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Effect of The Degree of Oxidation on Broadband Nonlinear
Absorption and Ferromagnetic Ordering in Graphene Oxide

e

Nikos Liaros,”’b Jiri Tucek,° Konstantinos Dimos,d Aristides Bakandritsos,“¢ Konstantinos S.

Andrikopoulos,” Dimitrios Gournis,” Radek Zboril™* and Stelios Couris®’*

We report on the effect of degree of oxidation on the broadband non-linear optical response and magnetic behavior of
graphene oxide, as well as on a route for obtaining reduced graphene oxide with enhanced optical properties without
sacrificing the high dispersability of the parent graphene oxide. As more sp3 states evolved with the rise in oxidation
degree, it turned out that the spz/sp3 fraction and sp2 clustering are crucial parameters for tuning the broadband non-
linear optical absorption over a wide range from ps to ns laser pulses from both visible and infrared laser irradiation. This
was clearly confirmed by two different approaches, namely by a synthetic route through the gradual oxidation of graphene
oxide from 1 to 3 oxidizing cycles, and reversely by in situ reduction of graphene oxide by UV laser irradiation.
Furthermore, as sp3 states carry localized magnetic moments, ferromagnetic ordering is observed at low temperatures.
The magnetization and temperature at which ferromagnetic ordering evolves are found to increase with increasing the
oxidation degree. The tuning of non-linear optical and magnetic properties of graphene oxide by oxidation/reduction thus
provides an easy way to endow graphene oxide with tunable physical features highly required in both optoelectronics and

spintronics applications.

Introduction

In recent years, the discovery of graphene, comprising a two-
dimensional lattice of carbon atoms in a honeycomb
arrangement,1 has stimulated a huge interest in many
scientific disciplines. More particularly, from the viewpoint of
its optical properties, grapheme has already found a plethora
of applications in photonics and optoelectronics, considered as
a key material for the next generation optical devices.” ? In this
light, for the development of stable solid-state devices, there
was a rapid growth of novel graphene-based two dimensional
counterparts that show great dispersability and ease of
preparation; the most well-known graphene derivative being
graphene oxide (GO).4 GO comprises a key functionalized
analogue of graphene, displaying much more efficient
dispersion in solvents and, therefore, much easier handling
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and applicability, and is thus widely considered as a precursor
to graphene after its reduction.

On the way to implement GO in the realization and the
development of integrated photonic devices,5 considerable
efforts have been dedicated for the investigation of its
nonlinear optical (NLO) response, which has led to the
discovery of some unique optical properties such as the
broadband saturable absorption (SA) and the broadband
optical limiting (OL).G'8 In particular, in our group, we have
previously studied in detail the NLO response of single and few
layered GO0s.> % ¥ |n all cases, GO dispersions were found to
exhibit a large broadband optical power limiting action for
both ns and ps pulse durations,6 while few layered GOs were
found to possess important and broadband optical limiting
action under ns infrared laser wavelengths up to 1.8 um,
depending on the solvent used.’®

GOs are layered semiconducting structures, featuring
conducting mt-states from the graphene sp2 sites, and o-states
due to covalent bonding of oxygen groups to carbons.' The
most important consequence of this mixture of hybridizations
emanates from the offered possibility of tuning their optical
band-gap in a controllable way, through the different amount
of the induced sp3 defects.'” 2 Hence, it is reasonably
expected that tuning of the energy gap provides a powerful
strategy to tailor at-will the NLO properties of GO." Moreover,
the presence of sp3 states featuring localized unpaired
electrons in GO is believed to establish paramagnetic centres
that may interact with each other via conducting n-delocalized
electrons, promoting a potential evolution of a magnetically
ordered state at low temperatures with a pure sp nature.
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Upon increase of sp®, more paramagnetic centres emerge and
the magnetically ordered state can be sustainable at high
temperatures, a necessary prerequisite for applications in
spintronics. However, the question of degree of oxidation on
magnetic properties and their tuning has not been addressed
so far, most probably due to different synthetic approaches
used to prepare GO and difficulty to control systematically the
oxidation degree. Moreover, the increase in sp3 states in GO
above the threshold level may disrupt communication
between the paramagnetic centres and, hence, avoid
establishment of the magnetically ordered state as sp2 states,
providing interaction medium, become less significant and
weak to maintain interaction pathways.

In this work, we report on the effect of the oxidation extent on
the broadband third-order NLO properties of GO prepared
using a modified Staudenmaier method, employing visible (532
nm) and infrared (1064 nm), ps and ns laser irradiation. For
this purpose, three different samples were prepared by the
gradual oxidation of the GO from 1 to 3 oxidizing cycles (GO,
- GO3), while XPS spectroscopy was employed to quantify the
differences in the oxidation degree among the different GOs.
The third-order NLO properties of GO dispersions as a function
of the oxidation degree were determined by means of the Z-
scan tet:hnique15 and the nonlinear optical parameters were
deduced. Reversely, in situ reduction of GO achieved by UV
laser irradiation clearly confirmed the dependence of GOs’
degree of oxidation on the NLO absorption, while, in all cases,
the enhancement was quantified, highlighting the impact of
UV-light reduction on the NLO response. In all cases, the
variations in the oxidation degree of different dispersions were
monitored in situ by Raman spectroscopy directly in colloidal
state (aqueous environment). Moreover, with the rise in the
number of sp3 states upon oxidation, more paramagnetic
centres with localized spins evolved. On lowering the
temperature, the spins order ferromagnetically at the Curie
temperature the value of which was observed to increase with
the degree of oxidation. Furthermore, the magnetization in the
low-temperature ferromagnetic state was found to increase
with the rise of the oxidation level.

