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ABSTRACT: Single or a-few-atoms-thick sheets of graphene
and graphene oxide (GO) exhibit a range of unique
mechanical, optical, thermal, and electrical properties. While
these properties have been extensively studied, research into
the magnetics of graphene and GO systems is still in its early
stages. A number of theoretical studies, which have yet to be
verified experimentally, predict that various types of magnet-
ism can be induced in otherwise diamagnetic carbon systems
through (1) the introduction of defects in conjugated carbon
networks (e.g., vacancies and covalently bonded functional
groups that are abundantly present in GO), (2) the
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substitution of heteroatoms, and (3) edge effects. Although pristine graphene shows in many respects some of the most
interesting features, unlike GO, it is difficult to produce pristine graphene in sufficient quantities to characterize or harvest its
magnetic properties for real-world applications. In this study, we examine derivatives of graphene and describe an approach to
induce a defect-based frustrated magnetic (spin-glass) phase in GO powders using a rather simple chemical process of surface
modification by sodium sulfate (SS). Magnetization as a function of applied field (M-H loops) and the temperature dependence
of magnetization in zero and nonzero field-cooling experiments show behavior that is typical for superparamagnets and frustrated
magnetic systems such as spin glasses. Characterization of the magnetic properties paired with XPS and Raman spectroscopy
reveal the nature of the chemical bonds and suggest that the exposure of paramagnetic GO to SS leads to the development of
magnetic sites across the GO surface that form spin-glass-like phases similar to other spin-glass phases in highly disordered

magnetic materials.

B INTRODUCTION

Graphene is composed of a conjugated carbon atom network
with a honeycomb crystal lattice, bond lengths of 1.42 A, and a
thickness of only one atom.' Certain properties of graphene,
such as low spin—orbital coupling and zero nuclear spin of the
naturally abundant '*C isotope, are favorable for spintronic
applications. These properties give rise to a large spin diffusion
length and long coherence times,”~* which are crucial for
quantum information processing and quantum computing.z’S
Prior research has shown that graphene possesses unique
electrical,® mechanical,” thermal,® and optical proper’cies,9 but
there are few studies regarding the magnetic properties of
graphene. Consequently, there is a need to advance the
understanding of the magnetic properties of graphene and its
derivatives and to develop the ability to tune such properties,
enabling prospective applications of graphene-based materials
in nanomagnetoelectronic, spintroniclo_12 (such as spin
memory, transistors, and perhaps solid—state qubits),”>"""?
magnetoresistance, and magnetic memory devices."*™'¢
Recent research has shown that defect-free graphene exhibits
no detectable magnetic behavior. Apparently, irregularities in
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the carbon bonding network, such as covalently bonded
moieties that disrupt the network, " along with other defects
and structural discontinuities in the aromatic network, are
essential for magnetism to be present in graphene.m These
irregularities are known to play an important role because they
can induce spin polarization in systems that typically possess
high levels of symmetry.'” Therefore, developing controlled
methods of disrupting the graphene carbon bonding network is
essential for inducing and tuning the magnetic properties. For
practical applications,'® it is also important that the targeted
magnetic states are stable at room temperature.

A more detailed analysis of the root causes for the magnetism
exhibited by certain forms of graphene can be conducted by
categorizing these causes into three types: defects associated
with the graphene atomic structure (topological defects),'” "
defects caused by atoms/molecules attached to graphene or
substitutuent C atoms,”®"** and irregularities at the edges20 of
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the graphene sheet. Unfortunately, studies providing exper-
imental magnetic data are rare.

Chemical functionalization is one of the most exper-
imentally accessible ways to introduce systematic defects into
pristine graphene. This method is not only useful for
introducing defects, but it is also eflicient for dispersing
graphene in organic solvents or water. In addition, it can be
used to produce nanocomposites and to decorate graphene
with various molecules suitable for various applications. For
example, diazonium salts have been widely used for the
chemical functionalization of graphene;”* Haddon et al.
demonstrated that diazonium functionalization of graphene
on a “substrate” can be used to tune the magnetic proper-
ties.”>” Separately, other researchers have focused on “free-
standing” graphene sheets, rather than graphene on a
substrate;”” however, there was no analysis of the magnetic
properties in these reports. Besides diazonium salts, Chua et al.
recently explored the modification of graphene with thiols,”®
but again performed no magnetic characterization of these
samples. While these methods are well understood and
accepted, the production of quantities of functionalized
graphene sufficient for magnetic characterization and in
eventual technological applications remains an ongoing
challenge.

