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The thermal stability and reduction kinetics of graphene oxide were studied by measuring the electrical
resistivity of single-layer graphene films at various stages of reduction in high vacuum and by performing
temperature programmed desorption (TPD) measurements of multilayer films in ultrahigh vacuum. The
graphene oxide was exfoliated from the graphite oxide source material by slow-stirring in aqueous solution,
which produces single-layer platelets with an average lateral size of ~10 um. From the TPD measurements,
it was determined that the primary desorption products of the graphene oxide films for temperatures up to
300 °C are H,0O, CO,, and CO, with only trace amounts of O, being detected. Resistivity measurements on
individual single-layer graphene oxide platelets resulted in an activation energy of 37 & 1 kcal/mol. The
TPD measurements of multilayer films of graphene oxide platelets give an activation energy of 32 + 4

kcal/mol.

1. Introduction

Graphene oxide, which is an electrical insulator, shows
promise for use in several technological applications. For
instance, individual, monolayer, graphene oxide platelets could
be used as dielectric layers in nanoscale electronic devices. Since
the electrical, optical, and mechanical properties of graphene
oxide can be controlled by chemical modification, films
composed of layers of graphene oxide platelets may be used as
the active region of chemical sensors.'™ In principle, graphene
oxide films could also be used as a precursor for the formation
of large-scale graphene films by either thermal or chemical
reduction of the graphene oxide.”™!!

Graphene oxide is formed by extensive chemical oxidation
of graphite to form graphite oxide'>~'* followed by exfoliation
to monolayer thick platelets by techniques such as sonication®'>!6
or slow-stirring in aqueous solution.'! It is a nonstoichiometric
compound; therefore, the carbon-to-oxygen (C/O) ratio depends
on the method of preparation and by how much the material is
reduced. Previous measurements of the C/O ratio of graphene
oxide films by X-ray photoelectron spectroscopy (XPS) have
determined that the ratio of fully oxidized graphene oxide is
2:1.'7 The geometric structure of fully oxidized graphene oxide
is still an open question. Several different models have been
proposed, with some of these models predicting a planar
structure,'®!” while others favor a buckled structure.!”-?0722
Although there is general agreement that the chemical composi-
tion of graphene oxide is primarily carbon, oxygen, and
hydrogen, the assignment and positions of the functional groups
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of the oxide are still debated. Some of the functional groups
proposed to exist at the surfaces of graphene oxide are epoxide
(C—0—C), single-bonded on-top oxygen (C—0), and hydroxyl
(C—OH) groups. In addition, carbonyl (C=0) groups are
expected to form at missing carbon atom defect sites of the
surface, and carboxylic (O=C—OH) groups, carbonyl groups,
and hydroxyl groups are expected to form on the edges of the
platelets. Recent solid-state NMR studies of '*C-labeled graphite
oxide have shed further light on this topic.?

Before graphene oxide can be used in most technological
applications, it is important to understand its thermal stability
and reduction kinetics. For instance, the decomposition tem-
perature of graphene oxide will govern which processing
techniques can be used to manufacture nanoscale electronic
devices and sensors based on this material. Despite the potential
technological importance of this material, there have been
relatively few studies of the thermal stability of either graphite
oxide>?*? or graphene oxide.”!'?%?” An early study of the
thermal decomposition of graphite oxide using gas chromatog-
raphy found that the primary desorption products are H,O, CO,,
and CO and that the decomposition occurs over a temperature
range of 80— 180 °C.>* These results indicate that graphene oxide
is a rather fragile material and that since there is carbon loss
upon reduction, the structural integrity of the carbon backbone
of the graphene will most likely be compromised upon
decomposition. In fact, evidence for the generation of holes in
thermally expanded graphite oxide has been discussed previ-
ously.?

In this study, the reaction kinetics and reduction process of
graphene oxide films have been investigated using two tech-
niques: monitoring the resistivity of a single-layer platelet of
graphene oxide at various stages of reduction in high vacuum,
and temperature programmed desorption (TPD) measurements
of multilayer films under ultrahigh vacuum (UHV) conditions.
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Figure 1. Schematic of the experimental setup for (a) the resistivity
measurements of an individual single-layer graphene oxide platelet and
(b) the TPD measurements of multilayer graphene oxide films.

