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ABSTRACT: The recent development of aerosol generated crumpled
graphene oxide nanopaper provides a test bed for studying the reactivity of
physically deformed graphene-based materials. In this work, we measured the
thermal reduction of aerosolized single sheet, crumpled graphene oxide (GO)
nanopaper. Online aerosol mass analysis was used to monitor the mass
evolution of individual crumpled GO nanopaper during reduction. For the first
time, the extent of sp2 bonding within the material was characterized using
photoacoustic spectroscopy. The chemical composition of reduced GO
nanopaper was evaluated using X-ray photoemission spectroscopy (XPS).
Thermal reduction kinetics was determined using both the loss of mass and
the change in optical absorption, each measured as a function of temperature.
The activation energies were different for the two techniques, suggesting mass
loss and light absorption probe different processes of GO reduction. We
measured a constant effective density at high reduction temperatures suggesting that portions of reduced GO unzip from the
sheet similar to what has been observed in oxidized graphene.

■ INTRODUCTION

Graphene oxide (GO) is a water-soluble electronic hybrid
material, featuring both sp2 and sp3 carbon environments with
various oxygen containing functional groups. Through
reduction, the disrupted sp2 network of GO can be partially
restored, making GO a solution processable precursor to
graphene-like materials. The availability of different oxygen
functional groups and the variety of chemical interactions
between these functional groups and other materials allows
synthesis of hybrid materials1 and composites from GO.2 Its
heterogeneous atomic and electronic structure has led to novel
optoelectronic properties when compared to graphene.3

Furthermore, the properties of GO can be tuned through
careful and controlled removal of specific oxygen moieties,
which has opened a wide range of applications.4−8

Various chemical and thermal methods have been developed
to reduce GO to a graphene-like material (rGO). Most
chemical methods involve the use of strong chemical
reductants,9−12 while thermal treatment, avoiding the use of
hazardous chemicals, also provides an efficient method for GO
reduction.13 During reduction, the restoration of the sp2

network and the decrease in oxygen functionality has been
observed, accompanied by the evolution of H2O, CO2, and CO
gases. High-resolution TEM has revealed that thermal
reduction forms graphene-like areas that are interspersed with
defect regions dominated by clustered carbon pentagon and
heptagon rings,14 holes (up to 5 nm2), and remaining oxygen
containing functionalities,15 adding strain and distortion in the

defected regions. Control of reduced GO properties requires
understanding the reduction process, which, due to its
complexity and the lack of a detailed reaction mechanism,
prevents the accurate prediction of rGO properties. Further-
more, these properties are functions of the size, shape, chemical
composition, and ratio of the sp2 and sp3 fractions of the
starting material, which are highly varied depending on the
synthetic scheme.
One phenomenon of graphene-based materials is how the

chemical reactivity is affected by its morphology.16 Recent
developments using aerosol generation to form highly folded,
crumpled single sheet GO nanopapers (similar in morphology
to macroscopic crumpled paper) at high concentration (>106

particles cm−3) allows fundamental properties to be studied in
the absence of substrate and/or mass and heat transfer
effects.17−19 First, crumpled GO nanopaper can be used to
assess if morphology is related to chemical reactivity. GO
nanopapers are highly crumpled and comprise multiple ridges
and wrinkles leading to regions of high strain and energy
densities, which allow the effect of particle morphology to be
measured relative to planar GO properties. Theoretical work
has predicted enhanced chemical activity of the atoms along the
kinks and ridges in GO.20 Second, GO crumpled nanopaper
consists of single GO sheets; thus, effects such as intercalated
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water driven hole and carbonyl formation are minimized.21

Finally, aerosolized crumpled GO is unsupported in a flowing
gas stream, where GO can achieve its most thermodynamically
favorable state without effects from substrate interaction. To
date, prior studies have measured thermochemical properties of
GO single and multilayered films, where there may be influence
from the substrate. It is well established that adsorption of
gases, monomolecular films, and some thin layers can greatly
affect adsorbate properties such as bond strength, electron
density, and extent and direction of charge transfer. These
effects are minimized in this study.
We demonstrate a method to quickly reduce freely

suspended GO nanopaper to rGO using an aerosol reactor
and measure activation energies associated with the reduction
process. The reaction kinetics was determined by nanoparticle
mass analysis, as well as optical absorption using photoacoustic
spectroscopy. Mass measurements of individual GO particles
provide a direct measure of desorption of functional groups and
H2O. Optical absorption probes the sp2 network, which both
theoretical and experimental work22 have shown that the extent
of sp2 islands governs the optical and electronic properties of
carbonaceous materials.23 The data are compared to previous
thermal reduction studies of planar GO films on solid surfaces.