Experimental
Materials and methods

Sample preparation

Graphite (Fluka, 50870) was used as a starting material for the
production of different GO samples. For the preparation of the GO
dispersions, distilled H,0 was used (d.H,0, 2 uS/cm) and NaOH
(Sigma Aldrich, p.a. pellets). GO was synthesized using a modified
Staudenmaier method and the preparation of the GO colloids was
performed following our previous method.***® Details of the
preparation method for the samples are given in Esl.

Characterization techniques

The concentration of the GO dispersions was determined with
thermogravimetric measurements (TA instruments, Q500) under N,
flow, by drying the solvent (H,0) slowly up to 120 °C from a 100 pl
sample and calculating the solid residue. The NaOH that was added
in the solvent during the preparation of the colloids was taken into
consideration.

Dynamic light scattering measurements (DLS) were performed with
a ZetaSizer Nano Malvern instrument. Scattered light was collected
at a fixed angle of 173°.
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X-ray photoelectron spectroscopy (XPS) measurements were
performed under ultrahigh vacuum conditions with a base pressure
of 5 x 107 mbar in a SPECS GmbH instrument equipped with a
monochromatic MgKa source (hv = 1253.6 eV) and a Phoibos-100
hemispherical analyzer. Pulverized samples were dispersed in H,0
(1 wt%), and, after a short sonication and stirring, a minute quantity
of the suspensions was drop cast on silicon wafers and left to dry in
air before transfer to ultrahigh vacuum. The energy resolution was
set to 0.3 eV and the photoelectron take-off angle was 45° with
respect to the surface normal. Recorded XPS patterns were then
averaged from 3 scans with an energy step set to 0.05 eV and a
dwell time of 1 sec. All binding energies were referenced to the Cls
core level at 284.6 eV. Spectral analysis included a Shirley
background subtraction and peak deconvolution employing mixed
Gaussian-Lorentzian functions, in a least squares curve-fitting
program (WinSpec) developed at the Laboratoire Interdisciplinaire
de Spectroscopie Electronique, University of Namur, Belgium.
Raman spectra were collected using two Raman setups. The 441.6
nm wavelength of a HeCd laser was used as the excitation source
for the case of the HR-800 micro-Raman while the 632.8 nm
wavelength of a HeNe laser was used as the excitation source for
the second setup (T64000 micro-Raman). Both setups used single
monochromators equipped with appropriate edge filters. The
resolution was set at ~5 cm™" in the spectral range recorded. The
excitation beams (with a laser power of ~0.8 mW on a sample) were
focused on the samples by a microscope objective (50x). All Raman
spectra were recorded in situ from the GO aqueous dispersions. For
the measurements, the GO aqueous dispersions were contained in
1 mm thick quartz cells.

The magnetic properties of the GO samples were assessed by
recording the temperature dependence of magnetization
employing a superconducting quantum interference device
(SQUID)-type magnetometer (MPMS XL-7, Quantum Design, U.S.A.).
The mass susceptibility, xmass, Of the GO samples was measured in
the sweep mode (1 K/1 min) in the temperature interval from 5 to
300 K under an external magnetic field of 1 kOe. The measured data
were corrected assuming the signal of the sample holder and Pascal
constants.

The third-order nonlinear optical (NLO) properties and the optical
limiting (OL) performance of graphene oxide suspensions have been
investigated with the Z-scan technique,15 using a 35 ps mode-locked
Nd-YAG laser and a 4 ns Q-switched Nd-YAG laser delivering visible
(532 nm) and infrared (1064 nm) laser pulses. Details of the Z-scan
method are described in the ESI".

Results and discussion

Structural characterization

The Cls core level XPS patterns of the GO,, GO,, and GOj;
samples are shown in Fig. 1. As observed for the GO, sample,
after deconvolution with mixed Gaussian-Lorentzian
functions, the spectrum consists of five components. The main
peak at 284.6 eV is attributed to the C-C bonds from the
graphene sheet and contributes 49.8% of the total Cls
intensity. The second peak at 285.8 eV (5.8%) is assigned to
the C-O bonds of the hydroxyl functional groups, whereas the
third component at 286.6 eV corresponds to the C-O-C
epoxide/ether groups and represents 24.7% of the Cils
intensity. The peak, recorded at a binding energy of 287.3 eV
(8.3%), originates from the ketonic functionalities (C=0), while
the peak at 288.8 eV (11.4%) is ascribed to the carboxyl groups
(0-c=0)."°
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The XPS patterns of the GO, and GO; samples exhibit all the
aforementioned peaks with an additional broad peak at 290.2-
290.5 eV, which is associated with m-rt* interactions.'®*®
However, the two spectra differ significantly compared to that
of GO;. As deduced by their % contributions to the total Cls
intensities (see Fig. 1), the C-C bonds dominate in GO,, C-O-C
groups in GO,, and C(0)O groups in GO;.
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Fig. 1. Cls core level X-ray photoemission spectra of the GO,,
GO,, and GO; samples.

