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ERP study of graphite oxide thermal reduction:
the evolution of paramagnetism and conductivity
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The evolution of paramagnetic centers (PMC) and conductivity of graphite oxide (GO) during its thermal reduction
has been studied by electron paramagnetic resonance (EPR) at 150 and 165 °C. The GO samples for the study were
prepared by systematically varying the KMnO,/Graphite weight ratios in the oxidation reaction. It has been shown
that the PMC concentration increase in GO correlates with the intense evolution of gaseous products originating
from the former oxygen-containing species of GO. The PMC concentration decrease has been described by the
kinetic equation of the first order with an effective k. and an activation energy value of 33 kcal/mol. The values
of k. decreased with increasing the quantities of KMnO4 used in graphite oxidation reaction. The changes in
GO conductivity were followed by measuring the microwave power absorption in the EPR-spectrometer resonator.
The conductivity changes correlated with the decay of the radicals and occurred after the decomposition of the
oxygen-containing groups was complete.
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1. Introduction

The interest in graphite oxide (GO), first synthesized in 1859 [1], has immensely grown
in the last decade due to the discovery of graphene’s unique properties [2]. The key factors
explaining the burst of interest to GO are: (i) simplicity of GO synthesis; (ii) capability of
GO to breaking down to few- and even mono-layer particles in proper liquid media; and
(ii1) practical feasibility of mass production of graphene-like materials from GO by thermal or
chemical treatment of the latter. The GO-based materials have already been employed as thin
transparent conductive layers, sensors, batteries and capacitors electrodes, etc. [3]. Numerous
experimental and theoretical studies have been published regarding GO synthetic procedures,
its molecular structure, optimizing the GO reduction and studying the properties of the reduced
GO (rGO). The nature of the oxygen-containing groups as well as their formation during the
thermal and/or chemical reduction of GO have been investigated with the aid of spectroscopic
(IR, Raman, XPS, NMR) and analytical (elemental analysis, XRD, TGA) methods [4]. Owing
to their importance in many potential applications, the electrophysical properties of GO-based
materials have received much attention recently. In a kinetic study of the monolayer sheet rGO’s
conductivity, it has been shown [5] that when raising the GO reduction temperature to 200 °C,
the conductivity of the product was increased by 3 orders of magnitude. Such conductivity
growth infers that polyconjugation of the C=C bonds system was effectively restored during
the course of GO reduction. It is also known that under such thermal conditions, the oxygen-
containing groups of GO undergo a rapid exothermic decomposition with the release of gaseous
CO,, CO and H,0O. However, despite much work having already been done to formulate the
mechanisms for GO reduction, these potential mechanisms remain a matter of debate and,
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in particular, the sequence of steps in chemical reactions or the restructuring of the carbon
framework during chemical and thermal treatment of GO still need to be clarified [6-8].

Different samples of GO have been studied by EPR and it has been shown that the
paramagnetic centers residing on GO are represented by some localized states and, probably, by
dangling bonds. It has also been shown that the concentration of the PMC tends to decrease
over the course of thermal or chemical GO reduction processes [9-11].

In the present work, with the aid of EPR spectroscopy measurements at 150 and 165 °C,
we have followed the evolution of the PMC in the samples of GO having different degrees
of oxidation. The temperature interval for the study was chosen based on the results of our
earlier volumetric kinetic study of the gaseous products that were released during the thermally
stimulated decomposition of GO and are closely associated with the emission of the oxygen-
containing functional groups residing on GO [12]. At the initial stage of thermal treatment,
when oxygen-containing groups are undergoing vigorous decmposition, the concentration of
PMC was found to increase. Under further heating, a reduction of the PMC concentration
was observed. Since the emergence and/or increase in an analyte’s conductivity brings about
an excess absorption of microwaves within EPR resonator, EPR spectrometry was used in this
work to measure the variance of electro conductivity for different GO samples. Accordingly, an
apparent correlation between the PMC concentration decay and the growth of GO conductivity
has been found. The obtained results infer that radical reactions take an active role in the
thermally stimulated reduction of GO.

