responsible for the increased intensity of the O�H
stretch of C�OH in GO-ML (Figure S3, Supporting In-
formation). This experimental observation indicates that there
is a large concentration of hydroxyls in this specific sample in
comparison with GO-ML in Figure 2.

So far, we have analyzed each individual spectrum of GO
samples and compared the initial concentration of oxygen
species using cluster-model simulated frequencies without taking
into account the conjugation effect of the sp2-hybridized CdC
backbone on the vibrational frequencies, which may lead to shifts
of 30�40 cm�1 due to oxygen interactions. Therefore, further
assignments, checks for corrections in these assignments espe-
cially for the overlapped regions, are required. These qualitative
experimental findings will be further combined with a quantita-
tive analysis using fittings for each individual oxygen peak to
bring a detailed understanding of the thermal annealing process
in the following sections.
4.2. Structural Evolutionof GOduring Thermal Annealing.

We examine the evolution of oxygen species during thermal
annealing by analyzing the IR absorption spectra using DFT-
based simulations. The data are best represented by differential
spectra, obtained by subtracting the spectrum at the last
annealing temperature to that obtained at the new temperature.
Thus, a negative absorption corresponds to a loss or decom-
position of functional groups and a positive absorption

Figure 3. Transmission infrared differential spectra of GO (five layers)
in the low-temperature regime (60�250 �C). Changes of functional
groups are shown at the following temperatures: (a) 60�75,
(b) 75�100, (c) 100�125, (d) 125�150, (e) 150�175, (f) 175�200,
(g) 200�225, and (h) 225�250 �C. �(C�O�C)�, COOH, CdO,
C�O, C�OH, and CdC represent epoxides, carboxyls, ketones, ethers,
hydroxyls, and sp2-hybridized CdC, respectively. The negative peaks
below the baseline (black dotted lines) show the disappearance (loss)
and the positive ones above it represent new formation of the functional
groups with respect to each annealing temperature. The regions labeled
as α, β, and γ present the overlapped frequencies of many functional
groups (Table S5, Supporting Information) with red, yellow, and green
patterned lines, respectively.

http://pubs.acs.org/action/showImage?doi=10.1021/jp2052618&iName=master.img-003.jpg&w=240&h=302
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indicates the formation of intermediate functional groups. For
consistency, all annealing cycles were performed for exactly

5 min at each temperature. Longer annealing times lead to
larger removal or changes of oxygen groups, which will be
discussed later. In addition to the spectral analysis based on
DFT simulations, we extract semiquantitative information of
the amount of remaining oxygen groups using infrared absor-
bance peaks. For this purpose, infrared differential spectra
corresponding to anneals from 60 to 850 �C were collected
for single,30 three,26 five (Figures 3 and 5), and multiple layers
(Figures 4 and 6) of GO samples. We present the data in three
different temperature regions, low- (60�250 �C), moderate-
(250�650 �C), and high- (650�850 �C) temperature regimes,
and summarize the results in Table 5.
4.2.1. Low-Temperature (60�250 �C) Spectra and Assign-

ments. Infrared differential spectra of GO (five layers and multi-
layers) (Figures 3�6) show spectral changes during thermal
annealing at temperatures of 60�250 �C. A decomposition of the
oxygen groups is observed at lower temperatures (i.e., no
formation of intermediate oxygen species), except for GO-ML.
In GO-5 L, the decomposition of hydroxyls is initiated at 100 �C,
followed by the removal of epoxides (125 �C), carboxyls
(150 �C), and ketones (175 �C) (Figure 3, spectra a�f). The
loss of epoxides at∼1280�1320 cm�1 (with a weaker additional
loss at∼846 cm�1) and hydroxyls at ∼3100�3700 cm�1 could
not be observed at temperatures higher than 200 �C (Figure 3,
spectrum f). On the other hand, removal of the carboxyls and
ketones continues even at 250 �C (Figure 3, spectra g�h). The
loss of hydroxyls starts at low temperatures (75 �C) with a small
change up to 150 �C, followed by the decomposition of epoxides
(175 �C), carboxyls (175 �C), and ketones (225 �C) of layers of
GO (Figure 4, spectra a�f). These experimental observations
suggest that the epoxides, carboxyls, and ketones decompose at
higher temperatures than hydroxyls do. The removal of these
groups also starts at higher temperatures in multilayered GO in
comparison with five-layered GO (Table 5). This is associated
with the strong oxygen interactions due to the participation of
other nearby chemical species. Further, the oxygen groups of
GO-ML dissociate continuously until 250 �C (Figure 4, spectra
g�h) with the exception of epoxides that disappear at 225 �C. In
the meantime, new intermediate species, such as ketones and
ethers, start forming at 125 �C, shown with weak and broad
absorptions at ∼800�1850 cm�1, and at 150 �C (Figure 3,
spectra d and e) in GO-5 L, respectively. The formation of these
oxygen groups are also observed in GO-ML (Figure 4, spectrum b)

Table 5. Summary of the Thermal Reduction Process

temperature range (�C) GO (single layer) GO (three layers) GO (five layers) GO (multilayers)

low T (60�250 �C) epoxide loss (100�200 �C) epoxide loss (125�175 �C) epoxide loss (125�200 �C) epoxide loss (150�225 �C)
COOH loss (100�250 �C) COOH loss (125�250 �C) COOH loss (150�250 �C) COOH loss (175�250 �C)
CdO loss (200�250 �C) CdO loss (150�250 �C) CdO loss (175�250 �C) CdO loss (200�250 �C)
C�OH loss (100�150 �C) C�OH loss (100�175 �C) C�OH loss (100�200 �C) C�OH loss (75�250 �C)
CdO formation (125�175 �C) CdO formation (100�175 �C) CdO formation (125�175 �C) CdO formation (75�175 �C)
C�O formation (100�250 �C) C�O formation (100�250 �C) C�O formation (150�250 �C) C�O formation (75�250 �C)
COOH loss (275�400 �C) COOH loss (250�400 �C) COOH loss (250�600 �C) COOH loss (250�650 �C)

moderate T (250�650 �C) CdO loss (275�400 �C) CdO loss (250�600 �C) CdO loss(250�650 �C) CdO loss (250�650 �C)
C�OH loss (275�350 �C) C�OH loss (300�350 �C) C�OH lossa (250�350 �C) C�OH lossa (250�350 �C)
C�O loss (250�650 �C) C�O loss (250�650 �C) C�O loss (250�650 �C) C�O loss (250�650 �C)

high T (650�750 �C) remaining C�O remaining C�O remaining C�O and CdO remaining C�O and CdO
aMinor hydroxyl desorption, broad peak, and weak infrared intensity in the diffential spectra.

