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Abstract: Electron Paramagnetic Resonance (EPR) is a powerful technique that is suitable to study
graphene-related materials. The challenging ability requested to the spectroscopy is its capability to
resolve the variety of structures, relatively similar, that are obtained in materials produced through
different methods, but that also coexist inside a single sample. In general, because of the intrinsic
inhomogeneity of the samples, the EPR spectra are therefore a superposition of spectra coming from
different structures. We show that by pulse EPR techniques (echo-detected EPR, ESEEM and Mims
ENDOR) we can identify and characterize species with slow spin relaxing properties. These species
are generally called molecular states, and are likely small pieces of graphenic structures of limited
dimensions, thus conveniently described by a molecular approach. We have studied commercial
reduced graphene oxide and chemically exfoliated graphite, which are characterized by different
EPR spectra. Hyperfine spectroscopies enabled us to characterize the molecular components of the
different materials, especially in terms of the interaction of the unpaired electrons with protons
(number of protons and hyperfine coupling constants). We also obtained useful precious information
about extent of delocalization of the molecular states.
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1. Introduction

Graphene is nowadays one of the materials that is driving recent technological developments,
with applications in different areas, like energetics [l], electronics [2], medicine and
bioimaging [3,4], catalysis [5] and many more. A recent perspective review can be found in [6].
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Besides the first method of production of graphene, based on the simple scotch-tape
technique [7], a bunch of methodologies have been developed; chemical vapour deposition (CVD),
reduction of graphene oxide (GO) obtained by the Hummers method [8] and exfoliation of
graphite [9] are the most popular. Materials produced with these methods have a variety of
properties which derive from the structural modifications, the eventual stacking of layers, the
dimensionality [10] and the presence of defects [11].

This variety of structures, on one side, has generated the necessity to introduce a classification
of the materials [6] and on the other side it has introduced the cogent need of a thorough
characterization.

Most common techniques used for characterization of these materials are Raman
spectroscopy [12], XRD [13] and microscopies (AFM, SEM, TEM) [14] which are used in particular
to study properties like structure, number of stacked graphene layers, crystallinity, presence of
defects, dimension of crystallites.

Electron paramagnetic resonance (EPR) was first applied for the study of graphene in 2009 by L.
Ciri¢ et al. [15]. They found a continuous wave EPR (cw-EPR) spectrum composed by a single line
with g-factor equal to 2.004, with slight variations on changing of the temperature. This line has
been attributed to conduction electrons, as it has a reversed Curie temperature dependence, thus with
a temperature (T) dependence of the magnetic susceptibility (y) (related to the EPR intensity) with
the form y = const - T. The theory that explains this behavior was developed in the 50’s by J.W.
McClure [16], using graphene as a simplification of the structure of graphite. The lineshape of the
cw-EPR spectra of conduction electrons in graphene flakes is Lorentzian (differently from bulk
graphite where the skin effect due to the dimensionality of the system causes the line to be
asymmetric [17]), with linewidths above 5 G in a wide temperature range, which corresponds to a
transverse relaxation time T, of the order of 10" ns.

Because of the large variety of materials produced and studied, it became soon evident the
contribution of edge states in determining some properties of graphene-like materials, in particular
their magnetic properties [18] and, naturally, their influence on the spectrum of graphene. Edge states
are associated to the limited extension of the crystallites, being better observed in nanostructured
materials [19,20]. These are non-bonding states localized at the Fermi level [21] and are responsible
for the paramagnetic contribution to the magnetization [22]. The behaviour of the electrons residing
in these states is complicated by the presence of interactions between them and conduction
electrons [23], as already observed in related materials like nanographites [20]. Different materials
give different behaviours, either ferromagnetic or antiferromagnetic [24,25], and it appears that more
research is needed in order to clarify the physics of the interactions. Nevertheless, the measurements
indicate a general increase of the contribution of these states at low temperature with respect to
conduction electrons; the lower limit is obviously determined by the exchange interaction value.

Beside the presence of conduction electrons and electrons in edge states, it is possible to
observe electrons in so-called molecular states. These states were introduced some years ago [19] to
indicate a variety of situations where electrons are located in islands at the edges of the flakes with a
reduced extension of the spin distribution. Lineshapes are not Lorentzian [9] because of unresolved
interactions with paramagnetic nuclei. This fact enables the use of electron spin echo techniques [26],
which conveniently distinguish contributions characterized by the presence of inhomogeneously
broadened spectra from those homogeneously broadened. With these techniques, it is also possible to
apply a relaxation time filter for the detection of different species [27].
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In general, electron spin echo intensities are affected by the delay between the pulses normally
by functions of type I(27) = I,e~2%/TM; here 27 is the time distance between the first pulse and the
echo, and T, is the phase memory time, that, under certain conditions (ideal pulses, small tilt angle,
very diluted sample [26-29]), gets close to T,. For T comparable to T, the echo is strongly quenched,
and then only components with longer T, are visible. Indeed we used pulse EPR techniques to
separate and characterize slow spin relaxing species, that are attributed to molecular states,
characterized by slow spin relaxation. In this study we have considered two types of samples:
reduced graphene oxide (RGO), as a standard material extensively studied, and graphene obtained by
exfoliation of graphite with different chemical procedures. The main aim of the paper is to show the
possibility to disentangling the EPR spectra of graphene-like material by exploiting the different
relaxation properties of the different components.