2. Experimental
2.1. Materials

Graphite powders having the particles size in the range of 10 — 20 um (ash content <1.0
%) were used throughout this study. Sulfuric acid (94 %), NaNO3, KMnO,, water and H,O,
(3 % water solution) used for GO preparations all had a Reagent Grade purity.

2.2. Preparation of GO

The samples of graphite were oxidized to various predetermined extents via the methods
of Hummers [13, 14]. In the standard procedure, 2 g of particulate graphite was charged into a
solution of 1 g of NaNOj3 in 46 ml of H,SO, and stirred for 60 minutes at room temperature.
Then, the reactor was placed into an ice bath and, under vigorous stirring, a measured quantity
of KMnOy (3.0, 4.0, 5.0 or 6.0 g) was charged to the suspension in small portions. Thus, in
different experiments, the samples of GO with different degrees of oxidation were provided
(the samples labeled GO15, GO20, GO25 and GO30, respectively). Upon completion of the
permanganate introduction, the reactor temperature was raised to 35 — 40 °C, and stirred at
that temperature for additional 30 — 40 minutes. After diluting the reaction mixture with water
followed by treatment with hydrogen peroxide, the oxidized graphite was repeatedly washed
with distilled water until a GO/water paste having neutral pH was obtained. The resulting paste
was freeze-dried in the form of balls (diameter of ~ 2 — 3 mm) followed by further vacuum
drying at 70 °C. The dried paste was then stored in a sealed container.

2.3. ERP spectroscopy

EPR spectra were acquired with the aid of an EPR-B spectrometer (ICP RAS, X-range)
at microwave power less than 2 mW and RF amplitude modulation of 0.1 — 0.2 mT. A small
sample of MgO with Mg?* ions was kept in the spectrometer resonator as a lateral calibration
standard. For the experiment, a GO sample (2.5 — 3.5 mg) was placed in a short thin-walled
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glass capillary (inner diameter of ~1 mm) which in turn was placed in a glass ampule having
a vacuum joint, the inner diameter of which was close to the outer diameter of the capillary,
thus providing precise centering of the sample in the resonator. A pre-vacuumed sample was
placed in the thermostat and was held at a constant temperature for a preset period of time (30 —
60 min in different experiments). Before acquiring the spectrum, the sample was subjected to
vacuum again to remove the gaseous products.

Registration of the EPR spectrum involved presetting the microwave channel of the
spectrometer so that the input to the synchronous detector reference and the reflected power
from the resonator balanced each other, the synchronous detector current would thus be zero.
When placed into the resonator, the sample absorbs the microwave radiation and a mismatch
occurs, producing a synchronous detector current, which is observed and is proportional to the
power absorbed by the sample. Thermal reduction of GO leads to lowering of the sample’s
resistance and the sample begins to absorb microwave radiation. The registration of the EPR
spectra proceeds under changing conditions. The changes in the spectra were then corrected
for the corresponding signal intensity changes of the lateral standard which was present in the
resonator throughout analysis. At the same time, the detector current allows one to estimate
the change in the conductivity of GO samples during heating. The conductivity measurement
procedure had several steps. In the first step, the ampule with a pristine GO sample was
placed in the spectrometer resonator and the power within the microwave tract was adjusted
by the attenuator to the desired level. When one cycle of thermal treatment was finished,
the sample was cooled to room temperature and then inserted into the spectrometer resonator
again. Shortly after the attenuator was reset to the predetermined position, the detector current
was observed and fixed. After readjustment, the EPR spectrum was recorded. The above
procedure was repeated after every thermal treatment cycle. Thus, in every experiment, not
only an EPR spectrum was acquired but also the conductivity variability was registered for GO
thermal treatment. The total value of the absorbed power was obtained by summing the detector
currents. The power absorbed due to the electro conductivity was divided by the weight of
the sample. Obviously, the initial conductivity magnitude taken as the zero at the start of the
experiments differed from sample to sample, and, therefore, the registered values of emergence
and conductivity increase should be treated only as relative (not absolute) ones.