Figure 4. Transmission infrared differential spectra of GO (multilayers) in
the low-temperature regime (60�250 �C). Changes of functional groups
are shown at the following temperatures: (a) 60�75, (b) 75�100, (c)
100�125, (d) 125�150, (e) 150�175, (f) 175�200, (g) 200�225, and
(h) 225�250 �C. �(C�O�C)�, COOH, CdO, C�O, C�OH, and
CdC represent epoxides, carboxyls, ketones, ethers, hydroxyls, and sp2-
hybridizedCdC, respectively. The negative peaks below the baseline (black
dotted lines) show the disappearance (loss) and the positive ones above it
represent new formation of the functional groups with respect to each
annealing temperature. The regions labeled as α, β, and γ present the
overlapped frequencies of many functional groups (Table S5, Supporting
Information) with red, yellow, and green patterned lines, respectively.

http://pubs.acs.org/action/showImage?doi=10.1021/jp2052618&iName=master.img-004.jpg&w=240&h=313
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at temperatures as low as 75 �C. The formation of new ketone
groups is observed and continues until 175 �C, while ethers form
and increase until 200 �C. Overall, the IR absorbance in β and γ
regions increases in multilayered GO, although there is clearly a

removal/evolution of other functional groups (e.g., epoxides).
This is associated with the interactions of etch holes with trapped
water molecules in the interlayers, leading to a strong infrared

Table 6. Summary of the Simulated and Experimental Vibrational Infrared Frequencies fromTable S6 (Supporting Information)a

chemical species simulated frequencies (cm�1)b corrected frequencies (cm�1)

COOH + COOH 7601, 11453, 17922, 35925, 35954 710, 1095, 1742, 3542, 3545

OH + COOH 7604, 11145, 17813, 36112,37111 710, 1064, 1731, 3561, 3661

COOH + CdO 7403, 11144, 17591, 36252 690, 1064, 1709, 3575

OH + CdO 12221, 14155, 15133, 15355, 15914, 18252 1172, 1365, 1463, 1485, 1541, 1775

CdO + CdO 6505, 8423, 13424, 15211, 15432 600, 792, 1292, 1471, 1493

OH + OH 11304, 13213, 15305, 34121, 37062 1080, 1271, 1480, 3362, 3646
aCorrected frequencies are expected experimental values derived from simulated frequencies (subtraction of∼50 cm�1). The frequencies are ordered
with respect to the simulated IR intensities. bNumbers correspond to the orders in terms of the simulated IR intensities (i.e., the strongest is “1”, the
weakest is “4”).

Figure 5. Transmission infrared differential spectra of GO (five layers) at
moderate temperatures (250�650 �C). Changes of functional groups are
shown at the following temperatures: (a) 250�275, (b) 275�300, (c)
300�350, (d) 350�400, (e) 400�450, (f) 450�500, (g) 500�550, (h)
550�600, and (i) 600�650 �C.�(C�O�C)�, COOH, CdO, C�O,
and CdC represent epoxides, carboxyls, ketones, ethers, and sp2-
hybridized CdC, respectively. The negative peaks below the baseline
(black dotted lines) show the disappearance (loss) and the positive
ones above it represent new formation of the functional groups with
respect to each annealing temperature. The regions labeled asα, β, and
γ represent the overlapped frequencies of many functional groups
(Table S5, Supporting Information) with red, yellow, and green
patterned lines, respectively.

Figure 6. Transmission infrared differential spectra of GO
(multilayers) at moderate temperatures (250�650 �C). Changes
of functional groups are shown at the following temperatures:
(a) 250�275, (b) 275�300, (c) 300�350, (d) 350�400, (e) 400�450,
(f) 450�500, (g) 500�550, (h) 550�600, and (i) 600�650 �C.
�(C�O�C)�, COOH, CdO, C�O, and CdC represent epoxides,
carboxyls, ketones, ethers, and sp2-hybridized CdC, respectively. The
negative peaks below the baseline (black dotted lines) show the
disappearance (loss) and the positive ones above it represent new
formation of the functional groups with respect to each annealing
temperature. The regions labeled as α, β, and γ present the overlapped
frequencies of many functional groups (Table S5, Supporting In-
formation) with red, yellow, and green patterned lines, respectively.
Vibrational modes of SiO2 (LO and TO modes) appear at ∼1250 and
1080 cm�1, respectively.

http://pubs.acs.org/action/showImage?doi=10.1021/jp2052618&iName=master.img-005.jpg&w=240&h=313
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enhancement as a result of carbonyl formation.26 In general, the
experimental observations indicate that the removal of oxygen
species is initiated earlier in single and three layers of GO samples
due to weaker interlayer or edge interactions (Table 6), as
previously described in refs 26 and 30. Furthermore, the epoxides
and carboxyls start decomposing at 100 �C in a single layer of GO
(see ref 30), as given in Table 5, earlier than all the other three
(see ref 26), five, and multiple layers of GO, whereas carbonyls
are removed at 200 �C. The main reason is the absence of
trapped water in a single layer of GO, which is necessary for
additional carbonyl formation.
4.2.2. Moderate-Temperature (250�650 �C) Spectra and

Assignments. Infrared differential spectra of five- and multi-
layered GO are presented for moderate-temperature annealing
(250�650 �C) in Figures 5 and 6, spectra a�i, respectively. As
shown in these two spectra, the desorption of carboxyls,
carbonyls, and ethers, initiated below 250 �C, continues to
represent the main changes in the 250�650 �C annealing range.
Decomposition of hydroxyls is minor for both reduced GO-5 L
and GO-ML samples, as evidenced by a small loss of infrared
absorbance after a 350 �C anneal, and it is all removed by
350 �C for both samples. Above 250 �C, there is a large loss of
carboxyls and ketones observed in β and γ regions up to 650 �C
for five- andmultilayered GO. In contrast, the decomposition of
carboxyls, ketones, and hydroxyls is completed at 400 �C for a
single layer of GO (Table 5), except for ethers that remain in the
structure at temperatures as high as 650 �C.30 In three layers of
GO (Table 5), the situation is intermediate, with ketones and
carboxyls remaining above 400 �C and removed after a 650 �C
anneal.26 The only remaining oxygen group above 650 �C in
GO-1 L and GO-3 L is in the ether configuration (Table 5). In
contrast, Table 5 shows that ketone groups are still present in
five- and multilayered GO even after a 650 �C anneal. It,
therefore, seems that the concentration of oxygen groups
throughout the annealing process depends on the initial starting
amount of carboxyls and carbonyls (all ketone derivatives) at
room temperature and the ability of hydroxyl radicals to attack
on these groups, as discussed later.
The assignment of remaining contributions to the β and