In this study, we demonstrate experimentally that non-
magnetic sodium sulfate (SS) induces a spin-glass-like magnetic
phase in graphene oxide (GO) by means of a simple chemical
functionalization process. A previous study showed that the
modification of GO with sulfate gave rise to an improvement in
the electron-transport properties;”” this observation led us to
explore the use of the sulfate group to modify GO with respect
to studies of magnetism. Specifically, SS, which is nontoxic (i.e.,
“green”), readily available, inexpensive, and stable, was used to
modify GO in this study. Oxidized graphene (or GO) flakes
prepared in an aqueous phase using Hummer’s method
dispersed in an aqueous phase (please see the Supporting
Information for details) were used in this study. Several
different oxygen functional groups are present on both sides of
the GO basal planes and edges, providing ample sites for
chemical reaction and functionalization.”> We used SS to
modify GO, which allowed a systematic investigation of the
impact of this chemical species on the magnetic properties of
GO.

B EXPERIMENTAL SECTION

A 15-mL portion of a degassed and homogeneously dispersed 0.24 wt
% GO aqueous solution was mixed with 0.15 g of SS. This mixture was
protected from the atmosphere to avoid further oxidation by purging
the solution with Ar for 30 min. Separate 15-mL samples of this
mixture were prepared and then either maintained at 23 °C or heated
to 40 or 80 °C for 48 h in a closed system while stirring. The resulting
solutions appeared light brown (23 °C), brown (40 °C), or black (80
°C), depending on the reaction conditions. After cooling to room
temperature, these solutions were opened to the atmosphere for the
washing steps. The GO products in aqueous solution were then
centrifuged for 1 h at 10 000 rpm, with the resulting supernatant being
discarded, and the GO products redispersed in acetone. The washing
steps were repeated using acetone, acetonitrile, ethanol, and Milli-Q
water to remove any excess SS in solution or any physisorbed SS.
Samples of GO processed without adding SS were also prepared as
described above and washed using the same procedure to ensure that
these control samples were exposed to the same conditions as the
samples that contained SS. The washed GO samples were finally
redispersed in Milli-Q water followed by drying in a vacuum freeze-
dryer. The final products were either a brown or black fluffy powder,
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depending on the degree of deoxygenation of the GO (i.e., a more
deoxygenated GO sample appeared as a blackish powder). All
characterization was conducted on these final powders. The sample
abbreviations used in this report are shown in Table 1.

Table 1. Abbreviations for the GO Samples and Their
Reaction Conditions

sample abbreviation treated with SS reaction temperature (°C)

GO-23 no 23
GO-40 no 40
GO-80 no 80
$S-GO-23 yes 23
SS-GO-40 yes 40
SS-GO-80 yes 80

Instrumental Methods Used to Characterize the Graphene
Oxide Samples. A Quantum Design Ever Cool-II Physical Property
Measurement System (PPMS) was used to collect the vibrating sample
magnetometry (VSM) data, which provided the hysteresis loops, the
zero-field-cooled (ZFC) curves, and the field-cooled (FC) curves.
High-resolution X-ray photoelectron spectroscopy (XPS) data were
collected using a Physical Electronics Model 5700 XPS instrument.
Raman spectra were collected using a 532 nm laser, which was initially
expanded and then focused onto the sample of an inverted microscope
(Olympus IX71) through an epi-Raman 60X objective lens. The
scattered Raman light from the sample was filtered using a long pass
filter (Semrock) and collected by a spectrograph (Acton 300i) and
CCD (Princeton 400BR). Infrared (IR) spectra were collected using a
Thermo Scientific Nicolet ISS infrared spectrometer; the spectral data

were acquired using 48 scans at a resolution of 4 cm™.