Furthermore, it is obvious from the spectra overall shapes that
upon oxidation, the formation of more oxidized groups is
observed. The contribution of the oxygen functional groups of
GO, to the total Cls intensity is ~50%. In the case of GO,, the
contribution of oxygen functional groups amounts to ~80%,
while for GO, it reaches ~95%. In addition, the very low
contribution (5.2%) of the C-C bonds to the total Cls intensity
of GO; implies the extended oxidation of this material (see
Table 1). In conclusion, XPS results clearly display the different
oxidation states of the GO samples after one, two or three
sequential oxidative treatments of graphite.

Table 1. Percentages of the bond types present in the three
GO samples, as deduced from the recorded XPS patterns.

c-C c-0 c-0-C c=0 c(0)o

This journal is © The Royal Society of Chemistry 2015

Nanoscale

GO, 49.8 5.8 24.7 8.3 11.4
GO, 17.0 10.1 30.7 16.7 23.5
GO, 5.2 12.9 22.2 18.8 33.5

Nonlinear optical study: Effect of degree of oxidation on the
broadband NLO response

For the NLO measurements, all samples were placed in 1 mm thick
quartz cells. The relative UV-Vis-NIR spectra for GO,;, GO, and GO;
aqueous dispersions are included in Fig. S1 in Esl’. The
concentration of the different dispersions was adjusted as to exhibit
the same optical density (OD) at the excitation wavelength (i.e., at
532 nm), which was set to be about 0.3. In order to attain the same
measurable absorbance in the visible spectral region, the more
oxidized the sample, the higher the concentration that was needed
(see Fig. S1) because of the different extension of rr—conjugation.10
In Fig. 2, some representative “open-aperture” Z-scan recordings
are presented for different dispersions, as obtained under visible
and infrared, 35 ps and 4 ns laser excitation. The corresponding
laser intensity that was used in each case is shown on the
respective graph. Under all different excitation conditions, a clear
dependence of the transmission minimum upon the degree of
oxidation is manifested. More in detail, as the GO’s oxidation
gradually increases from GO, to GO;, the transmission minimum in
the “open-aperture” Z-scan decreases. As we have previously
reported,6 GO exhibits saturable absorption (SA) for low laser
intensities switching to reverse saturable absorption (RSA) for
higher ones; therefore, in order to determine the nonlinear
absorption coefficient, 8, the corresponding “open-aperture” Z-
scans were fitted adopting an intensity dependent absorption
coefficient, a(/), satisfying the relation in the form of’

(04
I)=—20 I (1)
a(7) 1+1/1S+ﬂ"”

where the nonlinear absorption coefficient, 8, relates to the two-
photon absorption (TPA) or RSA occurring at high intensities, while
Is represents the saturation intensity related with the SA response.
The continuous lines shown in Fig. 2a-d correspond to the best
fitting of the “open-aperture” Z-scan transmission curves with the
Eg. (1). It is important to notice that for 35 ps, 1064 nm excitation
conditions, “open-aperture” Z-scan curves failed to be successfully
fitted using the absorption coefficient described by Eq. (1) as
evidenced by the continuous lines in Fig. 2d; in that case, it was
required to adopt a different expression for the absorption
coefficient, taking into account a four-photon absorption process,
ie.,

()

a(l)=—2 8.1
(/1)

and the dashed lines in Fig. 2d correspond to the best fittings using
the above four-photon absorption model.

The determined values of 8 and the corresponding Im)((s) for the
three GO samples were found to decrease as the degree of
oxidation increases (GO; - GOs;) under all different excitation
conditions, namely, visible and infrared ps and ns laser excitation.
The 8 and Im)((a) values for all the GOs are given in Table 2. It should
be noticed that for the case of 35 ps, 1064 nm laser excitation,
where Eq. (2) was employed to calculate the 8 parameter, the
determined B values showed also similar trend and were found to
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decrease with the oxidation increase, equal to 2.2, 0.6 and 0.3 x 10~
T m3/W? for GO,, GO, and GO;, respectively.
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Fig. 2. “Open-aperture” Z-scans of the GO, GO, and GO; dispersions
under 4 ns and 35ps, 532 and 1064 nm laser excitation. The solid
and dashed lines correspond to the best fits of the experimental
data using Eq. (1) and Eq. (2) respectively.

Table 2. Nonlinear Optical Parameters of GO.

T A(nm) | sample 6 Im)((§j
[x10° cm/W] [x10™ esu]
GO, 3.84+0.82 1.77+0.38
35ps 532 GO, 3.06+0.48 1.41+0.22
GO, 2.64+0.24 1.2140.11
GO, 148.82+14.14 68.4416.50
GO, 104.08+28.07 47.87+12.91
532 GO3 65.64+19.80 30.1949.11
4ns RGO, 3434777 1584357
GO, 46.44+6.26 43.87+5.91
1064 GO, 30.18+7.08 28.51+6.69
GO, 20.18+5.62 19.0645.31

“Normalized with respect to the concentration of GO3 (1.32mg/mL).