carbonyl spectral regions in five- and multilayered GO is
accomplished using DFT simulations summarized in Tables 2
and 3. These simulations suggest that ethers exist in the form of
either furans or pyrans. Indeed, the infrared frequencies shift
to the lower-frequency region of carboxyls and carbonyls
(∼1600�1650 cm�1), typical of ketones, diketones (1,2-ben-
zoquinones, 1,3-benzoquinones, and benzo[de]chromene-2,3-
diones), and pyrones. The carbonyl region is randomly divided
into four frequency regions labeled as CdOa (∼1400�
1650 cm�1), CdOb (∼1650�1750 cm�1), CdOc (∼1750�
1800 cm�1), and CdOd (∼1800�1850 cm�1) to help distin-
guish ketone contributions in GO-ML (Figure 6) after annealing
at 250�650 �C. The CdOa peak, which overlaps with the
sp2-hybridizedCdCin-plane stretchingmode (∼1580 cm�1), corre-
sponds to the ketones, 1,3-benzoquinones, and benzo[de]chro-
mene-2,3-diones. The CdOb peak involves contributions
from 1,2-benzoquinones, benzo[de]chromene-2,3-diones, acid an-
hydrides, and pyrones. The CdOc peak is composed of contribu-
tions from both acid anhydrides and γ-butyrolactones. In addition,
the CdOd peak represents vibrational modes of γ-butyrolactones
and naphto[1,8-de][1,3]dioxin-2-ones. On the basis of these assign-
ments, the only carbonyl contributions that remain after annealing
at 650 �C are from CdOa and CdOb. These experimental

observations and tentative assignments will be used to further
examine the oxygen interactions in GO samples in section 5.
4.2.2.1. Effects of Oxygen Species Arrangement on Spectral

Properties. Our motivation for addressing the arrangement of
oxygen species comes from Jeong et al.’s study showing a
random distribution of functional groups.96 The resulting
“random” interactions tend to shift and broaden the infrared
vibrational modes. Indeed, the vibrational frequencies of oxy-
gen functional groups shift to either higher (blue shifts) or
lower (red shifts) wavenumbers (∼20�50 cm�1) according to
DFT simulations (Table 6 and Table S6, Supporting In-
formation). This phenomenon is associated with the effect of
London dispersion forces, hydrogen bonds, and dipole�dipole
interactions among oxygen groups, such as carboxyls and
hydroxyls, in addition to the effect of π-conjugation. For
instance, when two COOH groups (Table S6a, Supporting
Information) are next to each other, there is a blue shift of about
∼10 cm�1 from the original characteristic peak at∼1742 cm�1

in comparison to the isolated COOH (Table 1). As a result, the
two C�OH stretches of COOH bands appear at lower fre-
quencies (3542, 3545 cm�1). However, when one OH is
located nearby a COOH (Table S6b, Supporting Information),
this mode now appears at a lower frequency (∼1731 cm�1),
that is, with having a ∼10 cm�1 red shift. In contrast, the
C�OH modes (3561, 3661 cm�1) are blue shifted.
A similar effect on infrared frequencies of COOH groups

could be observed when there is a nearby CdO (Table S6c,
Supporting Information). In particular, CdO groups are red
shifted, taking them from the β region to the γ region. Hydroxyls
also experience a small red shift, although their contribution
remains in the α region. In all these cases, the CdO frequencies
of the COOH groups do not go beyond 1750 cm�1, which is
consistent with other studies. For instance, Hadzi et al. assigned a
band at 1720 cm�1 to nonconjugated carboxylic carbonyl
groups,97 and Szab�o et al. showed that CdO stretching in
carboxyl group could be observed at 1714 cm�1 using diffuse
reflectance infrared Fourier transform (DRIFT) and deuterium-
exchanged GO.98 Moreover, carboxyl groups have additional

Figure 7. Transmission infrared absorbance spectra of GO (five layers).
Changes in functional groups are given at temperatures of (a) 850 �C
(red) and (b) 60 �C (blue) referenced to the initial clean SiO2 surface.
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weak contributions in only the α region (Table S7, Supporting
Information), whereas hydroxyls weakly contribute to all the
absorbance regions (α, β, and γ). Carbonyls, in contrast,
contribute to the α region only if they are next to COOH
groups. Furthermore, a contribution at higher frequency
(∼1775 cm�1) can only be accounted for when there is one
OH located nearby a CdO group (Table S6d, Supporting
Information); for example, two neighboring CdO groups
(Table S6e, Supporting Information) do not show such a high-
frequency band. Another interaction effect is the peak broad-
ening when one OH locates next to another OH, resulting from
both through-bond interactions in addition to H-bonding in a
range of ∼3362�3656 cm�1 (Table S6f, Supporting In-
formation). Despite all possible interactions and bonding con-
figurations, the vibrational modes for C�OH or other O�H
stretch are not observed at frequencies above ∼3710 cm�1.
4.2.3. High-Temperature (650�850 �C) Spectra and Assign-

ments. Infrared differential spectra of five-layered GO annealed
at 650�850 �C are given in Figure S4 (Supporting Information).
Although there is some intensity loss in the β and γ regions and

the CdO stretch mode after annealing at 750 �C (Figure S4,
spectrum a, Supporting Information), there is a substantial
contribution remaining for carbonyl species in the reduced
five-layered GO (Figure 7, sample a). After annealing at
850 �C, most of these oxygen groups, such as hydroxyls,
carboxyls (absence of C�OH peak), epoxides, carbonyls
(except ketones and 1,3-benzoquinones), and some ethers, are
removed (Figure S4, spectrum b, Supporting Information). As is
evident in the absorbance spectra in Figure 7, there is no
remaining absorption at ∼1600�1750 cm�1 (COOH groups)
and ∼3000�3700 cm�1 (C�OH groups), confirming the re-
moval or reaction of the carboxyl groups. The only remaining
oxygen groups are in the form of ethers, ketones, and 1,3-
benzoquinones, as shown by the absorbance spectra in Figure 7
(sample a). The weak contribution at∼1735 cm�1 is not due to
COOH, but to CdO, because the conjugation effects are now
mostly eliminated; that is, the CdO is expected at∼1735 cm�1,
whereas carboxyls would be expected at ∼1700 cm�1

Annealing to 850 �C has been shown to lead to dramatic
changes in GO-1 L and GO-3 L, with the appearance of a sharp