■ EXPERIMENTAL SECTION
GO Preparation. GO was synthesized using a modified

version of the Hummer’s method as described previously.13,24

Dried GO powder was added to 18.2 MΩ cm H2O at 0.5 mg/

mL. The GO concentration was determined from UV−vis
absorption measurement at 400 nm. XPS results shows the
initial C/O of GO is near 2.

DMA-APM and Tandem DMA Systems. A schematic of
the instrumental set up employed is shown in Figure 1. All
experiments were carried out in air (21% O2) unless otherwise
noted. The mass and size evolution of GO nanopaper under
different reduction conditions were measured by combining
two ion-mobility measurements in series. The first selects the
mobility diameter of GO particles with a differential mobility
analyzer (DMA), and the second employs either an aerosol
particle mass analyzer (APM) or a second DMA, to measure
the mass or size change of GO nanopaper resulting from a
controlled reduction environment. The details of the system
configuration and error analysis have been described
previously.25−28 The commercially available DMA and APM
instruments are combined and coupled to a condensation
particle counter (CPC). The reported particle mass was
determined by fitting the data to a Gaussian line shape to a
particle count versus mass plot at each mobility diameter. The
DMA-APM mass measurement was calibrated with NIST
Standard Reference Materials (SRM) PSL spheres of 100.7 nm
(SRM 1963A) and 310 nm (SRM 1961). The mass
measurement error is within 3.5% for 310 nm PSL and 2.8%
for 100.7 nm PSL. Run to run error is within 0.2% for 310 nm
PSL and 0.14% for 100.7 nm PSL spheres. GO reduction was
performed in a quartz flow tube. The temperature in the flow
tube was monitored with a NIST calibrated type K

Figure 1. Experimental schematic.
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thermocouple. Aerosol flow rates were controlled by carefully
adjusting the ratio of flow through the quartz tube versus a
HEPA filter assembly. The flow rate was monitored using a
calibrated flow monitor in line with the flow tube. In the
experiment, the flow rate through the system is kept at 1.5 L
per minute (lpm), which gives a ∼5 s residence time in the
reduction furnace.
The effective density is calculated by dividing the measured

GO mass by the equivalent spherical volume (4/3πr3, where r is
the mobility radius) from the particle size measurement. Our
previous density measurement of NIST standard reference
(SRM) spheres using the same DMA-APM configuration
showed an uncertainty within 4% and run to run consistency
within 0.2%.29

X-ray Photoemission Spectroscopy (XPS). Particle
samples for XPS analysis were collected from aerosol phase
onto an Al substrate using an electrostatic particle collector.
XPS measurements were made on a commercially available
multichannel X-ray photoemission spectrometer using a
monochromatic Al Kα source and a 40 eV pass energy. Data
was fit as described in ref 13.
Photoacoustic Spectroscopy. The photoacoustic spec-

trometer consists of an acoustic cell, a microphone, a 300 mW
continuous-wave laser at λ = 660 nm, a lock-in amplifier, a
calibrated laser power meter, and a data acquisition system.
Details and error analysis of the system is described in Gillis et
al.30 and Havey et al.,31 and a schematic is shown in Figure 1.
The photoacoustic spectrometer (PAS) measures the absorp-
tion of the total population of size-selected particles. The
absorption cross-section per particle is then obtained by
dividing the PAS absorption cross-section by the aerosol
concentration downstream measured using a condensation
particle counter (CPC). The particle loss inside the PAS
chamber is independent of particle size. Finally, the mass
absorption cross-section was calculated by dividing the
absorption cross-section per particle by the particle mass.
SEM and TEM. Transmission (TEM) and scanning electron

microscopy (SEM) measurements were made on a commer-
cially available instrument. GO thin films were drop cast onto
SiO2 substrates and dried in a vacuum desiccator and heated in
an oven in laboratory air. GO nanopaper particles were
collected on TEM grids using an electrostatic particle collector.