Effect of in situ reduction on the NLO response: A quantitative
study

In order to extend our knowledge of GOs NLO absorption
dependence on the degree of oxidation, we chose the most
oxidized sample, i.e.,, GOz, and performed in situ reduction by
exposing the dispersions to UV laser irradiation, at the third
harmonic of Nd:YAG (355 nm). For this purpose, GO; dispersions
were homogenously irradiated at a fluence of 5 mJ/cmZ; the
respective UV-Vis-NIR spectra are shown in Fig. 3. As can be clearly
seen, by increasing the irradiation time, the absorption of GO
gradually increases in the UV-Vis-NIR spectral region. After a certain
time of irradiation (ca. 180 min), this increasing was found to reach
a plateau, suggesting that GOs’ reduction, at this particular
irradiation fluence, had been accomplished (see Fig. 3a); the

4 | Nanoscale, 2015, 00, 1-3

reduced sample was given the RGO, code name Next, the RGO,
sample was further irradiated at a higher fluence (40 mJ/cmZ), and
the absorbance increased even more, attaining a plateau after 150
min of irradiation; this second sample was named RGO, (see Fig.
3b).

Compared with the initial, highly oxidized GO3; sample, the
absorbance of the reduced RGO, and RGO, sample increased from
0.3to 1.12 and to 1.43 at 532 nm, respectively. In order to perform
the Z-scan measurements, the reduced samples were diluted so as
to exhibit the same absorbance with the initial GO3 (~0.3) at the
excitation wavelength of 532 nm. In turn, dilution resulted in a
much lower concentration for these dispersions with respect to the
initial GO3 ones, which were calculated to be about 0.35 mg/ml and
0.27 mg/ml for RGO, and RGO,, respectively.

Interestingly, from the corresponding “open-aperture” Z-scan
measurements that were performed under 4 ns, 532 nm excitation
conditions, the nonlinear absorption coefficient, 8, was determined
to be about 66.28+16.68 and 70+15.78 for RGO; and RGO,
respectively. These determined values are very close with that
derived for GO; (65.64+19.80, see Table 2). However, one should
notice the significant lower concentrations that were used for RGO,
(0.35 mg/ml) and RGO, (0.27 mg/ml) dispersions compared to those
used for the GO; ones (1.32 mg/ml), which confirms a significant
enhancement of the NLO absorption owing to reduction process. In
particular, the concentration ratios for the reduced samples with
respect to the initial GO; were found to equal to 3.8 and 4.9 for
RGO, and RGO,, respectively. This implies that if the values are
normalized with respect to the concentration, the nonlinear
absorption coefficient, 8, for RGO, would reach over 300 (Table 2).

3.0

—— Initial sample GO, \®& RGO,
25 10 min 25 —— 15 min
——15min \ i
\ 30 min
T 30 min - \ —— 60 min
E ——60 min \‘;\ 90 min
< 90 min K 150 min (RGO,)
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£ ol 180 min (RGO, ) 10
2 =
< =
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00 0
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Wavelength (nm)

Fig. 3. UV-Vis-NIR absorption spectra of the reduced GO;
dispersions (1.32 mg/mL) with (a) 5 mJ/cm?* and (b) 40 mJ/cmZ, 355
nm laser irradiation.

Strikingly, the increase in NLO absorption after reduction through
UV irradiation did not affect the colloidal stability, as normally
expected for more reduced GOs.” In fact, the stability was
preserved and even rather increased. This was clearly evidenced
from the faster decay of the autocorrelation functions obtained by
the DLS measurements of RGO, and RGO,, in comparison to that of
GO3, as shown in Fig. S2 in ESI". The faster decay should be ascribed
to the smaller (and thus more stable) GO aggregates present in the
dispersion. Therefore, the results suggest the development of a
robust methodology leading to a product with a hybrid behavior,
that shows a pronounced NLO absorption (typical for slightly
oxidized samples), and, in addition, a high colloidal stability
(characteristic of intensely oxidized GOs, such as GO3).

Dependence of NLO response on the degree of oxidation:
Monitoring the evolution of structural characteristics via in situ
Raman spectroscopy

Concerning the NLO response of oxidized graphenes, the results
that have been obtained in this work clearly show that the NLO
absorption is greatly affected by the degree of oxidation. In

This journal is © The Royal Society of Chemistry 2015
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particular, it is shown that NLO of GO can be broadband tuned
either by selectively changing the degree of oxidation by means of
chemistry, or in situ through UV irradiation, by reducing the amount
of oxygen groups on the GO sheet. It is also demonstrated that UV-
reduction of the intensively oxidized GO; sample, can boost the
NLO absorption to much higher values than the less oxidized
samples (GO; and GO,), but retaining the high colloidal stability of
GO;. In 2008, Li et al.” developed a chemical route employing
hydrazine and ammonia in order to combine reduction with
colloidal stability. The present route comes to establish an
alternative chemical-free procedure for obtaining both colloidal
stable RGO with pronounced NLO properties.