B RESULTS AND DISCUSSION

The samples described in Table 1, and commercially obtained
samples of SS were analyzed for this study. In Table 1, the
number following the GO notation corresponds to the
temperature in degrees Celsius, at which the samples were
treated both with and without SS as described in the
Experimental Section. The O—S bond from RO—-SO;™ can
be cleaved at temperatures ranging from 70 to 100 °C,
depending on the nature of the alkyl substituent. Therefore,
three different temperatures were tested: 23 °C to represent
ambient temperature, 40 °C as a temperature below which the
O-S bond undergoes cleavage, and 80 °C as a temperature
above which the O—S bond undergoes cleavage.

As observed for SS-GO-40 in Figure 1, the opening at
positive magnetic field of the M—H loops is typical in ferro/
ferrimagnetic and spin-glass systems due to the exchange
interaction (direct or indirect such as RKKY) present in the
system.31

Characterization of Magnetic Properties. We obtained
the magnetization (M—H) loops at room temperature shown in
Figure 1A for the samples listed in Table 1. The linear part of
the signal was subtracted as described elsewhere,”>**** and the
resulting hysteresis loops are shown in Figure 1B to illustrate
the saturation magnetization. As can be determined from the
loops, unmodified GO samples show little or no hysteretic
behavior, which is typical for paramagnets. The pure SS
compound measured alone has a negligible magnetic moment
(see Figure 1B). The saturation magnetization values (M;) and
susceptibility (y) for all of the samples were obtained from
Figure 1B, and the resulting data were plotted in Figure 2.
Samples modified with SS showed higher Mg and y (at H = 0)
values compared to non-SS-modified GO samples at room
temperature. Compared to GO-23, the M values increased 3,
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Figure 1. Hysteresis loops from applied magnetic fields of =9 T to +9 T collected at 300 K for the six samples provided in Table 1, for sodium
sulfate, and for the capsule used in these experiments: (A) after subtracting the capsule including background and (B) after subtracting the linear
signal. Enlarged plots providing data for 700 Oe from each part 1 are plotted in each part 2.
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Figure 2. Magnetic data from Figure 1B: data collected from two
samples generated under each set of reaction conditions, with two
independent measurements for each sample. (A) Saturation magnet-
ization, Mg (emu g'), and (B) magnetic susceptibility, y (emu g
Oe™"), which is the slope of the M—H curves (Figure 1B) at zero
applied external magnetic field. Error bars are not visible when the
error falls within the symbols.

6, and 2 times, and the y values increased 13, 12, and 6 times
for SS-GO-23, SS-GO-40, and SS-GO-80, respectively, upon
modification with SS. One possible reason for the nonlinear
behavior of the magnetic moment with respect to the reaction
temperature is the presence of two concurring processes during
the functionalization reaction: (1) Binding of the SS groups to
the GO basal plane potentially increases the number of
localized spin states, and the O—S bond of RO—SO;~ can be
cleaved at temperatures ranging from 70 to 100 °C. (2) The
hydrothermal reduction of GO causes a decrease in the number
of reaction sites. The values of susceptibility obtained in our
experiments are within a reasonable range when compared to
values reported previously.”> ™ The difference between the
loops of SS-modified and untreated GO flakes indicates the
emergence of a magnetic phase that is absent in both GO and
SS measured separately.
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These results agree with previous studies where both the
introduction of chemical agents and thermal annealing Elay
considerable roles in tuning the magnetic properties.””*°
Further, the magnitude of magnetic moment alone is not an
exhaustive measure of the magnetic properties of the system.
To distinguish/isolate the different magnetic phases present in
the materials and elucidate the nature (vacancies and
impurities) of the magnetic interactions in the system,
additional measurements are necessary. To gain better insight
into the magnetic properties of both GO and SS-modified-GO,
we performed a set of additional magnetic measurements that
allowed us to collect zero-field-cooled (ZFC) and field-cooled
(FC) curves (magnetization as a function of temperature),
which are shown in Figure 3. The ZFC—FC curves provide a
method for measuring the magnetization while the temperature
is rising or decreasing in the presence of an external magnetic
field. The analysis of these data does not require the subtraction
of the linear signal, which renders these results relatively free
from artifacts.”