■ RESULTS AND DISCUSSION
Our previous work showed aerosolization of GO aqueous
solution and rapid solvent removal crumples 2-dimensional GO
nanosheets by capillary forces where the final morphology is
identical in shape and fractal dimension to that of macroscopic
crumpled paper.17 The particle morphology can be envisioned
as consisting of a 2-dimensional sheet crumpled into 3-
dimensional space, where gas evolution (via reduction) and
heat transfer are equally accessible to all regions of the particle.
The aerosolization method produces freely suspended GO
nanopapers with a particle size distribution from 100 to 400 nm
which peaks around 150 nm. A typical SEM image of crumpled
nanopaper with a 150 nm mobility diameter is shown in the
inset of Figure 2. The mass of 150 nm mobility diameter GO is
1.5 ± 0.1 femtograms, corresponding to an effective density of
0.95 g/cm3, consistent with single sheet particles with an open,
crumpled morphology.
Figure 2 shows the results of particle mass, size (measured by

tandem DMA), and effective density of size selected 150 nm
GO crumpled nanopaper as a function of reduction temper-

ature in air (21% O2). Three mass loss regions can be
identified. The first region comprises about 5% of the total
mass and starts around 100 °C, which is correlated with the loss
of residual H2O and loosely bonded functional groups.32 The
largest mass loss, with an onset temperature of about 225 °C, is
sharp and results in the loss of an additional 25% of the total
mass. The third mass loss region has a reduced slope, starts 300
to 325 °C, and continues to 425 °C, contributing to about 10%
of particle mass loss. The rapid mobility diameter change
occurring between 225 and 300 °C is correlated with measured
mass loss. Combining the mass and mobility diameter data, the
effective density measurement shows a ∼ 20% decrease
between 225 and 300 °C, while almost constant density is
observed at both lower and higher temperatures. Our previous
measurement of the fractal dimension of aerosolized GO
showed that the shape of GO nanopaper is invariant at
temperatures >400 °C.17 The loss of mass occurs homoge-
neously to maintain constant density, while preserving the
overall morphology at a given mobility diameter. Therefore, the
effective density decrease of GO nanopaper between 225 and
300 °C captures the GO to rGO transition.
The effect of carrier gas on the mass loss of GO nanopaper

was also investigated. Mass loss of 150 nm GO nanopaper in air
and Ar are shown in Figure 3. GO mass loss is nearly identical
for temperatures <425 °C, above which we observe mass loss is

Figure 2. Mass, size, and effective density evolutions of 150 nm size-
selected GO crumpled nanopaper reduction; inset, SEM image of
crumpled GO nanopaper.

Figure 3. Mass change of size selected 150 nm GO nanopaper as a
function of temperature in air (21% O2) and Ar.
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about 5% higher in air. This is likely the result of the presence
of O2 in air, although we cannot rule out a small amount of O2
in Ar. While GO thermal reduction at 400 °C in Ar has been
previously demonstrated, a partial pressure <10−5 Torr of O2
can result in complete loss of planar single layer GO,32 and O2
induced mass loss may be exacerbated in crumpled nanosheets
with exposed edges in a flowing gas stream.
Optical absorption of GO nanopaper aerosol as a function of

temperature is shown in Figure 4. The GO mass absorption

efficiency (MAE, m2/g) is constant until ∼200 °C, where a
rapid increase in MAE is initiated and continues to 325 °C.
Above this temperature, the GO optical absorption becomes
constant, correlating with the effective density. The optical
absorption curve suggests that there is little improvement in the
restoration of the sp2 network above 325 °C at the reduction
time scale of our experiment, although the particle mass
continues decreasing. C 1s core level XPS of GO aerosol were

collected as a function of temperature and also are shown in
Figure 4. The full XPS elemental analysis shows the presence of
only carbon and oxygen. Prior to thermal processing, three
peaks are resolved in the C 1s region; one at 284.6 eV
attributed to C−C bonds and two peaks at higher binding
energies are assigned to carbon bonded to oxygen (peak fits
and peak component ratios are shown in the Figure S1 and
Table S1, Supporting Information, respectively). During
thermal reduction, a continuous shift of the components to
lower binding energy is observed with increasing reduction
temperature, indicating a loss of carbon bound to oxygen with
concomitant increase in the C−C component. The C 1s XPS
spectrum at 400 °C shows the increase in the component at
284.6 eV, typical of thermal reduction and increase in sp2

bonding. The collected aerosol color changed from light brown
to dark brown to black as the temperature was increased,
consistent with both the formation of new sp2 bonds and with
our optical measurements.23