Raman spectroscopy is known to be a powerful tool for direct and
nondestructive characterization of the structure and quality of
carbon-based materials, particularly in order to determine defects,
as well as ordered and disordered structures. However, in the
majority of the reported works so far, Raman spectroscopy is
employed in powder GO samples; in that case, the obtained
information for the structural characteristics of the material is quite
different than that of liquid environments, as in the case where Z-
scan measurements are taken. Therefore, in order to shed more
light in the relation that might hold between structural
characteristics (e.g., spz/spa ratio) and NLO response, we carried out
Raman spectroscopy directly in the aqueous dispersions that were
used for the nonlinear optical measurements. Raman spectra
obtained from aqueous GO dispersions are plotted in the spectral
region of the D and G bands in Fig. 4a. Several spectral features
were found to alter as a function of oxidation and reduction
processes. The most prominent change was seen with the
fluorescence background which is stronger for the case of 632.8 nm
excitation wavelength. Apart from the GO physicochemical
properties, the fluorescent background depends on the
concentration of the dispersion which might be slightly different for
each sample. Therefore, for the compensation of the concentration
factor and extraction of the fluorescence alteration caused by the
physicochemical alteration of each sample, the ratio of the
fluorescence intensity (at the frequency of the G band) divided by
the Raman G band intensity was calculated. Fig. 4b correlates this
ratio with the oxidation and reduction processes followed during
sample treatment. As a result, the initially prepared GO exhibits
considerable fluorescence which is furthermore moderately
enhanced with subsequent oxidation increase. Furthermore, in
accordance with other reports,m'22 the reduction process employed
in the current work leads to severe quenching of the recorded
fluorescence, which further decreases with subsequent reduction
steps.

Concerning the Raman spectroscopy, the Ip/ls ratio is widely
accepted as the most suitable quantity for the characterization of
carbonaceous materials involves; it is proposed to be proportional
to the defect concentration, only moderately depending on GOs’
degree of oxidation, as shown in Fig. 4c. Interestingly, in our case,
the Ip/Ig ratio is only slightly increasing during the oxidation process
(at least, for the 632.8 nm set of measurements) and maintains its
value approximately constant during the reduction. Almost equal
Io/lg ratios for the reduced GOs could be related to the
structural/distortion effects (e.g., surface rippling) that are formed
on the graphene’s lattice through the restoration of sp2 bonding.23
Furthermore, from our results, it is also manifested that the /Ip/Ig
ratio does not depend on the sample treatment (i.e., chemical
synthesis or laser reduction) that has been employed in order to
obtain GOs with different degree of oxidation. This observation is
consistent with other reports, in which no significant variation of

This journal is © The Royal Society of Chemistry 2015

the Ip/I ratio was observed for reduced GOs with different degree
of oxidation that were prepared either by hydro-thermal
trezatment,22 or by annealing with varying temperatures up to 1000
oc' 4

It is important to notice that the error bars in Fig. 4 indicate the
variation of the Ip/lg values calculated after performing different
integration scenarios while the dissimilarity of the extracted /p//g
values for the two excitation wavelengths is typical since this ratio
strongly depends on the excitation wavelength,25 On the other
hand, progressive alterations do take place at the frequency of the
D and G band maxima as well as the associated full width at half
maximum (FWHM) (see Fig. 4a). More specifically, the peak maxima
appear to shift during oxidation process in a way that the
frequencies of the band maxima approach one another, while they
tend to abruptly diverge during the reduction process (see Fig. 4d).
The most sensitive one is the G band whose maximum shifts by
more than 30 cm™ (441.6 nm) after the reduction of GO. While
several studies have been performed for the dispersion of the D
band, the position of the G band depends slightly on the structure,
at least for the relatively/well-ordered carbon based materials (i.e.,
single wall carbon nanotubes, multi wall carbon nanotubes,

. 26,27
graphene, graphite etc.).
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Fig. 4. (a) Raman spectra from aqueous GO dispersions using the
441.6 nm excitation wavelength. Notice the shift of the G band
frequency (vertical dashed lines) as well as the alteration of the
FWHM, especially for the case of the D band (arrows). Dashed
spectrum at the bottom is obtained from pure water under the
same experimental conditions as the GO suspensions. (b) The
intensity ratio of the fluorescence background in the Raman spectra
at the frequency of the G bands divided by the intensity of the G
band for the differently oxidized/reduced samples. (c) Values of the
Io/lg ratio for the differently oxidized/reduced samples (d). The
frequency of the maximum of the D and G bands as a function of
oxidation and reduction processes. Violet and red colored symbols
in panels (b), (c), and (d) indicate experimental results using the
441.6 nm and 632.8 nm excitation wavelengths respectively. Lines
are plotted as a guide to the eye.