A schematic of these two techniques is shown in Figure 1. For
the first method, the resistivity is monitored at constant
temperature as a function of time and is then repeated for
different temperatures ranging from 140 to 200 °C. From
the time dependence of the resistivity, the reaction order, rate
constant, and an estimated value of activation energy are
acquired. From the TPD measurements, the relative coverage
of the desorption products is determined by analyzing the areas
under the partial pressure versus time curves. In addition,
activation energies for decomposition of the oxide are deter-
mined with TPD by measuring the shift of the temperature at
which the maximum of the partial pressure versus temperature
plot occurs (Ty) as the heating rate (8) of the sample is
increased. From the TPD measurements, it is determined that
the primary desorption products of the graphene oxide films
for temperatures up to 300 °C are H,O, CO,, and CO, with a
similar Ty for all three molecular species. Activation energies
of 37 & 1 and 32 £ 4 kcal/mol are measured by resistivity
measurements on single-layer graphene oxide and TPD mea-
surements of multilayer films, respectively.

2. Experimental Section

The graphene oxide films were deposited on SiO,/Si(100)
substrates from an aqueous solution of graphene oxide platelets.
The nominal thickness of the SiO, overlayers was 300 nm. The
graphene oxide solutions were formed by exfoliation of graphite
oxide, which was produced by chemical oxidation of graphite
using the modified Hummers method.'* Two different methods
are used by our group to exfoliate the platelets: sonication and
slow-stirring. The exfoliation is performed on samples with a
concentration of 1 mg of graphite oxide per 1 mL of deionized
water. The sonicated platelets are exfoliated using a 150 W
ultrasonic bath, where the signature for complete exfoliation
into single-layer graphene oxide platelets is a conversion of the
suspension from opaque to clear, which typically takes about
30 min. The platelets produced by this method have an average
lateral size of ~0.5 um.? Since it is difficult to grow patterned
electrodes onto platelets this small, the method of slow-stirring,
which produces platelets with a much larger lateral size, was
used for the measurements presented in this study. For the
exfoliation of the slow-stirred platelets, the graphite oxide/water
mixture is stirred with a Teflon-coated stir bar for about a week,
which only results in partial exfoliation of the platelets.
Therefore, the suspension is sedimented, and the clear liquid
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Figure 2. (a) SEM image of submonolayer coverage of slow-stirred
graphene oxide platelets deposited on a Si(100) substrate and (b) optical
image of a ~9 ML thick film composed of single-layer graphene oxide
platelets deposited on 300 nm SiO,/Si(100).

Figure 3. (a) Optical image of patterned electrodes on an individual
graphene oxide platelet and (b) sample mounting arrangement for TPD
measurements of multilayer graphene oxide films.

above, which contains large platelets of single-layer graphene
oxide, is used. This technique results in graphene oxide platelets
with an average lateral size of ~10 um. A scanning electron
microscope (SEM) image of a submonolayer coverage of slow-
stirred platelets on a Si(100) substrate is shown in Figure 2a.

For the resistivity measurements, single-layer graphene oxide
films were formed by applying a droplet of the slow-stirred
graphene oxide solution on the substrate followed by dispersion
of the droplet by blowing with dry N, gas. The electrical
resistivity measurements were performed using a differential
four-point probe technique.*®3! The electrodes were formed by
deposition of a Au film with a Cr buffer layer using a high-
vacuum, e-beam, evaporation system and a photolithographic
technique. The Si substrates were mounted on a sample holder
stage and heating of the single-layer platelets was performed
inside the SEM chamber (Nova NanoSEM600, FEI Co.), which
has a base pressure of 1 x 107® Torr. Temperature measure-
ments were performed with a thermistor that sits below the
sample (Figure 1a). To correct for the temperature differential
between the front surface of the Si substrate and the bottom of
the sample holder where the thermistor is located, a calibration
curve was measured with a thermocouple attached to the front
of a blank substrate. Further details of the resistivity measure-
ment procedure have been described in previous publications.*!!
A confocal microscope image of a single-layer graphene oxide
platelet with patterned electrodes is shown in Figure 3a.