Figure 5a shows TEM images of mobility diameter selected
150 nm GO particles heated during image acquisition at room
temperature and at 480 °C in vacuum. The most obvious
changes occur at the periphery ridges and folded areas, where
well-defined ridges and wrinkles at room temperature are
slightly offset in space and replaced by more rounded regions
and disappearance of the sharp edges (see arrows), suggesting
the edge regions are more reactive than the nanosheet interior
regions and consistent with other work.16 The overall shape
(mobility diameter) of the GO particle is preserved, consistent
with measurements showing that the fractal dimension of GO
particles is independent of temperature.17

GO nanopaper undergoes fast reduction between 225 and
300 °C. Above 325 °C, little change is observed, as evaluated
using both optical absorption and XPS measurements. This is
likely a result of the remnants of stable ether and carbonyl
groups on the nanosheet.33 The continuous mass decrease and
constant particle density are consistent with cleavage and mass
loss of GO fragments at ≥325 °C, most likely from these highly
reactive folded areas. As discussed above, we measured mass
loss in air (21% O2) and Ar, and the measured mass loss at

Figure 4.Mass absorption cross-section of size-selected 150 nm GO as
a function of reduction temperature. XPS data show the C 1s region
for each corresponding temperature.

Figure 5. (a) TEM in situ heating experiment of a 150 nm GO from room temperature (left) to 480 °C (right) (TEM images are reproduced from
our previous work; see ref 17). (b) Schematic of GO nanopaper mass loss mechanism at high temperatures.
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temperatures <425 °C are within our mass loss uncertainty.
This suggests that pyrolysis or mass loss associated with etching
of the edges with O2 is unlikely at low temperatures. A
proposed mechanism of high temperature mass loss is
presented in Figure 5b. During the reduction process, holes
and defects are generated as mass is lost as CO2 and H2O.
Studies of GO thermal reduction14,15 have shown that, upon
heating, holes and defects enlarge, producing significant in-
plane distortion and strain within the defect and migrate to
form a continuous defect region, and initiate GO fragment
cleavage and relax strain at constant density. This mechanism is
analogous to an oxygen-induced fragment unzipping in other
carbonaceous materials such as oxidized graphene34−36 and
carbon nanotubes.37 DFT calculations have also predicted the
unzipping of oxidized graphene, which has similar chemical
composition to GO and partially reduced GO.38−41

The kinetics of GO thermal reduction as a function of
reaction time was determined from both mass loss and optical
measurements and allowed comparison to the reduction of 2-
dimensional GO films. Mass loss probes the evolution of
products formed during thermal reduction, whereas the change
to the optical cross-section measures the rate of sp2 bond
formation within the nanosheet. This is achieved by carefully
varying the aerosol flow rate through the reduction furnace.
The results are displayed in Figure 6. Three temperatures were

used along the thermal reduction region (240, 255, and 270
°C) with the highest rate of mass and optical change. The
experimental curves were fit separately and evaluated to
determine the relevant kinetic model42 as described in ref 42,
and the uncertainty was determined by calculating the standard
error in the slope of Arrhenius plot. The general reaction rate
equation can be written as

α α=
t

k T f
d
d

( ) ( )

where α is the extent of reaction, k(T) is the temperature-
dependent rate constant, and f(α) is the reaction model. The
best fit was accomplished with a second-order reaction model
( f(α) = (1−α)2, g(α) = [1/(1 − α)] − 1 for both the mass
change and optical absorption data, consistent with the
previous results of GO thermal reduction.43 With the reaction

model, the corresponding rate constants at each temperature
for an aerosol flow of 1.5 lpm were obtained. The rate constants
are plotted in Arrhenius form as shown in Figure 7, and

activation energies for each reaction region were determined by
linear fits of the reaction rates. Using the mass change data,
activation energies of 25.8 ± 0.8 kcal mol−1 and 10.7 ± 0.1 kcal
mol−1 are obtained for 200 to 300 °C and at >325 °C,
respectively, and are tabulated in Table 1. The activation energy

from the optical absorption between 200 to 300 °C was of 37.2
± 2.4 kcal mol−1. The observation of two activation energies
shows that the mass loss is not directly correlated and with sp2

formation in the 200 to 300 °C reduction regime. Mass loss of
GO is observed starting at ∼20 °C lower than the absorption
cross-section onset temperature. At temperatures >325 °C, the
mass loss suggests that the mechanism changes from thermal
reduction to the cleavage of fragments from the sheet, as
previously discussed. The measured activation energy in this
region (10.7 ± 0.1 kcal mol−1) is also similar to the unzipping
of graphene fragments upon oxidation (11.5 kcal mol−1).38 The
constant effective density at >325 °C coupled with lowered
activation energy suggests that this temperature region can be
attributed to the migration of defects, also recently observed in
rGO using high-resolution TEM.15 Since crumpled GO
nanosheets have relatively higher percentage of its area
comprising reactive edges, it is plausible this results in a
reduced activation energy.