One of possible physical parameters that influences the frequency
of the G band in GO suspensions may be the number of stacking
layers; however, since thorough and systematic experimental
studies are required in this direction, we adopt another parameter

Nanoscale, 2015, 00, 1-3 | 5




Nanoscale

that has been proposed in an earlier study on the interpretation of
the Raman spectra of disordered and amorphous carbon®® and has
been also implemented by Kudin et al.® as the most plausible
explanation of the blue shift of the G band that they observed
experimentally in their GO samples. In the above mentioned
context, the shallow red shift of the G band is explained by the
introduction of defects (sps) in the GO structure during the
oxidation process, while the severe blue shift may be explained by
the development of clustering of the sp2 phase generated by the
reduction process. As indicated by Ferrari and Robertson,28 the
quantification of the sp3 content by Raman spectroscopy is
particularly difficult, especially for the case of samples exposed to
an ordering trajectory (formation of spz); probably, this is the
reason why the Ip/lg values do not appear to follow the general
trend typically applied for well-ordered carbon based structures.
Based on the above concept, we argue that the Raman spectra
obtained in situ from GO suspensions indicate the generation of sp3
species during oxidation process as well as the formation of sp2
species in clustered phases during reduction process. This result is
in perfect agreement with the results of our previous investigations
concerning the NLO properties of few layered GOs™ ™ under ns
laser excitation, which showed larger NLO absorption than single
layer ones, due to the extended m-conjugation that resulted from
the increased amount of spz localized nano-domains. Similarly, in
ref. [7] it was reported that partial reduction of some GO thin films
led to increased NLO absorption and optical limiting under fs laser
irradiation, due to the increase of the sp2 regions, while in ref. [13]
studying some GOs with different number of layers, it was found
that increase of the sp2 regions (or equivalently decrease of the sp3
regions), resulted to decrease of the optical limiting efficiency. In
another work®® studying the NLO response of some partial oxidized
graphenes (sub-GOx) it was found that the NLO absorption could be
significantly enhanced by increasing the number of r-electrons due
to the increasing amount of sp2 regions. On the basis of the present
experimental evidences, it can be supported that the above
mechanism is responsible for the broadband NLO absorption
dependence on the oxidation degree, with the pulse durations
extending from ps to ns regime. However, it should be realized that
the nonlinear absorption might be expected to increase with the
increase in oxidation when multiphoton absorption processes are
dominant like under ps laser excitation (i.e., two- and four-photon
absorption under 532 and 1064 nm respectively) since in that case,
the sp3 domains with the large energy gap of ca. 3 eV could explain
the observed multi-photon resonances.”® On the other hand, the
fact should not be overlooked that the increase in the sp2 domains
with the subsequent decrease in oxidation could not only affect
excited state absorption processes, such as RSA which is dominant
under ns laser excitation, but also multiphoton processes.7 Still,
under visible (532 nm) ps excitation, the presence of RSA is also
evident except from two-photon absorption, but infrared (1064 nm)
ps excitation is rather negligible.

Effect of degree of oxidation on ferromagnetic ordering

In order to assess the magnetic properties of the GO samples with
different degree of oxidation, the temperature evolution of
magnetization was recorded, from which the profile of the mass
susceptibility, xmass, Was derived for each studied sample and the
results are presented in Fig. 5. For all the three GO samples, the
temperature behavior of y,,..s Shows three common features: (i) an
increase in Ymass at low temperatures on cooling, (ii) a sign of local
maximum in the temperature range between 20 and 50 K, and (iii) a
decrease in Ymass for temperatures above 50 K on warming. The
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decrease in Ymass from 50 to 300 K can be well fitted employing the
modified Curie-Weiss law, i.e., Xmass = C/(T — 9) + x4, where C is the
Curie-Weiss constant, ¢ is the Weiss temperature, and x4 is the
diamagnetic susceptibility. It is known that pristine graphene with
only sp2 states behaves in a perfect diamagnetic manner."

If some defects appear (such as vacancies, adatoms, edges,
topology disorder, etc.), sp3 states are introduced with emergence
of localized magnetic moments. Thus, graphene and, hence, its
derivatives may then behave paramagnetically or a magnetically
ordered state can be established if the paramagnetic centers are
close enough to each other so that below a certain temperature, a
magnetic interaction is launched among them mediated by m
electrons, as demonstrated previously in both theoretical and
experimental reports.”""l'34 As clearly seen from Fig. 5, x4 is most
significant for the GO; sample (like in pristine graphene) and is
negligible for the GO; sample, indicating that with an increase in
oxidation degree, more sp~ states emerge leaving unpaired
electrons as localized magnetic moments and, hence, forming
paramagnetic centers.
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Fig, 5. The temperature evolution of the mass susceptibility (Xmass),
of the (a) GO,, (b) GO,, and (c) GO; sample, measured in the
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temperature range from 5 to 300 K in an external magnetic field of
1 kOe. The insets show xm.ss profile at low temperatures.