Table 7. Summary of Integrated Infrared Absorbance (cm�1) at Room Temperature for the Amount of Carbonyl (CdO,
∼900�1850 cm�1), Hydroxyl (C�OH,∼3000�3700 cm�1), and Total Amount (800�3700 cm�1) of Initial Starting Oxygen for
Single, Three, Five, and Multiple Layers of GO and Their Corresponding fwhm Values (cm�1) for the Peak at 800 cm�1 after an
850 �C Anneal

integrated absorbance (cm�1)

for oxygen species GO-1 L GO-3 L GO-5 L (b) GO-ML (thin) GO-ML (bulk)

CdO + C�O 0.95 1.25 15.3a 42.7a 68.3a

C�OH (H2O) 0.22 0.27 0.58 5.56 34.8

total oxygen 1.30 1.60 17.4 48.3 103.1

CdO/total (%) 73 ( 0.05 78 ( 0.03 88( 0.02 88( 0.01 66( 0.05

C�OH/total (%) 17 ( 0.02 17 ( 0.01 3( 0.03 12( 0.01 34 ( 0.03

remaining O (at. %)b 3�5 5�8 92 55 46

fwhm (cm�1) 80 100 50 44 32
a Integrations were performed at 800�1850 cm�1 due to overlapped peak at 800 cm�1 attributed to the C�O contribution. bRemaining oxygen is
reported for annealing at 850 �C.

Figure 9. Tranmission infrared absorbance spectra of GO (multilayers,
bulk). Changes of functional groups are given at temperatures of (a)
850 �C (red) and (b) 60 �C (brown) referenced to the initial clean SiO2

surface.

Figure 8. Transmission infrared absorbance spectra of GO (multi-
layers, thin). Changes of functional groups are given at temperatures of
(a) 850 �C (red) and (b) 60 �C (green) referenced to the initial clean
SiO2 surface.

http://pubs.acs.org/action/showImage?doi=10.1021/jp2052618&iName=master.img-008.jpg&w=240&h=191
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and enhanced absorption at 800 cm�1.30,26 This mode has been
attributed to edge ether termination when all other oxygen
functionalities are removed. The enhancement critically depends
on the removal of these other functionalities and the degree of
alignment of the edges. For GO-5 L (Figure S4, spectrum b,
Supporting Information) and GO-ML (Figure S5, spectrum b,
Supporting Information), the situation is different. In particular,
there are now substantial contributions in the (1) α region,
associated with the remaining ethers in the form of peroxides,
furans, and dioxolanes, and (2) in the β and γ regions from
pyrans, ketones, and 1,3-benzoquinones since hydroxyls and
carboxyls are all removed.
The remaining oxygen species in the form of both ethers and

carbonyls after annealing at 850 �C greatly reduce the intensity
because not all other oxygen functionalities are removed
(Figures 7, sample a, and 8, sample a). The full width at half-
maximum (fwhm) is observed to decrease (50, 44, and to
32 cm�1) for GO-5 L, GO-ML, (thin) and GO-ML (bulk), as
shown in Figures S4�S6 (Supporting Information), respectively,
as the amount of remaining oxygen functionalities in the form of
both C�O and CdO in the reduced GO films decreases
(Table 7). Both differential (Figures S7 and S8, Supporting
Information) and absorbance spectra (Figures 7�9) show that
the ethers and carbonyls still remain in multilayered GO after
annealing at 850 �C. The infrared absorbance weakens in the γ
region, shownwith the absorbance spectrum in Figure 8, sample a.
This remaining contribution is due to ethers since hydroxyls near
either carbonyls or other OH groups are removed (Table S7,
Supporting Information). Similarly, a comparison of the overall
absorbance in Figure S6 (Supporting Information) and Figure 9

indicates that more oxygen is removed in the thicker multilayered
GO (a bulk film) compared to the thin film ofmultilayeredGO in
Figure 8, because less oxygen was initially present in the thicker
sample (Figure 9).

5. DISCUSSION ON THE STRUCTURAL EVOLUTION
OF GO

A quantitative analysis using both infrared absorbance and
differential spectra is needed to determine the amount of
oxygen species and to understand the spectral changes observed
during thermal annealing from room to high temperatures in
GO samples with different starting thicknesses. There are also
questions to be answered, such as “how much oxygen remains
after annealing” and “how the leftover oxygen affects the
spectral interpretations”, together with the concerns about
“why the enhancement of the 800 cm�1 IR absorption band
is less than expected”. We will address all these questions in a
more quantitative fashion by fitting the infrared peaks for each
oxygen species to correlate the amount of existing oxygen to the
integrated areas of the peaks. This analysis will be further
discussed in the next three sections to clarify the issues related
to the incomplete oxygen removal even with anneals at high
temperatures, such as 850 �C, due to the influence of (1) the
initial amount of total hydroxyl groups, (2) effects such as
“densing” at the sheet edges with initial blocking with carboxyls
and carbonyls and further oxygen removal and reactions at the
etch holes, leading to additional carbonyl formation, (3) defect
formation, and (4) of the time of thermal reduction.
5.1. Effect of Total Initial Oxygen Concentration. The

thermal reduction of both five- and multilayered GO thin films
remains incomplete, with ∼92 and 55 at. % of oxygen leftover
of the initial starting amount after annealing at 850 �C for
5 min, as shown in Figure 10 and in Table 7. In contrast, there is
only 3�8 at. % of the initial oxygen that remains in the single
and three layers of GO.26,30 To understand the origin of this
incomplete oxygen removal, it is important to examine the
effect of several factors, such as (1) the initial amount of total
oxygen in the samples, (2) the influence of the sample
thickness, (3) the initial percentages of carboxyls, carbonyls,
and hydroxyls out of the total initial amount of oxygen and

Figure 10. Integrated infrared absorbance of five- (a) and multilayered
(b) GO synthesized using Hummers’ method. (a) GO-5 L is shown for
sample b. (b) GO-ML represents the thin multilayered GO. Compar-
ison of the (i) total integrated absorbance and (ii) normalized absor-
bance with the initial amount of oxygen (∼23.4 cm�1 for GO-5 L and
∼48.3 cm�1 for GO-ML) is shown.