For the TPD measurements, depositing several droplets on
the substrate and letting the suspension dry in air resulted in
multilayer films (Figure 2b). The average thickness of the films
grown from slow-stirred platelets was measured to be 8.5 £
0.6 nm using ellipsometry (MV-2000, JA Woollam). AFM
measurements of graphene oxide films grown using this
technique reveal an individual step height of 1 nm for each
platelet; therefore, the average thickness of the graphene oxide
films grown from slow-stirred platelets is ~9 monolayers (ML).
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Figure 4. (a) Electrical resistivity of an individual graphene oxide sheet reduced at a fixed temperature of 200 °C (inset: scaling of electrical
resistivity to molar concentration of oxygen fraction, where graphene oxide before and after reduction is marked with filled circles (®) and amorphous
carbon (pc = 1.6 x 107 Q-m%*) is marked with an open circle (O)) and (b) the relation between mean molar concentration In C and mean
reduction velocity In 7, with line of slope n = 2.2 fit to the high concentration region of plot.

The TPD measurements were performed using a 200 amu,
quadrupole, residual gas analyzer (RGA) with electron multiplier
(Hiden HAL 201) mounted in a UHV chamber with a base
pressure of 5 x 107!! Torr. The ionizer section of the RGA
was fitted with a shroud and a collimator that have 6 mm holes
in their centers to allow detection of gas molecules evolving
from the surface of the graphene oxide film while preventing
the detection of molecules desorbing from other areas of the
sample holder assembly. The samples (13 mm x 13 mm) were
mounted on a molybdenum plate with a hole (9.5 mm diameter)
in the center to allow radiative heating of the sample from a
tungsten filament mounted behind the sample holder. Linear
heating rates were generated using a computer controlled
proportional feedback control system. Since our TPD measure-
ments indicate that graphene oxide begins to decompose at
temperatures as low as 70 °C, a load lock was used for insertion
of samples into the UHV chamber, which permitted the transfer
of samples into the chamber without bake out, which would
cause partial decomposition of the oxide. To allow temperature
measurements of the graphene oxide films, a custom sliding
thermocouple mount was used. The sliding contact consists of
a chromel—alumel thermocouple (0.13 mm diameter leads) spot-
welded to the apex of a bent tungsten wire (0.25 mm diameter),
which makes direct contact with the front of the sample. The
sample holder assembly with sliding thermocouple mount is
shown in Figure 3b. The primary drawback of this measuring
technique is that the temperature measured by the thermocouple
at the point of contact will be less than that of the rest of the
graphene oxide film because of heat transfer along the thermo-
couple leads and tungsten spring. To estimate the amount of
temperature offset, a tantalum plate was mounted on the sample
holder and heated until it just began to glow, resulting in a
measured thermocouple temperature of 475 °C. By heating the
plate further until the region near the contact point of the
tungsten wire began to glow, a temperature of 600 °C was
measured, which gives a temperature offset of 125 at 475 °C.
A linear offset was applied to all of the temperature measure-
ments to compensate for this effect. Although the repeatability
of the TPD profiles for similar heating rates was found to be
within 2 or 3 °C of each other, the absolute temperature at Ty
is estimated to be accurate to only +20 °C.

3. Results

3.1. Temperature Dependent Resistivity Measurements.
The highest temperature used for the reduction of the single-
layer graphene oxide in high vacuum (~10~° Torr) was 200

°C. The average value of the resistivity of five different samples
after thermal treatment at this temperature was 2 4= 0.7 x 1072
Q-m, which is much higher than the value for graphite (1 x
1073 Q+m).3? There are two primary reasons for this. Previous
XPS measurements of the thermal reduction of graphene oxide
provide evidence that a temperature much higher than 200 °C
is needed to completely remove all or almost all oxygen from
the surface.” On the basis of elemental analysis by XPS of
similarly prepared thin multilayer films of graphene oxide, the
C/O ratio of “as prepared” graphene oxide is 3:1 and is reduced
down to 9:1 by heating to 500 °C in UHV.? In addition, the
TPD measurements detect a loss of carbon during the decom-
position process (CO, and CO). Therefore, the reduced graphene
oxide is expected to be highly defective, resulting in additional
scattering of charge carriers within the film.