3. Results and discussion

The GO samples, characterized by different degrees of oxidation, did provide rather
similar EPR spectra. In general terms, these are represented by slightly asymmetric singlets
having the line width of 2 — 2.5 G, similar to that described in [9]. Comparison of GO samples
having various oxidation degrees (Fig. 1) shows that, with increased oxidation, the initial PMC
concentration in GO decreases by 4- to 5-fold. Note the high concentration of the localized
PMC in the samples amounting to ~ 10'® g=1. The latter high value may infer that the PMC can
effectively form and be accumulated in GO starting from the very early stages of the oxidation
process and, hence, the dependences depicted in Fig. 1 may represent only the falling branch
of the whole graphite oxidation process.

Figure 2 below shows two sets of experimental kinetic curves depicting the change of
PMC concentration depending on time for the samples of GO subjected to reduction at 150
and 165 °C. It can be seen that (i) indeed, both the formation and the decay of PMC can
proceed during the thermal GO treatment at these temperatures; and (ii) in the samples of
GO characterized by different oxidation degrees, the processes for PMC accumulation or decay
proceed differently. During the initial stage, a significant increase of the PMC concentration was
observed for all samples except GO15, the latter being characterized by the lowest oxidation
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F1G. 1. The dependence of relative PMC concentration in GO samples (two
series of measurements) on the relative amount of potassium permanganate used
in the oxidation process. The value [R] = 1 corresponds to PMC concentration
of about 3-10!8 g1

level. The PMC concentration in GO15 began to decrease either from the very beginning of the
thermal treatment (at 165 °C) or after a short delay (at 150 °C).The ratio of the maximum PMC
concentration to the initial one for both temperatures was found to be in the range of 2.3 — 2.6
for GO20, 3.8 — 4.5 for GO25 and 3.8 — 3.9 for GO30. From the data shown in Fig. 2, it also
follows that, with increased GO oxidation levels, the time needed to reach the maximum PMC
concentration also increases while PMC decay are processes markedly decreased.

The falling branches of the curves shown in Fig. 2 above are presented in Fig. 3a in
different coordinates, In|[R]/t. This new representation of the data shows that the PMC decay is
described by a first order kinetic equation. The corresponding calculated values for the effective
rate constants are shown at Table 1.

TABLE 1. Values of the effective rate constant

Sample | Ke.103, s71
150 °C | 165 °C
GO15 0.23 0.95
G020 0.16 0.58
GO25 0.13 0.52
GO30 - -

The data shown in Fig. 3b permits evaluation of Arrhenius parameters for PMC decay
processes in GO since the straight line connecting the two temperature points is close to parallel.
The evaluation gives an activation energy of, £, of ~ 33 & 2 kcal/mol and a pre-exponential
factor, g A (s7'), value of ~ 12.8 — 14.2. The kinetic aspects of GO reduction processes have
been addressed in a few papers only. In one of the above-mentioned works [5], the kinetics of
resistance changes and a thermo-programmed desorption of gaseous products have been studied
for a monolayer GO. The activation energy values calculated in that work were found to be
38+1 and 32+4 kcal/mol. Furthermore, the activation energies values of 38.1 and 32.5 kcal/mol
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F1G. 2. The changes of PMC concentration depending on time as measured for
different GO samples subjected to thermal treatment at 150 (a) and 165 °C (b).
Curves 1 — 4 represent the samples GO15, GO20, GO25, GO30, respectively
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F1G. 3. Linear anamorphoses of kinetic curves for PMC decay in different sam-
ples (a) and the Arrhenius-type dependences of the effective rate constants for
corresponding temperatures (b). Line numbers correspond to samples 1, 17 —
GO15, 2, 2 - GO20, 3, 3 - GO25
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have been reported in another work [15], where thermogravimetric analysis (TGA) data were
used for calculations based on diffusion and autocatalytic models for the GO reduction process
respectively. In yet another paper [16], an activation energy of 40 kcal/mol has been found
based on differential scanning calorimetry (DSC) data interrelating the maximum heat release
temperature and the heating rate. Our results are in good agreement with those reported in the
literature.