Figure 11. Hydroxyl concentration normalized to the initial amount of
oxygen at room temperature versus annealing temperature. Each data
point of GO-5 L (sample b), GO-ML (thin), and GO-ML (bulk) is
normalized to 17.4, 48.3, and 103.1 cm�1, respectively. The inset shows
the following normalized data points to [0,1] for comparison.

http://pubs.acs.org/action/showImage?doi=10.1021/jp2052618&iName=master.img-010.jpg&w=146&h=257
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trapped water molecules at room temperature, and (4) reac-
tions of water molecules and radicals with etch holes, generat-
ing an additional amount of carbonyls at intermediate
temperatures.
5.1.1. Initial Oxygen Amount. Although the initial amount of

oxygen at room temperature varies from sample to sample of
nominally the same average thickness, the analysis of the data
shows that this is not a dominant factor; that is, it does not
directly determine the resulting amount of remaining oxygen
upon thermal reduction. For instance, we examine two different
GO-5 L samples (samples a and b as shown in Figure S7,
Supporting Information) by calculating the total integrated
absorbance to determine the initial absolute amounts of oxygen
and the remaining amount of oxygen after annealing at 850 �C
for 5 min. Although the initial amount of total oxygen at room
temperature is slightly different in these samples (∼23.4 cm�1

for sample a and ∼17.4 cm�1 for sample b), the normalized
absorbance with the initial amount of oxygen is similar, corre-
sponding to the remaining oxygen percentages (∼93 and∼92 at. %,
respectively) after annealing at 850 �C.
5.1.2. Sample Thickness. The effects of the average sample

thickness (number of layers) can also be ruled out by examining
two different samples of multilayered GO, as shown in Figure S8
(Supporting Information). The total absorbance of integrated areas
for the bulk GO-ML is∼103.6 and∼48.3 cm�1 for the thin GO-
ML. Although the initial total amount of oxygen at room tempera-
ture is much larger in the bulk film of GO-ML (Figure S8, sample a,
Supporting Information), the resulting amount of oxygen after
annealing at 850 �C is much less (∼46 at. %) compared to that of
the thin film of GO-ML (Figure S8, sample b, Supporting
Information, ∼55 at. %). Therefore, the film thickness is not a
major factor in determining the resulting amount of oxygen.
5.1.3. Effect of Carbonyls and Hydroxyls.The relative amounts

of hydroxyls, carboxyls, and carbonyls per initial total oxygen play
an important role at intermediate annealing temperatures. The
resulting amount of oxygen and the efficiency of oxygen
removal during the thermal reduction process appear to depend
directly on their initial relative concentrations. Table 7 sum-
marizes the initial amount of oxygen (atomic %) extracted
from the integrated absorbance (cm�1) for hydroxyls and

carbonyls. The total initial hydroxyl concentration in GO-ML
(∼0.12 cm�1, ∼12 at. %) is much larger than that in GO-5 L
(∼0.03 cm�1, 3 at. %). The total initial amount of water is also
seen to scale with the initial hydroxyl amount and is substan-
tially more for GO-ML. Therefore, even when the initial
carbonyl concentrations are the same (∼88 at. %) in both of
these samples, the amount of initial total hydroxyl concentra-
tion changes the thermal reduction efficiency completely. After
annealing at 850 �C, there is much more oxygen remaining
(incomplete oxygen removal with ∼92 at. % of initial total
oxygen) in GO-5 L compared with thin GO-ML (∼55 at. %)
sample. This is because ∼3 at. % of hydroxyl concentration in
the GO-5 L sample is not enough for the edges for further
propagation (Figure 11). Consequently, there is much less
oxygen remaining in the reduced thin GO-ML (∼55 at. %)
sample than in GO-5 L (∼92 at. %), although there was nearly 3
times more oxygen initially in the thin GO-ML (48.3 cm�1)
sample than in GO-5 L (17.4 cm�1). This dependence on
carbonyl and hydroxyl concentrations is also observed in bulk
GO-ML that is much thicker than the thin GO-ML described
above. For this bulk GO-ML sample, the edges are functional-
ized with much less carbonyls (∼66 at. %) compared to the thin
GO-ML (∼88 at. %) sample, although there is nearly 3 times
more hydroxyl concentration in total in the bulk GO-ML (∼34
at. %) sample. The larger amount of hydroxyls, which increases
the efficiency of CdO elimination, combined with the lower
carbonyl concentration in the bulk GO-ML leads to lower
amounts of oxygen remaining in the reduced bulk GO-ML
(∼46 at. %) than in the thin GO-ML (∼55 at. %) after
annealing at 850 �C for 5 min.
In contrast, the GO-1 L and GO-3 L samples have a much

higher total initial hydroxyl concentration (∼17 at. % C�OH of
the initial total oxygen) compared with both the GO-5 L (3 at. %)
and the thin GO-ML (12 at. %) samples. Because the amount of
initial carbonyl concentration is larger in GO-3 L (∼78 at. % of
the initial total oxygen) than GO-1 L (∼73 at. % of the initial
total oxygen) and the initial total hydroxyl concentration is the
same (∼17 at. %), the remaining amount of oxygen in the
reduced GO-3 L sample is larger (5�8 at. %) than that in GO-1 L
(3�5 at. %). This process is mediated by the amount of trapped
water relative to the initial total amount of oxygen, which is necessary
for the propagation reactions described in Figure 16ii(b), both at

Figure 12. Carbonyl concentration normalized to the initial amount of
oxygen at room temperature versus annealing temperature. Each data
point of GO-5 L (sample b), GO-ML (thin film), and GO-ML (bulk
film) is normalized to 15.3, 42.7, and 68.3 cm�1, respectively.

Figure 13. Integrated absorbance versus annealing temperature for
multilayered GO. Integrated infrared absorbance showing CO2 produc-
tion during annealing (60�275 �C).
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the etch holes and at the sheet edges, leading to CdO formation
during thermal annealing. These propagation reactions involve
carbonyl formation at intermediate temperatures. It is, therefore,
important to identify how much additional carbonyl is formed at
intermediate temperatures compared to the high temperature
regimes, as discussed in the next section.
5.2. Effect of Additional Carbonyl Formation at Etch