Since there is a strong correlation between the electrical
resistivity and stoichiometry of the material, the resistivity can
be used to determine the concentration of oxygen in the material.
For an intrinsic semiconductor, the temperature dependence of
the carrier concentration is given by

E
_ s
n, = \chNV exp( 2kBT) (1)

where E, is the band gap, kg is the Boltzmann constant, and N,
and N, are the effective density of states at the bottom of the
conduction band and the top of the valence band, respectively.
Since graphene oxide is a nonstoichiometric semiconducting
compound, it is reasonable to assume that over a finite range
of concentrations its band gap should depend linearly on the
molar oxygen concentration (E, o< C). In fact, recent theoretical
studies of the dependence of the electrical properties of graphene
oxide on the oxygen to carbon ratio predict a linear increase in
band gap as the oxygen concentration increases for graphene
oxide modeled as being composed of epoxide and hydroxyl
groups.>*34 Since the resistivity is inversely proportional to the
carrier concentration, the change in molar oxygen concentration
should depend on the difference in natural logarithms of the
resistivities

C—Ci=plnp—Inpp) 2)

where p is a proportionality factor. The time dependence of the
resistivity at 200 °C of a single-layer graphene oxide film is shown
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Figure 5. (a) Electrical resistivity and the temperature profile of an individual graphene oxide sheet during reduction using a 5 K stepwise change
in temperature and (b) an Arrhenius plot from the rate constants, where the slope of the plot revealed an activation energy of 37 &£ 1 kcal/mol.

in Figure 4a, where the final resistivity, pf, is found to be 1 x
1072 Q+m and the initial value of the resistivity before heating
was measured to be 1 x 10° Q+m. In the inset of this figure, the
molar concentrations of oxygen for graphene oxide are plotted
versus the logarithm of the resistivity (filled circles). The molar
concentrations are calculated on the basis of the assumption that
the atomic carbon-to-carbon distance in the hexagonal structure
of graphene oxide is @ = 0.142 nm and the thickness of graphene
oxide is d = 1 nm. The number of atoms in the hexagonal unit
cell is divided by the volume (V = 3v/3/2a2d), which results in a
concentration at the beginning stage of 2.3 x 10* mol/m® and a
value at the final stage of 7.1 x 10° mol/m?.%

In reaction kinetics, the reaction velocity (v) is related to the
n™ power of the concentration of reactant (v = k[C]"), where k
is the rate constant and n is termed the order of the reaction.
The reaction velocity is the rate of change of the concentration,
v = —dC/dt, for the nonstoichiometric compound. By plotting
In v versus In C, the reaction order can be determined from the
slope of the curve. As shown in Figure 4b for a single-layer
graphene oxide sample annealed at 200 °C, the reaction order
is estimated to be 2.2 over most of the range of oxygen
concentrations. Once the reaction order is estimated, the time
dependence of the rate constant can be determined using the
oxygen concentrations estimated from eq 2.

The temperature dependence of the rate constant for graphene
oxide is assumed to follow an Arrhenius dependence

E,
k=A exp(—R—;,) 3)

where A is the pre-exponential factor, E, is the Arrhenius
activation energy, and R is the gas constant. Since the exact
pathway for decomposition is unknown, the Arrhenius activation
energy is interpreted as the energy barrier for the process of
decomposition of the oxide and followed by formation of
the desorption products. To obtain the effect of temperature on
the rate constant, the resistivity of a single-layer graphene oxide
film was monitored using a 5 K stepwise increase in the
temperature as shown in Figure 5a. The temperature range was
carefully chosen for a relatively slow reduction at the beginning
temperature so that a wide range of temperatures could be
utilized before saturation occurs. To determine E,, the natural
logarithm of the rate constant is plotted versus inverse temper-
ature as shown in Figure 5b. The slope of the curve is the
activation energy divided by the gas constant, which results in
an activation energy of 37 £ 1 kcal/mol (1.6 eV/molecule) for
the single-layer graphene oxide platelets. One aspect of the

determination of the activation energy that should be considered
is the assumption that the band gap of graphene oxide depends
linearly on the oxygen content. Although the deviation from a
linear behavior has not been directly measured, the good fit of
the data to a linear curve (Figure 5b) provides indirect evidence
that this is a valid assumption over the range of reductions
measured in this study.