The increase in a number of the paramagnetic centers upon
oxidation is also witnessed from higher values of x,. at low
temperatures (i-e-: Xmass(GOB) > Xmass(GOZ) > Xmass(Gol))- As the
temperature decreases, a sign a local maximum in x,.s is observed
implying a passage to a magnetically ordered state. From the xmass
fitting, the Weiss temperature equals to ~30, ~38, and ~49 K for the
GO,, GO,, and GO; sample, respectively. It is known that if & > 0,
the magnetically ordered state is of ferromagnetic origin and & can
be assigned to the Curie temperature (T¢). It is then clearly seen
that upon increase in the degree of oxidation, T increases. The low-
temperature ferromagnetic ordering of the centers with localized
spins in the GO samples is established via i delocalized electrons
that migrate through the GO lattice and act as communicators
among the paramagnetic centers. In other words,  delocalized
electrons mediate the magnetic interaction between the magnetic
moments localized at the formed sp3 states; the magnetic
interaction effectively develops only if the paramagnetic centers are
sufficiently close to each other as the interaction decays with 1/ (r
is the distance the m electron travels from one center to another).
Once the paramagnetic centers are far separated they cannot
magnetically communicate and stay lonesome exhibiting
paramagnetic behavior down to 0 K. In all the samples, the
presence of such paramagnetic centers is well documented by a
further increase in xmass at temperatures from 20 to 5 K, perfectly
obeying the simple Curie law (i.e., Xmass = C/T). In other words, at
low temperatures, the GO samples contain paramagnetic centers
that cooperate among each other in a ferromagnetic manner and
paramagnetic centers that are isolated contributing to a
paramagnetic signal down to very low temperatures. It is believed
that a higher degree of oxidation might increase the number of
paramagnetic centers and, hence, the probability of ferromagnetic
behavior at higher temperatures. However, with the rise of sp3
states upon oxidation, the number of i delocalized electrons may
drastically decrease, limiting an evolution of the ferromagnetic
regime over the whole GO lattice. Thus, a threshold level of
oxidation is expected to promote an establishment of the
ferromagnetic state with the highest T. and strength; overcoming
such a threshold oxidation degree would result in a collapse of the
magnetic ordering and restoration of paramagnetic features down
to very low temperatures.

Conclusions

In this work, we report on the effect of the oxidation degree
on the magnetic properties and broadband third order NLO
properties of GO, employing 35 ps and 4 ns laser irradiation.
For this purpose, three different samples were prepared by
the gradual oxidation of GO. The extent of oxidation among
the different GO samples was quantified and verified with XPS
technique and Raman spectroscopy. The third-order NLO
absorption of GO dispersions as a function of the oxidation
degree was determined by means of the Z-scan technique, and
interestingly, under all different excitation conditions (i.e.,
pulse duration and excitation wavelength), it was found that
lower oxidation leads to larger NLO absorption. Furthermore,
in situ reduction of GO by UV laser irradiation clearly
confirmed the dependence of GOs’ degree of oxidation on the

This journal is © The Royal Society of Chemistry 2015

NLO response, since the reduced samples showed even higher
NLO absorption than the initial, highly oxidized sample (GO3).
In both approaches, the evolution of the structural
characteristics of the different dispersions that were imposed
by the different amount of oxidizing species was monitored in
situ by Raman spectroscopy directly employed in the colloidal
state. The obtained results indicated the generation of sp3
species during oxidation process as well as the formation of
sp2 species in clustered phases during UV reduction process.
Therefore, it is evident that the extent of m-conjugation as
quantified by the amount of sp2 species arranged in nano-
domains, plays a crucial role on GOs’ broadband NLO
absorption under both ns and ps laser excitation. Importantly,
it was found that UV-reduction of the intensely oxidized GO,
sample could boost the NLO absorption to very high values. At
the same time, UV-reduction of GO; did not deteriorate the
colloidal stability, as it would have been the case for
conventional reduction routes of graphene oxides. The
generation of more sp3 states upon oxidation was further
witnessed from temperature evolution of the mass magnetic
susceptibility. The sp3 states were identified to carry localized
magnetic moments, behaving thus as paramagnetic centers.
On lowering the temperature, paramagnetic centers were
found to magnetically interact to establish the ferromagnetic
ordering; the value of the Curie temperature and magnetic
response in the ferromagnetic state increase with the degree
of oxidation. It is speculated that if the degree of oxidation
exceeds a threshold value, the ferromagnetic alignment can be
lost restoring paramagnetic behavior over the whole GO
lattice.
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1. Sample preparation

Graphene oxide (GO) was synthesized using a modified Staudenmaier method.* 1 g graphite (Fluka, 50870) was dispersed in 20 mL
HNO; 65 wt% (Riedel-de Haén, 30709) and 40 mL H,SO, 96 wt.% (Merck, 100731) in a 100 mL spherical flask. Solution was stirred
for 30 min at ~273 K with an ice-bath. 20 g KCIO3; 99+% (Alfa-Aesar, A17075) were gradually added and stirring was continued for 20
h at room temperature (RT). The solution was then added to 200 mL H,0 and GO, was obtained by 6 centrifugations (2700 rcf, 5
min) with interval rinsing with H,O until the pH value of the supernatant solution surpassed 6. GO; was air-dried at RT. The same
oxidation process was followed for the preparation of sample GO, by using 1 g of GO, instead of graphite. Oxidation was repeated
once more for sample GO; by using 0.5 g of GO, and half quantities of the rest chemicals as well. The preparation of the GO colloids
was performed following our previous method.*” Freeze-dried powder from each sample (2 mg) was inserted in a 2 ml
polypropylene vial and dispersed in H,0 (0.8 ml) which was pre-adjusted at pH=12.5 (NaOH, 1M). The amount of NaOH used was
recorded in order to be taken into consideration later during the determination of the concentration of GO colloids (with TGA). The
samples were sonicated (20 min, Branson 2510, 100W, 45 kHz) and left under mild agitation (48 h). Then, the vials were left to
stand still and an aliquot from the supernatant was removed (see Table 3 for sampling time) in order to isolate only the fine
particles. The sampling times varied, since the GOs with different oxidation degree exhibit different colloidal stability. The lower the
oxidation, the less stable the colloid, thus sampling no later than 10 min was necessary for GO,. For GO;, sampling at 3 h was
sufficient to produce a fine colloid, and in fact with higher concentration than GO, (Table S1).