The curves in Fig. 4 depict the observed time dependence of the PMC concentration
and that of relative conductivity for different GO samples. The electro conductivity detection,
or rather, the conductivity increase of the sample GO15 having the lowest oxidation degree is
observed at the initial stage of thermal treatment together with the PMC concentration decrease.
The match of the observed conductivity initiation with PMC concentration decrease is also seen
for the samples GO20 and GO25, which suggests the existence of a relationship between these
two processes. In the case of GO30, which has the highest oxidation degree among all samples,
no absorption of microwave power that could be related with the emergence of conductivity
was observed. Moreover, the decay of PMC centers at 165 °C proceeds much more slowly in
this case than for other samples. Also, the PMC concentration at 150 °C remained at the same
level for a long time during treatment, thus qualitatively distinguishing it from other samples.
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F1G. 4. The dependence of PMC concentration (1, 2) and the relative conduc-
tivity (1°, 2’) of the samples upon the time of heat treatment at two different
temperatures of 150 °C (1) and 165 °C (2)

From the very outset of permanganate oxidation, the originally well conductive plane
of a single sheet of graphite (consisting almost entirely of sp?-hybridized polyconjugated car-
bons) becomes more and more populated with different oxygen-containing moieties, chemically
emerging at the expense of sp?-carbons. Thus, eventually more and more carbon atoms within a
single “graphene” layer attain sp®-hybridization, which leads to a gradual loss of the material’s
conductivity. Investigations of the resulting GO sheets with the aid of scanning transmission
electron microscopy (STEM) and scanning tunneling microscopy (STM) have shown that GO
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layer consists of chaotically alternating clusters of oxidized (sp®) carbons and practically un-
affected by oxidation (sp?) carbon clusters [17-19]. By estimates of various authors based on
the intensity ratio of D and G bands in the Raman spectra, the average size of such clusters
is around 2.5 — 6.0 nm. It has been noted [20] that the size of these clusters has remained
actually the same independently of the thermal or chemical GO reduction mode subsequently
employed. The electrical conductivity of graphene (graphite) is attained by virtue of regaining
the effective polyconjugation (which was impaired due to oxidation), and hence the GO reduc-
tion must be associated with the formation of percolation channels for connecting the separated
sp>-hybridized domains. Our results suggest that the conductivity recovery is associated with
the decay of localized paramagnetic states. It is known that the translational mobility is needed
for recombination of unpaired electrons, but the implementation mechanism for this process in
GO is not clear. It can be assumed that an unpaired electron’s motion becomes feasible ow-
ing to thermally-assisted transition (hopping) of the electron onto the conjugation domain with
subsequent migrating along the latter. Mono- or bi-molecular processes obey first order kinetic
equations. For bi-molecular reactions, it is true only in those cases when the second reactant is
present in considerable excess relative to that observed. Under these assumptions, the increase
in the graphite oxidation level should lead to a lessening in the total area of polyconjugated car-
bon domains, that is, the oxidation diminishes the concentration of polyconjugated sites which
are potential acceptors of unpaired electrons. This, in turn, leads to lowering the effective rate
constants of the radical decay.

The number of the oxygen-containing functional groups in GO is a measure of the
oxidation degree of the graphite. In an attempt to quantify this parameter, we have used gas
volumetry [12]. The method consisted of collecting and segregating the well-known gaseous
products (CO,, CO and H;O) that are released during the thermal treatment of GO at tem-
peratures up to 250 °C, as well as measuring the partial pressures of the gases in a constant
volume, i. e., determining the number of moles of each product per the weight of the GO
sample (Fig. 5).