Analysis of the dependence of the magnetic moment of
functionalized and unmodified GO samples on temperature
allows identification of the magnetic phases present in the
samples. The behavior of the unmodified GO samples is
consistent with a paramagnetic material®® and can be fitted with
a modified form of Curie’s law, which is described by eq 1:

M= + X

(1)
where M is the magnetic moment, T is the absolute
temperature, 6 is the Curie—Weiss temperature, C is a
material-dependent constant, and y, is a temperature-
independent term. The linear dependence of magnetization
on inverse temperature confirms our assumption of para-
magnetism in the pristine GO samples, GO-23, GO-40, and
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Figure 3. Zero-field-cooled (ZFC) and field-cooled (FC) data collected for all six samples described in Table 1 while applying a magnetic field of
100 Oe: (A) GO-23, (B) GO-40, (C) GO-80, (D) SS-GO-23, (E) SS-GO-40, and (F) SS-GO-80. The displayed data include background
subtraction for the capsule. The insets for each plot provide an enlarged section of the data from a magnetization of 0 to 1.

Table 2. Least-Squares Fit Parameters and Corresponding Standard Deviation Values for Unmodified GO Samples

sample C (emu*K/g) 0 (K) Xo (emu/g) ¢ (C) 6 (0) o (xo)

GO-23 141 X 1072 0.0565 12 X 107° 6.7 X 107° 1.6 X 1072 1.3 x 107¢
GO-40 145 X 1072 0.165 —2.8 X 107¢ 83 x 107° 2.1 %1072 1.5 % 107¢
GO-80 122 X 1072 0.153 1.01 X 107° 5.7 x 107° 1.5 X 1072 1.1 x 107°

GO-80 (see Figure S1 in the Supporting Information). Good
agreement of the GO magnetization with eq 1 was achieved
with our samples (see Table 2).

A sample of the unmodified GO used for the experiments
reported herein was analyzed by ICP-MS to determine the
elemental composition (see Figures S2—SS in the Supporting
Information). The average concentrations of magnetic
impurities in this sample between two runs were detected as
18.9, 2.9, 0.1, and 1800.0 ppm for Fe, Ni, Co, and Mn,
respectively, after subtracting the blank. Notably, the Mn arises
from KMnO, used in the GO synthesis process (Hummer’s
method). We then took the highest values of the concentration
of each element between two runs, 22.4, 3.1, 0.1, and 1800.0
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ppm for Fe, Ni, Co, and Mn, respectively. On the basis of the
reported values of the atomic magnetic moments of Fe (2.2
ps), Ni (0.6 pg), Co (17 pp), and Mn (1 up),”" the
contribution to the total magnetic moment of the GO sample
from the first three elements (2.3 X 107> emu/g, 8.5 X 107*
emu/g, 7.9 X 107 emu/g for Fe, Ni, Co respectively) is one
order of magnitude lower than the contribution from Mn (8.4
X 107" emu/g). Calculation of the magnetic moment arising
from the paramagnetic impurities assumed that the magnetic
moment of '*C atoms is negligible. For example, the magnetic
moment produced by Mn atoms at a concentration of 1800.0
atoms of Mn per one million atoms of '*C, as measured by
ICP-MS, is (1800.0 ppm Mn X 1 pg X 0.93 X 107 emu/pg)/
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Figure 4. ZFC-FC curves of the sulfate-modified-GO samples (SS-GO-23, SS-GO-40, and SS-GO-80) with applied magnetic fields of 100 Oe (A)
and 1 T (B) after subtracting the paramagnetic contributions. Regions marked with dashed lines show bends that are likely due to the deviation of
magnetization of the paramagnetic phase from simple Curie’s law at low temperatures and high applied fields.

(199264 x 107" g carbon) ~ 8.4 X 10~" emu/g. On the basis
of these calculations and the paramagnetic behavior shown in
Figure 3A—C, we can conclude that most of the paramagnetic
contribution in GO likely comes from Mn impurities.
Importantly, in our analyses below of SS-modified GO, we subtract
the paramagnetic component of the signal arising from the metallic
impurities from the total magnetic signal of SS-modified GO.