Table S1. Sampling times of the supernatants from the suspensions
prepared from the three GO colloids.

Sampling time Concentration of GO
colloids [mg/ml]
GO, 10 min 2.2
GO, 1h 2.7
GO; 3h 2.9
10 | Nanoscale, 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2015
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2. Z-scan experimental details

The third-order nonlinear optical (NLO) properties and the optical limiting (OL) performance of graphene oxide suspensions have
been investigated by means of the Z-scan technique,Sa using a 35 ps mode locked Nd-YAG laser and a 4 ns Q-switched Nd-YAG laser
delivering visible (532 nm) and infrared (1064 nm) laser pulses. The advantage of this technique relies not only on its experimental
simplicity (single beam technique), but also because it allows the simultaneous determination, from a single measurement, of the
sign and magnitude of the nonlinear absorption and refraction of a sample, which are related to the imaginary and real parts of the
third-order susceptibility, )((3), respectively. In the Z-scan, the transmittance (T) of a sample is measured as it moves along the
propagation direction of a focused Gaussian beam. The sample experiences different light intensity in each position, while around
the focal point the intensity is large enough to induce the nonlinear optical response of the material. The measurement of the
transmittance of a sample, as it moves along the laser propagation direction of a focused laser beam, is performed by two different
ways: (i) just after the sample, where the entire transmitted laser light is collected and measured, or (ii) after the transmitted laser
beam has passed through a small aperture placed in the far field. The former measurement is known as “open-aperture” Z-scan
while the latter one as “closed-aperture” Z-scan. From the former measurement, the magnitude of the nonlinear absorption
coefficient 8 of the sample, which is related to the imaginary part of the third-order susceptibility (Im)((?’)), can be determined by
fitting the “open-aperture” Z-scan recording with the following equation:

_ 1 Tt ﬂloLeﬁf 2 O]
T_—ﬁIOLe// :!;ln 1+—(1+22/Z§)exp( t ) dt
(1+zz/z§)

where T is the normalized transmittance, I, is the peak on-axis irradiance of the laser beam at the focus, z, is the Reyleigh length
and Loy = [1 — exp(-apl)l/ay with a, being the linear absorption coefficient at the laser wavelength and L denoting the physical
length of the sample (i.e. the thickness of the cell which was 1 mm). In addition, the presence of a transmittance minimum or
maximum at the “open-aperture” Z-scan recording indicates the sign of the nonlinear absorption coefficient 8, corresponding to
reverse saturable (RSA, 8 > 0) or saturable absorption (SA, 8 < 0) respectively.

From the “closed-aperture” Z-scan, the nonlinear refractive parameter y’ of the sample (related to the real part of the third-order
susceptibility (Re)({g))) can be determined. A “closed-aperture” Z-scan can exhibit either a pre-focal transmission minimum (valley)
followed by a post-focal maximum (peak) or a pre-focal maximum (peak) followed by a post-focal minimum (valley), indicating
positive or negative Rex(g), with the sample acting as positive (focusing) or negative (defocusing) lens respectively. The nonlinear
refractive parameter y’ can thus be obtained using the following equation:

Aay AT @

p—v

1= 081271, (1-5)"*

where A is the laser wavelength, AT, is the difference between the peak and the valley of the normalized transmittance, S is the
linear transmittance of the aperture (defined as S=1— exp(—Zr,,Z/w,,Z); with r, being the radius of the aperture and w, being the
beam radius at the aperture). The quantities ay, I, and L as previously defined.

The NLO parameters y' and 8 having been determined, the real and imaginary parts of the third-order susceptibility )((3) can be
easily calculated according to the following equations:

10 cn;

Re )((3) esu) = y'(em® /W (3a)
107 ¢*n?
Im (esu)=—=—L(cm/W) (3b)
967" w
where w (in s'l) is the frequency of the laser light.
This journal is © The Royal Society of Chemistry 2015 Nanoscale, 2015, 00, 1-3 | 11

Please do not adjust margins




Nanoscale Page 12 of 13

ARTICLE Nanoscale

3. UV-Vis-NIR absorption spectra
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Fig. S1. UV-Vis-NIR spectra of the aqueous GO suspensions with the different degree of oxidation used for the NLO measurements.

12 | Nanoscale, 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2015

O ressscssemss



Page13of 13 -~ Nanoscale

Nanoscale ARTICLE
4. Dynamic light scattering (DLS) measurements
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Fig. S2. Autocorrelation functions of several DLS measurements from the stable colloid formed by the highly oxidized GO; and the
respective results from its reduced derivatives through UV irradiation (RGOs). The latter show faster decay rates manifesting
smaller hydrodynamic sizes, i.e., smaller aggregates.
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