2. Materials and Methods

We studied three different materials: two chemically exfoliated graphites (EK and EHK) and a
commercial reduced graphene oxide as reference material (RGO). RGO was received from ACS
Materials (MA, USA), labelled “Single layer Graphene” and used solid without further purification.
Natural Madagascar graphite (SM), was kindly provided by Superior Graphite (Chicago, USA).
Potassium metal, absolute ethanol, sulfuric acid and nitric acid were acquired from Sigma-Aldrich.
All materials were used as received. Sample EK was obtained by intercalating potassium metal to
Madagascar graphite, in order to obtain potassium graphite (KCs). Subsequently ethanol was added.
It reacted with potassium forming hydrogen gas that expanded the carbon layers. Sample EHK, was
first intercalated by a mixture of sulfuric and nitric acids and thermally treated, before the
intercalation with potassium and reaction with ethanol as sample EK. The details of the synthesis are
described in reference [9].

The EPR measurements, cw and pulse, were obtained with an X-band Bruker ELEXSYS
spectrometer, equipped with a dielectric resonator and a nitrogen/helium gas-flow cryostat for low
temperature measurement. The samples were placed inside 2 or 3 mm ID quartz EPR tubes sealed
under vacuum after full evacuation of adsorbed gases (normally overnight pumping). The EPR
signals were followed as function of temperature from room temperature (290 K) down to almost the
liquid helium temperature (10 K ca.). The field was calibrated using LiTCNQ for g-factor. Pulse
experiments were performed using the standard pulse sequences. Hahn echo decay measurements
(HD) were obtained by measuring the primary electron spin echo (ESE) intensity from a two-pulse
experiment t/2 — T — mw — T — echo as function of the pulse delay, using a /2 pulse of 16 ns. Two
pulse electron spin echo envelope modulation (2p-ESEEM) spectra were obtained by Fourier
transforming of the pure modulation component present in the HD, after a reconstruction (linear
prediction singular value decomposition) of the signal not acquired during the dead time of the
instrument, that was extended to 200 ns to avoid distortion in the echo decay profile. Echo-detected
EPR (ED-EPR) spectra were obtained by recording the echo intensity of a fixed-delay ESE sequence
as function of the magnetic field; we verified that the shape of the spectrum was independent from
the value of the delay. The FT-EPR spectra were obtained after Fourier transformation of a free
induction decay (FID) signal recorded using a simple /2 pulse of 48 ns. The pulse ENDOR spectra
were collected using an ENDOR dielectric resonator and an ENI A300RF power amplifier. The
experiments were performed using the Mims sequence, /2 — 1t —n/2 — T — /2 — T — echo with
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a RF m pulse applied during the delay T [30,31]. We used a mw /2 pulse of 20 ns, a RF 7 pulse of
10000 ns, T = 1000 ns and T = 13000 ns.

3. Results and Discussion

Graphene-like materials are intrinsically characterized by a large heterogeneity, thus their EPR
spectra are typically a superposition of the spectra of different components present in the materials.
The evolution of the cw-EPR spectra with the temperature of the samples has been previously
reported in Ref. [9] where the analysis was conducted by considering the presence of two major
components. We have observed that a change of the temperature induces a variation of the absolute
and relative weight of the components; the linewidth also varies with the temperature.

On the base of the homogeneous linewidth values it is possible to estimate the relative T, values
on the base of the well-known relation T, = |y,I'| "1, where y, is the free-electron magnetogyric
ratio and its value is —1.761 x 10'"' s'-T™! and I' is half the linewidth at half-height [32]. By using
this relation, for the cw signals we deduct that, overall, spin-spin relaxation times are in the range of
1-20 ns as reported in Table 1.

Table 1. Spin-spin relaxation time T, for the two main components as obtained from the
homogeneous linewidths of the simulated cw-EPR spectra at room temperature and at

80 K.
T=290K T=80K
Sample
T;1 (ns) T, (ns) T4 (ns) T, (ns)
EK 1.7 5 11
EHK 11 5 13
RGO 13 4 20

We note that ESE-based experiments in solid state allows the determination of the phase
memory time Ty, values which are normally shorter than T,,. As a consequence, in pulse experiments
the presence of an instrumental dead-time of about 200 ns prevents completely the observation of all
the major components observed by cw-EPR.