For the SS-modified GO samples, we assume that most of
the material is carbon. Therefore, 1 g of carbon contains
approximately 0.5018 X 10** atoms of carbon, and 1 emu
converts to 1.0783 X 10* ug. Therefore, 1 emu/g translates to
2.1488 X 107 uy/C (Bohr magnetons per carbon atom).
Measured values of Mg, as shown in Figure 2, range from about
2 X 107 emu/g to 8 X 107> emu/g at 23 °C, which give
magnetic moments of about 4.3 X 107 y/C to 1.7 X 1075 p/
C for the samples shown in Figure 2A. Importantly, these
values are several orders of magnitude lower than the magnetic
moments of rare earth elements, as discussed above. Also, this
observation suggests that we are dealing with dilute magnetic
systems.

There are several salient differences between the untreated
samples (plots A, B, and C in Figure 3) versus the SS-treated
GO samples (plots D, E, and F in Figure 3). Nonzero
magnetization of the SS-treated samples can be observed at
room temperature in contrast to the untreated samples, which
show negligible magnetization at room temperature. Another
important difference is the separation between the ZFC and FC
curves. Both the ZFC and FC data follow similar trends for the
untreated samples, but there is clearly a gap between the FC
and ZFC curves for the SS-treated samples. The divergence
between the FC and ZFC curves indicates the presence of
disordered magnetism in the modified GO samples,”" which is
characteristic for magnetically frustrated systems. Therefore, the
divergence that appeared only for the SS-modified GO samples
suggests that the reaction with sulfate triggers a form of
disordered magnetism in the sulfate-modified GO samples.
Several researchers have concluded that coexisting phases are
induced by disordered magnetism in modified gra-
phene.””*>***® On the basis of our results, we propose that
modification by SS introduces a spin-glass-like phase in GO.

We collected ZFC-FC curves using applied fields of 100 Oe
and 1 T for the SS-modified samples, and then subtracted the
paramagnetic part of the signal from the initial ZFC-FC curves
to assess the properties of the spin-glass phase in greater detail
(see Figure 4). Parameters of the subtracted paramagnetic
component were determined from the untreated GO samples
(see Figures 3A—C and Table 2). When comparing Figures 1
and 4B, please note that the background signal was not

subtracted from the ZFC-FC curves, and some shifts due to the
presence of background moment are possible, which can cause
the slightly different magnetic moment values observed in
Figure 1 and Figure 4 for the SS-GO-23 and SS-GO-80 samples
at 1 T that are somewhat close in magnitude. The main
purpose of Figure 4 is to illustrate the presence and change of
the magnitude of the gap and shift of the transition temperature
(opening of the gap) when comparing the ZFC-FC measure-
ments made at 100 Oe and 1 T bias fields. Comparing the
ZFC-FC curves obtained for each applied field, a larger gap
between ZFC and FC and a shift of the point at which the
curves split toward lower temperature values was observed in
the case of 1 T. Such behavior is typical for frustrated magnetic
systems, which further corroborates our proposal of the
presence of a spin-glass phase in our samples.”” A bend
(marked with dashed lines) in the ZEC-FC curves obtained at 1
T and lower temperatures can be observed (Figure 3B, marked
regions). This bend likely arises from a deviation in the
paramagnetic phase behavior from simple Curie’s law at high
applied field and low temperature. This assumption is
supported by the absence of such a jump in magnetization in
the ZFC-FC curves obtained at 100 Oe, where the applied
magnetic field is insufficient to saturate the paramagnetic phase.
Cartoons illustrating the spins of the samples during the ZFC/
FC experiments at both 100 Oe and 1 T are shown in Figures
S6, S7, and S8 in the Supporting Information.

Assuming a simple general expression for the coercive field,
H_. ~ K/M, where K is the magnetic anisotropy of a material
and M is the magnetic moment, Figure 5 shows that in the low
temperature range (3 to ~15 K), the behavior of the system is

140 4 ~e—SS-G0O-23
S$S-GO-40
120 .\. ~u—SS-GO-80
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™1/ .
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Figure 5. Coercivity values for the sulfate-modified-GO samples: SS-
GO-23, SS-GO-40, and SS-GO-80. The data points were collected
from the hysteresis loops in Figure 1 as an average of the x-intercepts.
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dominated by the rapidly decreasing (M ~ 1/T) magnetic
moment of the near-saturated paramagnetic phase, which leads
to the observed increase in coercivity. In the temperature range
of ~15 to 30 K, the frustrated magnetic phase shows the
strongest influence on the magnetic behavior of the system, as
the moment of the paramagnetic part reaches low values
leading to high values of H.. At room temperature or above T,
(the glass transition temperature), the system again shows
more paramagnetic character as the spin-glass is “softened” by
thermal agitation.