Holes. There are two dominant factors that determine the
degree of intermediate-step carbonyl formation at the etch
holes: (1) The ratio of the initial total hydroxyl concentration to
the total initial amount of oxygen, which provides information
for the initial amount of trapped water in the interlayers, as
previously discussed. (2) The percentage of trapped water
correlated with the additional amount of total carbonyls that
are formed after annealing at moderate temperatures
(100�250 �C) in addition to the initial carbonyl concentration
at room temperature. In one of our recent studies,26 we have
shown that carbonyls are likely to form as a result of chemical
reactions between the trapped water in the interlayers and the
etch holes. Initially, the carbonyl concentration in both COOH
and CdO forms is higher (∼88 at. %) in both the GO-5 L and
the thin GO-ML samples than in bulk GO-ML (∼66 at. %), as
shown in Table 7. Because carbonyls are reasonably stable
oxygen configurations (with binding energies of 5.8 eV/
COOH, 8.0 eV/CdO, respectively),30 they remain at inter-
mediate annealing temperatures. The presence of both COOH
and CdO groups, therefore, hinders the oxygen interactions at
the sheet edges at these temperatures (60�250 �C). After
annealing to 200 �C, the infrared absorbance increases due
to the additional carbonyl formation by about 20% in GO-5 L
and ∼35% in thin GO-ML, which is still less than that in bulk
GO-ML films (∼97%) (Figure 12). Because the sheet edges
are mostly terminated with carbonyls and carboxyls in both
GO-5 L and thin GO-ML samples, a strong attack of free
radicals containing oxygen (originating from trapped water and
oxygen species) occurs at the sheet edges, transforming carbox-
yls to carbonyls during thermal reduction rather than being
consumed at the etch holes. It is known that radicals rapidly
react with the double bond, forming an α-radical carbonyl
(a carboxylate), which is relatively stable. These carboxylates
can further couple with another molecule or be oxidized back to
CdO. Therefore, there is much less water left around the etch
holes in GO-5 L compared with that in bulk GO-ML, which
results in less CdO production at the etch holes after moderate
temperature anneals. The increase of the infrared absorption
intensity due to additional carbonyl formation in the GO-1 L

sample (∼30%) is similar to that observed in the reduced thin
GO-ML (∼35%) sample. Although the initial carbonyl con-
centration of GO-1 L is less (∼73 at. %) than that in the thin
GO-ML (∼88 at. %) sample, the larger initial total hydroxyl
concentration (∼17 at. %) increases the thermal reduction
efficiency. As a result, there is only 3�5 at. % of oxygen
remaining in the form of ethers only in reduced GO-1 L after
annealing at 850 �C for 5 min.30 In contrast, there is ∼55 at. %
of oxygen that remains in the reduced thin GO-ML sample
having both ethers and carbonyls in the form of ketones.
5.3. Evidence for Defect and Vacancy Formation. On the

basis of the computational study of Schniepp et al.,40 the
evolution of CO2 resulting from defect formation into interstices
during rapid heating is a possible mechanism contributing to
layer exfoliation. Therefore, it is necessary to use a technique,
such as in situ infrared spectroscopy, to analyze both CO2 and
CO production experimentally with regard to generation of
defects during the thermal reduction process. Infrared differen-
tial spectra of the multilayered bulk GO films are shown at
60�750 �C (Figure S9, Supporting Information). A singlet peak
appearing at∼2337 cm�1 is associated with the production of CO2,
resulting from carbon removal from the basal plane or edges, that is,
defect formation. There is clearly some CO2 formed at 75 �C, and
this amount increases by a factor of 5 upon annealing to 125 �C.
Above this temperature, the amount detected decreases (Figure 13).
After 200 �C, trapped CO2 is consumed.

Table 8. Summary of the Simulated and Experimental Vi-
brational Infrared Frequencies from Table S8 (Supporting
Information)a

chemical species

simulated frequencies

(cm�1)b
corrected

frequencies (cm�1)

1C vacancy 8542, 10244, 11721,

12092, 13463
804, 974, 1122,

1159, 1296

2C vacancy 11171, 11543, 12872 1067, 1104, 1237
aCorrected frequencies are expected experimental values derived from
simulated frequencies (subtraction of ∼50 cm�1). The frequencies are
ordered with respect to the simulated IR intensities. bNumbers corre-
spond to the orders in terms of the simulated IR intensities (i.e., the
strongest is “1”, the weakest is “4”).

Figure 14. Transmission infrared differential spectra of multilayered
GO at 60�500 �C. Changes of functional groups are shown after
annealing to (a) 100�60, (b) 150�100, (c) 250�150, (d) 300�250,
and (e) 500�350 �C. �(C�O�C)�, COOH, CdO, C�O, C�OH,
and CdC represent epoxides, carboxyls, ketones, ethers, hydroxyls, and
sp2-hybridized CdC, respectively. The regions labeled as α, β, and γ
(shown with red, yellow, and green hatched lines, respectively) include
the overlapped frequencies of many functional groups (Table S5,
Supporting Information).
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Only epoxides start decomposing at ∼100�125 �C and are
then consumed totally at∼200 �C (Table 5). This experimental
observation is supportive of some related theoretical studies in
the literature. Recently, it was reported that epoxy groups on
graphene relax carbon�carbon bonds underneath when
aligned during the oxidation process. Epoxy decomposition,
followed by the formation of ether groups, results in GO
unzipping,99 which is not mediated by hydroxyls. Such ether
groups tend to align one-dimensionally, resulting in the intro-
duction of cracks in graphite upon reduction.100 Our experi-
mental results show that CO production does not occur at
200 �C; therefore, CO is not produced by the decomposition of
CO2. This spectral evidence indicates that the release of CO2

leaves behind vacancies (missing carbon atoms) and topologi-
cal defects on the graphene sheets.40

When CO2 production is maximum (125 �C anneal), more
carbonyls are formed (Table 5). There are many plausible
mechanisms predicted for this phenomenon: (1) Trapped
water molecules can react with the reactive dangling bonds at
the etch holes to form carbonyls. (2) Trapped water can
alternatively catalyze the reaction of epoxide with heat, forming
a diol that then transforms into the resonance-stabilized ke-
tones (or carboxylates) at the etch holes. Therefore, the
reactions are terminated with the formation of CO2 at the etch
holes following a radical decomposition. (3) Weak hydrogen-
bond interactions between two adjacent hydroxyls can facilitate
weakening of hydroxyls, resulting in a hydrogen atommigration
to a neighboring hydroxyl, which then forms a carbonyl and a
water molecule. There are also some other mechanisms for the
formation of holes during annealing predicted by Bagri et al.,101

which are based on the interactions between an epoxy and a
hydroxyl or two epoxies or hydroxyls. (4)Migration of epoxides
could be observed on the basal plane in Paci et al.’s simulations.
This observation shows that some of the hole defects are likely
to be terminated by carbonyls that generally exist in pairs,102

which leads to energy stabilization.23

At higher annealing temperatures (>350 �C), CO is produced,
as evidenced by a small singlet peak at 2115 cm�1. This peak has a
weak infrared absorbance that continuously increases up to
550 �C. It then decreases and disappears at 550�750 �C. The