We tried to record EDEPR, but only below 120 K ca. the formation of an echo could be
observed for all samples. The species observed by pulse techniques are necessarily minor
paramagnetic contributions, characterized by a long relaxation time, that are overlooked in the cw-
EPR spectra.

We recall that at these low temperatures, on the basis of the analysis conducted in [9], the
contribution to the cw-EPR coming from mobile electrons is strongly reduced in favour of electrons
in edge states, for which the temperature dependence of these signals is a classical Curie law (rise of
the intensity on going down with temperature).

We could not determine quantitatively the fraction of these minor components, but on the basis
of the absolute echo intensity we can make a rough estimate that these components are below 10%.

Figure 1 reports the Hahn decay traces as function of pulse delay (Time = 2t) for the three
samples showing a biexponential decay with a fast (300—400 ns) and a slow (1-3 ps) component [9].

AIMS Materials Science Volume 4, Issue 1, 147-157.
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In the figure the dead-time of the instrument is shown, within which the magnetization of the major
components of the cw-EPR spectra are completely relaxed.
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Figure 1. Normalized Hahn echo decay traces obtained for samples EK, EHK and RGO
recorded at 80 K (black lines) as function of pulse delay (Time = 2t). The traces have
been fitted using biexponential function (red lines). The grey rectangle indicates the
dead-time of the instrument, where the magnetization of the major components of the
cw-EPR spectrum decay before detection.

In order to obtain the spectral features of the slow relaxing components, giving rise to an echo,
either EDEPR or FT-EPR techniques were used. Figures 2 and 3 report two examples of EDEPR
spectra obtained for samples EK (Figure 2; the spectrum is representative of that of EHK, see [9])
and RGO (Figure 3). At first sight, EDEPR spectrum of EK exhibits a profile similar to that of the
cw-EPR. Nevertheless an accurate analysis shows the differences in term of g-tensor and on the
lineshape: the simulation of the EDEPR required the use of Gaussian lineshapes for all samples (see
the simulations in Figure 2), as indication of the presence of unresolved hyperfine interactions
between the electron and the paramagnetic nuclei; for samples EK and EHK line broadening was
also due to g -anisotropy. The simulation parameters are reported in Table 2. At the lowest
temperatures (below around 20 K), for RGO, having a narrow spectrum, it was also possible to
acquire the FT-EPR spectrum. In analogy with the ESE-based experiments, a filter for separation of
fast relaxing species is applied by starting the acquisition of the free induction decay (FID) after the
instrument dead-time, a time sufficient to obtain a complete relaxation of the fast relaxing species.
The delay was slightly extended in order to avoid distortion of the echo decay.

For RGO the difference between the EDEPR and the cw-EPR spectra is more evident, as the
EDEPR spectrum of RGO is a single Gaussian with a relative narrow linewidth, whereas the spectra
of the exfoliated graphites are the sum of two Gaussian components.

AIMS Materials Science Volume 4, Issue 1, 147-157.
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Figure 2. Integrated cw-EPR spectrum and EDEPR spectrum of sample EK at 80 K. For
EDEPR 7 = 200 ns. The simulation of the EDEPR spectrum as sum of two Gaussian
components is shown (continuous red line) together with the two separated components
(dashed red lines). The parameters of the simulation are reported in Table 2.
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Figure 3. Top: ED-EPR spectra of sample RGO, recorded at 20 K. Bottom: FT-EPR of
the RGO sample recorded at 7 K (red lines). In both spectra the black lines are the

relative cw-EPR spectra in the integrated form.
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Table 2. Relevant simulation parameters of the EDEPR spectra at 80 K. For each
contribution i, the linewidth, the perpendicular (subscript label a) and parallel (subscript
label b) components of the g-tensors are reported (isotropic or parallel g;, and
perpendicular g;,). The relative abundance of the species (C;) is indicated. A Gaussian
lineshape was considered for all components.

Sample e gla gib I'1 (G) g2 g2 I>(G)
EK 13 2.0059  2.0034 2.5 2.0020  2.0097 11.8

EHK' 9.2 2.0058  2.0018 2.4 2.0040  2.0049 13.3

RGO’ 100 2.0038 1.6

" simulation parameters taken from [9].