Figure 6. Extent of reduction as a function of residence time for mass
and optical absorption measurements at 240, 255, and 270 °C.

Figure 7. Arrhenius plot of GO reduction rate. The activation energies
from mass data are 25.8 ± 0.8 and 10.7 ± 0.1 kcal mol−1 for 200 to
300 °C and at >325 °C, respectively. The activation energy from the
optical absorption between 200 to 300 °C is 37.2 ± 2.4 kcal mol−1,
and 0 above 325 °C, suggesting no reaction takes place. Inset upper
image, GO thin film from dropcast, comprising multiple layers of
sheets slowly dried at room temperature; inset lower image, GO thin
film from dropcast slowly dried at room temperature and heated at
250 °C for 3 min.

Table 1. Measured Mass Loss and Optical GO Thermal
Reduction Activation Energies in Each Temperature Range

measured activation energy (kcal/mol)

temperature range (°C) mass loss optical

225 to 300 25.8 ± 0.8 37.2 ± 2.4
>300 10.7 ± 0.1
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Previous reports of resistivity measurements of single-layer
GO reduction on a solid surface43 measured an activation
energy of 37 kcal mol−1, which is within uncertainty of our
activation energy obtained using optical absorption as expected
since both techniques probe sp2 bonding within the nanosheet
and are independent of particle morphology. The kinetics of
GO reduction using the loss of CO2 and H2O as a function of
temperature from planar thin GO films measured the activation
energy as 32 kcal mol−1. Activation barriers obtained from
gravimetric analysis on multilayered planar GO films44 fall
within resistivity and mass loss measurements (32 to 38 kcal
mol−1). In addition to potential interaction of GO films with
substrate, the interpretation of thermal reduction of multilayer
and thin GO films is complicated by the loss of interstitial H2O
at 130 °C in addition to the mass loss associated with thermal
reduction between 220 and 250 °C. Although measured
activation energy from mass loss in our experiments is ∼7 to 12
kcal mol−1 lower than results of both multi- and monolayer
planar GO films adsorbed on a surface, it is unlikely that factors
such as interstitial H2O loss is a contributor in our experiment
as the aerosolization process forms single GO sheets. The
morphology of crumpled GO particles is highly open when
compared to a multilayer GO film that has layer GO spacing of
∼0.7 nm. In multilayered GO films, the layers are hydrogen
bonded by H2O and van der Waals forces.21,45 Thus, crumpled
GO can be modeled as a single sheet, as there is little chemical
interaction (hydrogen bonding) between neighboring folds and
ridges. The differences in activation energy values highlight the
potential of enhanced reactivity at the folded and ridge areas
present in crumpled GO nanopaper relative to 2-dimensional
planar GO films, and the sp2 bond formation is independent of
morphology. The precrumpled nanosheets may reduce the
mass loss activation barrier when compared to planar GO films
as they contain more reactive folds and ridges and more edge
regions. TEM images of drop cast GO thin films, see Figure 7
inset, show that crumpling is a thermodynamically favored
process induced during the thermal reduction process. The
observation of GO crumpling or folding in heated GO thin
films has been observed in studies and a crumpled morphology
may be the most thermodynamically favorable state of rGO,
relieving strain within the film upon the mass loss associated
with reduction.46−49 Thus, the larger activation energies
measured for GO thin films may be the combination of thin
film crumpling and thermal reduction. Crumpling can be
envisioned as an additional activation barrier requiring energy
to initiate the morphological change from a planar sheet.

■ CONCLUSIONS
In summary, we have measured the thermal reduction of GO
using a combination of size, mass, and optical properties as a
function of temperature. Our data shows that GO reduction
occurs as the loss of mass and the formation of new sp2 bonds.
However, the temperature dependencies of mass loss and bond
formation show that GO thermal reduction occurs at different
reaction rates. The formation of high energy edges and ridges
induced during the GO nanopaper crumpling process is likely
an important contributor to the overall reduction of GO thin
films.
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