3.2. Temperature Programmed Desorption. Attempts were
made to measure TPD spectra of dispersed single-layer platelets
prepared in a similar way to the samples used in the temperature-
dependent resistivity measurements. However, the partial pres-
sures of H,O, CO,, and CO from the desorbing molecules were
generally lower than the partial pressures of the corresponding
residual gases in the UHV chamber. To increase the signal-to-
noise level of the TPD experiment, graphene oxide films
composed of multiple layers of single-layer-thick platelets were
used. The TPD spectra taken at a heating rate of § = 30 °C/
min for a mass to charge ratio of m/z = 18, 28, 32, and 44,
which correspond to the detection of H,O, CO, O,, and CO,,
are shown in Figure 6a for an ~9 ML film. To compensate for
the difference in ionization efficiency of each molecular species
by the RGA, the measured partial pressures have been divided
by the corresponding relative sensitivity of each molecular
species.*® Since CO is a cracking fragment of CO, with a relative
percentage of 8%, this component has been subtracted from
the measured intensity of the m/z = 28 partial pressure. To
determine the relative amount of each desorbing species from
films produced from the slow-stirred graphene oxide platelets,
the areas under the partial pressure versus time curves were
calculated and are presented in Table 1. The data for the films
of slow-stirred platelets were averaged over five samples. As
can be seen from the data presented in Figure 6a and Table 1,
the primary desorption component of the samples is H,O,
followed by CO, and CO. The large H,O component is not
unexpected since the films were deposited from aqueous
suspensions, and interlamellar H,O is known to be an integral
part of the structure of graphite oxide as well as ‘graphene oxide
paper’.’” A comparison of the CO,/CO area ratio for slow-stirred
samples provides a value of 1.9.

To determine if isolated OH groups or O atoms are desorbing
during the decomposition of the graphene oxide, TPD spectra
for m/z = 17 and 16 were taken. Since the ionization of H,O in
the RGA also produces some OH (21%) and O (2%) and the
ionization of CO, and CO also produces some O (9% and 2%,
respectively), the measured spectra for m/z = 17 and 16 must
be corrected for these cracking components. TPD spectra for
miz =17, 16, and 15 after the cracking components from H,O,
CO,, and CO were subtracted are shown in Figure 6b. The m/z
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Figure 6. TPD spectra taken at a heating rate of § = 30 °C/min for ~9 ML thick film of “slow-stirred” graphene oxide (a) for m/z = 18, 28, 32
and 44, where the inset shows the measured heating rate of the sample, and (b) for m/z = 17, 16, and 15.

TABLE 1: Areas under Partial Pressure Versus Time
Curves for Films of Graphene Oxide

mlz Aslowfslirrcd (Torr-s)
18 23404 x 1076
28 53409 x 1077
32 14+04 x 108
44 1.0+0.1 x 10°°

= 17 spectrum shows only a small broad peak centered at 130
°C, which is most likely the result of a slight deviation of the
cracking fraction of OH from H,O for our RGA from the
standard value of 21%. However, there is a peak for m/z = 16
that is centered at 130 °C, which is probably due to methane
(CH,) desorption since there is also a small peak for m/z = 15
at this same temperature, which would correspond to the
cracking component CHj.