The data in Fig. 5 show that the incremental addition of each extra portion of KMnOy,
(0.5 g) resulted in an increase in the total amount of released gaseous products from 4.8 (GO15)
to 8.7 (GO20), 10.4 (GO25) and finally to 10.7 (GO30) mmol/g, respectively. The first portion
of 1.5 g potassium permanganate introduced per 1 g of the graphite has been consumed with
rather low efficiency (it was difficult to initiate graphite oxidation). Addition of the next 0.5 g
portion of permanganate (GO15—G0O20) gave an additional 3.9 mmol/g of oxygen-containing
functional groups. Under further incremental additions of KMnO, oxidative effectiveness of the
latter was progressively lowering: GO20—GO25 — 1.7 mmol/g, GO25—GO030 - 0.3 mmol/g.
The significant increase in the oxidation efficiency seen after the addition of the second KMnO,
portion (GO15—G020) may be associated with both physical (facilitated access of oxidant
into the interlayer space of graphite) and chemical (increased reactivity of the carbon atoms
neighboring the oxidized sites) reasons. The fact that GO sheet surface consists of sporadi-
cally spread, strongly-oxidized domains and those unaffected by the oxidation [17-19] provides
evidence in favor of the chemical causes. Indirectly, this hypothesis is also supported by the
increased reactivity of the carbon atoms located nearby the deformed regions of the graphene
sheet, that has been observed experimentally [21].

Figure 5 shows that the largest decrease of the effective radical decay constant is ob-
served when switching from GO15 to GO20, which coincides exactly with the significant in the
degree of functionalization for the graphene sheet’s surface. Further changes of the effective
radical decay constant for the GO20 to GO25 transition were less pronounced because only
comparatively small increase in the degree of functionalization of the graphene sheet occurred
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F1G. 5. The yield of typical gaseous products released in the result of thermal
reduction of GO by heating the latter at 200 °C: 1 — the total amount of gaseous
products, 2 — CO9, 3 — HyO, 4 — CO, 5 — unknown impurity. The change of the
relative effective radical decay constant on the severity of oxidation of graphite
(the amount of KMnO,, used for graphite oxidation): 6 —at 150 °C, 7 — at 165 °C

at that time. The next increment in the degree of oxidation (sample GO30), having only an
insignificant effect on the released gas products leads to a qualitative change: the rate of free
radical decay abruptly slows down and the emergence of the electrical conductivity is not de-
tected. This is consistent with the observations of Hummers [13, 14], who pointed out that the
use of 3 g of potassium permanganate per 1 g of graphite is optimal for thorough oxidation and
the use of an additional amount of oxidizing reagent would be unnecessary.

4. Conclusion

The functional groups arising during graphite oxidation on the periphery as well as on the
basal surface of graphene particles emerge arise via the formation of covalent C-O bonds, the
new bond formation inevitably accompanied by the appearance of an unpaired electron (PMC)
at one of the three neighboring carbon atoms. It is possible that such paramagnetic centers can
then participate in certain chemical reactions that take place during the oxidation process, thus
justifying the decrease in the PMC concentration observed with increased oxidation. At the
early stages of graphite oxidation, these unpaired electrons can be capable of migrating through
the polyconjugated sp?-carbon system and have a good chance to recombine since the system
is still not badly damaged. At deeper stages of oxidation, when more and more former sp*-
carbon atoms have been transformed to oxygen-containing functionalities and thus have attained
sp® hybridization, the above opportunities are lost and the unpaired electrons are stabilized.
The growth of PMC content at the initial stages of heat treatment, at temperatures providing
the intense release of gaseous decomposition products originating from the oxygen-containing
functionalities of GO, reveals the important role of the homolytic bond cleavage during the GO
reduction process. Further behavior of the PMC (e.g., their decay under continuing thermal
treatment) correlates with the incidence of electrical conductivity that has been detected by



252 M. V. Gudkov, V. P. Melnikov

the absorption of microwave radiation in the EPR spectrometer resonator. At the moment, it
is difficult to give priority to any single mechanism among all possible ones explaining this
relationship. From one side, it well may be a transfer (hopping) of the localized state onto
a polyconjugated domain of GO, the migration through the polyconjugation system and the
recombination. Alternatively, the occurrence of electrical conductivity may also be induced
by the transition of the unpaired electron in the conduction band and by the increase in the
carrier number. However, the results of the present work provide evidence that the thermal
GO reduction process consists of several consecutive stages and proceeds through intermediates
which give rise to paramagnetic states.
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