possible mechanisms are the following: (1) Backreedy et al.
propose an oxidation mechanism that involves the formation of
heteroatomic structures, such as semiquinones and carbonyls
bound to the reactive zigzag or armchair edges, resulting in CO
formation at higher temperatures.20 Paci et al. observed such CO
evolution at 1323 K with a carbon mass loss of 30% during the
thermal exfoliation of GO.103 (2) Another possible pathway is
the interaction of an epoxide with a neighboring hydroxyl, which
subsequently produces CO by hydrogen atom transfer at 1323 K
and forms defective holes.104 Infrared spectral qualitative analysis
of the reduced multilayered bulk GO films confirms that the
removal of carbonyls continues even after annealing at 650 �C
(Table 5). There are still remaining carbonyl groups in the
reduced GO structure after annealing at 850 �C for 5 min
(Figure S6, Supporting Information, and Figure 9). To inves-
tigate further defect formation in these reduced GO films, we
performed DFT simulations with a 1C-vacancy and 2C-vacancy
model, involving the possible oxygen incorporation into the
basal plane in the form of remaining ethers (furans or pyrans)
(Table S8, Supporting Information). The simulated infrared
frequencies and intensities are summarized in Table 8. The
calculated frequencies show that the 1C vacancy (1122, 1159,
1296 cm�1) falls in the β and γ regions with a minimal
contribution at 974 cm�1 in the α region. However, a 2C
vacancy can be spectrally observed, mainly in α and β regions
(1067, 1104, 1237 cm�1) with blue shifts (to the lower
frequencies). The infrared differential spectra of the five-
and multilayered reduced GO films ( Figures S4�S6, Sup-
porting Information) show a negative band, which is dominant
in the β and γ regions with a minimal loss in the α region. This
spectral evidence confirms the formation of either 1C or 2C
vacancies in addition to the simultaneous removal of the
carbonyls and ethers after annealing at high temperatures
(250�750 �C).
5.4. Dependence on Annealing Time. So far, we evaluated

the thermal reduction process for 5 min annealing at each
temperature regime. The experimental results using both infra-
red and ex situ X-ray photoelectron spectroscopies (XPS) show
that a 5 min anneal is insufficient for complete oxygen removal
even after annealing at 850 �C. A substantially longer annealing
time in a furnace (5 min at 850 �C with an overall total annealing
and cooling time of∼24 h) results in a lower oxygen concentra-
tion than a direct current anneal (5 min at 850 �C with a total
stepwise annealing time of∼17 h). For reduced five-layered GO
thin films, XPS spectra confirm that longer annealing times lead
to lower overall oxygen concentrations (∼6 at. %), as shown in
Figure S10 (Supporting Information). The remaining oxygen
in reduced GO-5 L is seen in the C�O (285.5 eV) and CdO
(287 eV) components in both C 1s and O 1s spectra. This
indicates that a thermal anneal of five-layered GO for longer
annealing times at temperatures as high as 850 �C removes most
of the carbonyl groups (CdO), leaving plenty of ethers (C�O).
In particular, long annealing times remove the carbonyls that had
been formed due to interaction with trapped water at intermedi-
ate temperatures. These carbonyls are not removed by shorter
anneal times (∼5 min) used above in the stepwise IR investiga-
tion of oxygen removal as a function of temperature. Indeed, if
longer annealing times are used (1 h annealing at each specific
temperature) instead of 5 min annealing, we do not observe any
carbonyl formation at the intermediate steps in multilayered GO
samples (Figure 14). Instead, there is a minor carbonyl formation
after annealing at 100 �C with the simultaneous release of CO2

Figure 15. Total integrated infrared absorbance during thermal reduc-
tion of multilayered GO (with 33 at. % of the initial C�OH and 11 at. %
of CdO concentration) for 1 h annealing at each temperature. The
sample exfoliates after annealing at 500 �C so that no data points are
shown for higher-temperature regimes (>500 �C).

http://pubs.acs.org/action/showImage?doi=10.1021/jp2052618&iName=master.img-015.jpg&w=204&h=160
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(Figure 14, spectrum a) and further continuous dissociation of
oxygen functionalities with temperature. Longer reduction times
also affect the amount of remaining oxygen in reduced multi-
layeredGO, as shownwith the total integrated absorbance plot in
Figure 15. This indicates that longer annealing times greatly
increase the reduction efficiency, resulting in only ∼2 at. % of
oxygen remaining after annealing at 500 �C, as calculated from
integrated total infrared absorbance. Because the samples flake or
exfoliate at higher temperatures (>500 �C), we are not able to
continue the IR measurements. However, this experimental
observation also confirms that the longer reduction time removes
water before it can react efficiently in the interlayer and proceed
to additional oxidation or to the production of several free

radicals. Longer annealing times, therefore, lower the tempera-
ture necessary to remove most of the oxygen from GO.
5.5. Proposed Mechanisms for Oxygen Removal.We now

propose a thermal reduction mechanism based on a selective
chemistry for radical attacks either on etch holes or at the edges of
GO sheets. Both the qualitative and the quantitative analyses of
oxygen groups help in proposing a radical mechanism that is
consistent with the experimental observations using infrared
spectroscopy: (1) less carbonyl formation at the etch holes when
the sheet edges are initially terminated by CdO/COOH groups
because trapped hydroxyl radicals are consumed at the sheet
edges (radical reactions occur preferably at the sheet edges), and
(2) the amount of initial starting hydroxyl groups involving

Figure 16. Schematic representations of thermal reduction mechanisms for GO reduction indicating decomposition of oxygen species through radical
reactions initiating with (i) hydrolysis via combustion reactions (formation of hydroxyl, hydronium, and hydroperoxyl radicals), (ii) propagation via
decarboxylation or attack on hydroxyls as well as ring-opening of epoxides, and (iii) terminating into benzyl/phenyl radicals with CO/CO2 production.

http://pubs.acs.org/action/showImage?doi=10.1021/jp2052618&iName=master.img-016.jpg&w=374&h=472
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trapped water, and edge carbonyls at room temperature, deter-
mines the efficiency of the radical reactions.
Trapped water can readily initiate the heterolysis formation of

hydroxyl and hydronium radicals promoted by heat as a result of
combustion reactions,105,106 which leads to production of addi-
tional radicals, such as hydroperoxyl radicals, at higher tempera-
tures (Figure 16i). In addition, some other additional oxygen
species (e.g., peroxides, hydroperoxides) generate O2, H2O,
H2O2, etc. that stimulate the radical mechanism. Water mol-
ecules can either react with edge oxygen groups or catalyze the
degradation of the basal plane oxygen groups with the help of
hydroxyl, hydronium, or hydroperoxyl radicals (high-energy
oxidants). These hydroxyl radicals and their derivatives have
the capability for fostering the formation, with a high degree of
the selectivity, of other hydroxyl groups.107 Table S9 (Supporting
Information) summarizes possible radical species and further
radical production.
Although we cannot directly determine these radical species