We further characterized the interactions between the unpaired electrons and the paramagnetic
nuclei by using ESEEM and pulse ENDOR. These techniques enable to determine both the strength
of the interaction and the type of interacting nuclei, as the observed bands, for relative small
interactions, are centered around the free Larmor frequency of the different nuclei. We expected the
presence of paramagnetic nuclei (‘"H and "°C) 'H, having at the magnetic field of the experiments
(0.34 T) a Larmor frequency of 14.5 MHz ca., and "*C with a Larmor frequency of 3.6 MHz ca.. For
protons the hyperfine coupling constant (hcc) is of particular value as in such m-type systems is
directly connected to the spin density at the bound carbon atom on the basis of the well-known
McConnell theory [32], and then to the extension of the n-density.
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o
N
N
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Figure 4. 2p-ESEEM spectra of samples EH and EHK recorded at 80 K and at a
magnetic field of 3460 G. At this field the nuclear frequencies of protons and C are
respectively 14.7 MHz and 3.7 MHz.
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In Figure 4, we show the 2p-ESEEM spectra for EK and EHK. Because for RGO the
modulation in the HD decay was very mild, to improve it we collected the 3p-ESEEM, that slightly
improved; the spectrum is displayed in the Supporting Information, Figure S2. The spectra of
samples EK and EHK are relatively similar and are characterized by a very evident band centered at
the proton resonance frequency. Another band relative to the "*C nuclei is better observed for the
EHK sample. The signal for sample EK is comparable with the noise for sample EK, but is evident at
5 K (see Figure S1 in Supplementary Information). The proton signal, for the two samples, has a full
width at half maximum of 2.4 MHz for sample EK and 3.0 MHz for sample EHK meaning that the
hcc with the protons is about 1.4 G and 1.8 G respectively. RGO sample showed weak bands of both
C and protons. It is to be stressed that nuclei with low Larmor frequency give intrinsically deeper
modulation depths [28].

For samples EK and RGO we then collected the Mims ENDOR spectra (Figure 5), a suitable
technique to detect small hyperfine interactions up to 5 MHz, and where, in general, distortion
effects are less present. Unselected microwave pulses produced signals from both components
observed by EDEPR. In the two cases it was possible to note a proton band.

EK

RGO

0 2 4 6 8 10 12 14 16 18 20
Frequency (MHz)

Figure 5. Mims ENDOR spectra of samples EK and RGO recorded at 20 K at a field of
3470 G. At this field the nuclear frequencies of protons and "*C are respectively 14.8
MHz and 3.7 MHz.

The most obvious information obtained from the ESEEM and ENDOR spectra is that the
components detected by pulse techniques are composed of both protons and carbon atoms, and
consequently we can deduce that they are small graphene-like flakes terminated by protons. The
relative content of protons and °C atoms in EK and EHK is rather similar with slightly larger °C
band for EHK, whereas the protons in RGO are substantially less than the other samples. We can

AIMS Materials Science Volume 4, Issue 1, 147-157.
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estimate the average dimension of these fragments by comparing hcce relative to protons, that is about

1.4 and 1.8 G for EK and EHK, respectively, with the values in reference m-systems, like coronene

and circumcoronene, having a different  extension of 24 and 54 atoms respectively. From literature,

for coronene we found an isotropic coupling constant of about 1.5 G and for circumcoronene of

about 0.6 G [33,34].

By comparing these data with those obtained from exfoliated graphites and RGO we conclude:

1. For RGO, this molecular states are composed of fragments of graphene about 25 carbon atoms
large, with a lateral dimension of about 1 nm.

2. In RGO, the content of protons interacting with the unpaired electron is lower, but this is not
surprising by taking into account the structure or RGO, which is in general composed of
graphene islands connected by hydrocarbon chains, and that can be decorated by different groups
(alcohol, acids, aldehydes), which lower the content of protons directly bound to the m-system.

3. The high content of protons in the EK and EHK samples is likely due to the saturation of the
particle edges entirely with protons, as generated by reaction in a very reductive environment
during the reaction with potassium. The presence of g-anisotropy suggests the presence of stacks
of layers, or the smaller dimension of these particles with respect to RGO.

4. Conclusion

By studying graphene-like materials by pulse EPR techniques it is possible to obtain
paramagnetic components that are overlooked in the cw-EPR spectra, as they are of small intensity.

Characterization of these components by ESEEM and ENDOR enabled us to get information on
the structure of these components. In particular, it was possible to investigate the chemical
composition of the surroundings of the unpaired electrons by looking at the signals of coupled nuclei
and to deduce the average size of the flakes by analyzing the proton signal in the ESEEM spectra.
We note that, because of the absence on nuclear magnetic moment, oxygen could not be detected.
Different results were obtained for EK and EHK samples with respect to RGO. The lower content of
protons in RGO is due to the decoration of the graphene fragments in this type of material, with
several organic functional groups beside protons.
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