The activation energies of the films composed of slow-stirred
platelets of graphene oxide can be measured with TPD if one
assumes an Arrhenius dependence for the probability of
desorption. Since the partial pressure of each decomposition
product is proportional to the rate of desorption Ry, = —d6/dt
of that species from the surface of the film, where 6 is the
instantaneous coverage, the desorption rate can be written as

—E

_d0 _ o (_a)
ar 10" exp RT “4)

where v is the frequency factor.?® If the sample is heated at a constant
rate 3 = d7/ds, the rate of change of coverage can be written as

(=)
eXp\ o7

By taking the derivative with respect to temperature of eq 5 and setting
it equal to zero, the temperature, 7y, at which the maximum of the

partial pressure occurs for a sample heated at constant rate 3 can be
found.* This results in the expression

do _ _vo"
ar -~ B

)

Tw)  E. 1
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a
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The results of the resistivity measurements of single-layer graphene
oxide indicate that the order of the decomposition kinetics is ~2;
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Figure 7. Plot of In(7%/f3) versus 1/Ty for CO, desorption measured
with heating rates of 12, 30, and 59 °C/min for ~9 ML thick films of
“slow-stirred” graphene oxide, where the slope of the plot revealed an
activation energy of 32 + 4 kcal/mol.

therefore, the value of Ty will depend on the coverage 6 for a fixed
heating rate 3. Since the multilayer graphene oxide films in this study
are all prepared from the same graphene oxide suspension of slow-
stirred source material, the relative coverage of oxygen and hydrogen
in the platelets of the films should be the same for each sample. A
plot of In (7}¢3) versus 1/Ty; for CO, desorption measured with heating
rates of 12, 30, and 59 °C/min is shown in Figure 7. The activation
energy found from the slope of this curve is 32 £ 4 kcal/mol (1.4
eV/molecule).

4. Discussion

Since it is relatively easy to exfoliate single-layer graphene
oxide from graphite oxide, this could be used as a source for
nanometer-thick dielectric layers for use in both nanoelectronics
and chemical sensor applications. However, the TPD results
indicate that the decomposition of graphene oxide begins at the
relatively low temperature of 70 °C, which limits applications
on the basis of graphene oxide to approximately room temper-
ature and below. Another application of graphene oxide that
has sparked great interest is the possible use of graphene oxide
as a precursor for the formation of single-layer graphene. Ideally,
the reduction of graphene oxide would be accomplished by the
desorption of the O and OH groups via the formation of O,
and H,O, which would leave the carbon backbone of the
graphene intact. However, the TPD measurements show almost
no O, formation and a relatively large amount of CO, and CO
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desorbing during the decomposition of the oxide. Since carbon
is lost during the reduction process in UHV, the addition of
other carbon-containing reactants during the thermal reduction
will be needed to regain the electrical and mechanical properties
of pristine graphene.

For TPD measurements of gas molecules adsorbed on single-
crystal surfaces, multiple desorption peaks are often observed,
which results from different binding sites on the surface (on-
top, bridge, 3-fold hollow, etc.). For the TPD measurements of
graphene oxide, the desorption peaks of H,O, CO,, and CO are
all observed at the same temperature. Since the reduction of
graphene oxide is a decomposition process where some of the
carbon backbone is lost, the breaking of carbon—carbon bonds
must trigger a change in the local chemical potential that is
strong enough to initiate the simultaneous formation of all of
the desorption products. A first-order desorption process is
associated with the direct desorption of a particular molecular
species, whereas a second-order desorption processes involves
an intermediate step before desorption. Therefore, the measured
value of n = 2.2 from the temperature-dependent resistivity
measurements is in general agreement with the expected n = 2
desorption kinetics for the decomposition of graphene oxide.

5. Conclusion

The thermal reduction kinetics of graphene oxide have been
monitored using temperature-dependent resistivity measurements
under high vacuum and using TPD in UHV. The exfoliation of
single-layer graphene oxide from graphite oxide has been
accomplished by slow-stirring, which produces platelets with
an average lateral size of ~10 um. The TPD measurements for
temperatures up to 300 °C find that the primary desorption
components of graphene oxide are H,O, CO,, and CO, with
only trace amounts of O, being detected. The detection of CO,
and CO provides evidence that carbon is being lost from the
graphene backbone of the oxide during the reduction process.
The desorption kinetics have been estimated from the temper-
ature-dependent resistivity measurements to be 2.2. For the
decomposition of the slow-stirred graphene oxide, activation
energies of 37 & 1 and 32 £ 4 kcal/mol are measured by
resistivity measurements on single-layer graphene oxide and
TPD measurements of multilayer films, respectively.
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