from infrared spectroscopy measurements, shifts in the vibra-
tional modes can provide an indirect measure of their presence.
For instance, in the presence of hydroxyl radical�water clusters,
OH(H2O)n, the hydroxyl radical reduces the rate of reaction of
hydroxyls due to enhanced stability of OH(H2O)n clusters
through the OH/water electron network.108 This phenomenon
result in red shifts of ∼52�78 cm�1 of C�OH stretch infrared
frequencies, in the 3000�3700 cm�1 region, yielding broader
bands. However, direct observation of hydroxyl radicals is quite
difficult, and has not been well-described so far. A direct evidence
for observing hydroxyl radicals can be either using electron spin
resonance described by YanQing et al.109 or using a probe
molecule, such as terephthalate, for monitoring the radicals in
water.107 Therefore, much work has to be performed to resolve
further radical issues.
A mechanism that is consistent with our experimental results

involves several steps after this initiation step. The radical
mechanism follows steps a�c during a propagation step with
highly reactive hydroxyl radicals, as summarized in Figure 16ii.
In this schematic figure, we only show the participation of
hydroxyl radicals. However, the contribution of other radicals as
well as oxygen species should also be considered, as summar-
ized in Table S9 (Supporting Information). The first reaction
involves the attack of the reactive hydroxyl radicals to the
hydroxyl groups undergoing radical propagation and leading to
the further formation of the carbonyls (Figure 16ii(a)). Car-
boxylates are known to decompose via decarboxylation, form-
ing CO2 radicals, of which unpaired electrons then migrate
through the carbon framework and lead the formation of
covalent bonds after finding other unpaired electrons.110 An-
other reaction is, therefore, possible and involves the attack of a
hydroxyl radical with a carboxyl, producing carboxylate radicals.
The decomposition of carboxylates would then produce CO2,
as illustrated in Figure 16iii(b). The reactive free hydroxyl
radicals are also likely to convert 1,2-diols (a ring-opening
product of epoxides, keeping in mind that water catalyzes this
reaction to initiate the diol formation) at the etch holes into the
carbonyls (Figure 16ii(c)). All these three radical routes result
in intermediate byproducts, such as formation of additional
water molecules and trapped CO2 (the latter reaction). Extra
water molecules are important oxygen sources during radical
reactions promoted by hydronium radicals (originally gener-
ated by water molecules) to propagate the reactions. They can
then readily undergo an additional intermediate initiation and

foster the oxidation reactions. There are also other oxygen
radical sources (such as peroxides), which readily undergo
homolysis when heated and, therefore, weaken the oxygen�
oxygen bonds, producing free oxygen radicals (either hydroxyl
or hydroperoxyl radicals).106 In addition to this simple reaction
mechanism initiated mainly with the hydroxyl radicals, other
alternative radical species are likely to form upon annealing
(Table S9, Supporting Information). At this step, in the
presence of all these reactive radicals, an attack on each
individual group (OH, COOH) is also expected to occur
between reactive hydroxyl radicals and carboxyl and hydroxyl
groups, following the two reactions, (OH• + COOH = CO2 +
H2O•) and (OH• + OH = H2O + H•). These radical reactions
are terminated with the consumption of the hydroxyl radicals or
other generated radicals, which can then further decompose in
the form of trapped CO or CO2 (Figure 16iii).
Condensation reactions can also occur at the sheet edges or on

the basal plane when two oxygen groups are nearby in the
presence of water catalyzing these reactions. Such reactions
would produce additional water in addition to the initial amount
of the trapped water in the interlayers. However, if this were the
case, there would be a relatively similar carbonyl formation for all
single-, three-, five- and multiple layers GO samples after
moderate temperature anneals. Therefore, selective reactions
of radical attacks together with cation or anion radicals are more
likely to occur than condensation reactions.
In closing, we emphasize that radicals could potentially be

charged, as would be the case in aqueous solutions, forming
radical anions of hydroxyls.111 Whether neutral or charged, the
simple mechanism summarized in Figure 16 captures the essen-
tial multistep reactions likely to take place.

6. CONCLUSIONS

This work has examined the evolution and interactions of
oxygen groups, typically randomly arranged in the material,
during thermal reduction performed by 5 min annealing at each
temperature. In this spectroscopic study, the spectral assign-
ments take into account the environment and interactions of
oxygen groups and quantitative information is derived from the
integrated absorbance. Although complete reduction of GO films
is typically not achieved in a 5 min anneal at 850 �C, the details of
the reactions could be followed, thus providing information on
the mechanism of thermal reduction.

The first finding, using IR spectroscopy and DFT simula-
tions, is that GO synthesized by the modified Hummer’s
method is characterized by hydroxyls (possible COOH and
H2O contribution) (C�OH, 3000�3600 cm�1), ketones
(CdO, ∼1750�1850 cm�1), carboxyls (COOH and/or
H2O) (∼1600�1750 cm�1), sp2-hybridized CdC (in-plane
stretching, ∼1500�1600 cm�1), and epoxides (C�O�C,
∼1280�1330 and 800�900 cm�1), with all these species
having weaker contributions in the 900�1500 cm�1 region.
Second, the interactions occurring between nearby oxygen
groups cause spectral shifts, characterized by variations arising
from the random organization of the oxygen groups. Third,
incomplete oxygen removal is observed and the degree of
reduction is found to depend on the initial amount of existing
carbonyl, carboxyl, and hydroxyl groups. Furthermore, the
concentration of some of these groups increases upon mild
anneals (∼200 �C). Fourth, the thermal reduction of GO
generates defective graphene structures arising from the
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removal of randomly distributed oxygen groups via CO2 or CO
production, leaving the remaining oxygen in the form of very
stable ethers (characterized by a sharp and strong mode at
800 cm�1 after an 850 �C anneal) and, in some cases, of
carbonyls (e.g., in multilayered GO). We have also shown that
longer annealing times (such as 1 h for each temperature)
greatly reduce the amount of remaining oxygen, particularly at
moderate temperatures (e600 �C).

Finally, several thermal reduction mechanisms are proposed,
starting with water as an initiator that produces free radicals
containing oxygen, leading to further radical reactions. These
radicals then propagate by reaction with the oxygen groups of
the GO films or the carbon dangling bonds at defective sites.
The newly formed species after these reactions determine the
amount of oxygen remaining in the reduced GO structure after
annealing. These mechanisms, based on experimental support,
bring a detailed overview of the whole thermal reduction
process, thus providing a guide for dealing with oxygen
interactions in aromatic and heterocyclic systems and for
further modification or functionalization of GO as a function
of annealing temperature.
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