The presence of the frustrated magnetic structure in SS-
modified GO is possibly due to the formation of localized
electron states at the sites induced by the covalently bound
electron-withdrawing sodium sulfate groups. A relatively low
ratio of sulfur to carbon (~0.01 to 0.06 depending on the
reaction temperature; vide infra) suggests the case of a dilute
magnetic system with interaction between sodium sulfate-
induced magnetic sites governed by Ruderman—Kittel—
Kasuya—Yosida (RKKY) interactions.””*' The S/C ratios
noted above are consistent with an average distance between
sodium sulfate groups of about 2.5 and 6 graphene lattice
constants, respectively. Dependence of the strength of the
RKKY interaction on the distance between magnetic impurities
and the oscillatory behavior of its sign (positive or negative)
leads to the spin-glass behavior of the system. The presence of a
ferromagnetic/antiferromagnetic phase requires the existence
of well-defined long-range order of the defects in the system,
which is unlikely considering the stochastic nature of how the
magnetic defects are formed. For ferro/ferri/antiferromagnet-
ism to exist in the system, localized uncompensated spins
should form a regular structure as in normal crystals with well-
defined translational symmetry, which is improbable for our
samples. In our GO and SS-GO samples, magnetic defects are
randomly distributed, and some neighboring localized spins are
coupled ferromagnetically while others are coupled antiferro-
magnetically due to the fact that the RKKY interaction depends
on the distance between magnetic impurities; furthermore, the
strength of this coupling depends on distance due to the nature
of RKKY. These features make the presence of pure
ferromagnetic or antiferromagnetic phases in our samples
virtually impossible, and a spin-glass is the most likely candidate
to rationalize the observed magnetic properties.

To gain a better understanding of the trends associated with
the magnetic properties, we further analyzed the samples by X-
ray photoelectron spectroscopy (XPS), Raman spectroscopy,
and infrared (IR) spectroscopy.

Structural Characterization Using XPS. The C 1s, O 1s,
and S 2p spectra obtained from the samples were collected (see
Figures S9 and S10 and Table S1 in the Supporting
Information). On the basis of these spectra, we plotted the
intensities of the C 1s peaks in Figure S11. In particular, Figures
Sllc and S11d in the Supporting Information facilitate a
comparison of the trends (see pages S16 and S17) in the
oxidized carbons (e.g,, epoxy-based and hydroxyl-based) versus
the unoxidized sp® framework carbons. Separately, Figure S12
in the Supporting Information shows a layered plot of the sulfur
spectra to facilitate comparison of the sulfur content and
species in all of the samples. The relative counts for the
oxidized carbons when compared to the framework carbons
(sp*) of GO decreased as the reaction temperature increased
from 23 to 40 and then to 80 °C. For SS-GO-23, SS-GO-40,
and SS-GO-80, compared to GO-23, the plots in Figure S11
show that the O/C ratio decreased by 0%, 4%, and 7% for 23
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°C, 40 °C, and 80 °C, respectively; furthermore, the plots in
Figure S12 show that the S/C ratio increased 3 times, 18 times,
and 8 times, respectively.

Structural Characterization Using Raman Spectrosco-
py. Characterization of graphene by Raman spectroscopy
reveals various structural details, such as crystalline order*>*
and average crystal size.**”*° Moreover, this technique is
nondestructive with rapid data collection. Raman spectroscopy
has also been used to monitor doping, defects, strain, and the
chemical functionalization of graphene.”’~*’ There is a unique
resonance Raman effect arising from coupling of the excitation
source with a particular interband transition in graphene.
However, in the case of ideal defect-free graphene, there is no
resonance effect, and the peak intensity ratio (Ip/I;) in the
Raman spectrum provides a simple tool with which to interpret
the relative disorder of the structure.”

The two most significant bands in the Raman spectra of
graphitic materials are identified as the D and G bands, and
these characteristic bands can reveal how the different reaction
temperatures, and the addition of SS, affect GO structurally.
The G band (Ezg), a doubly degenerate phonon mode at the
Brillouin zone center, originates from in-plain vibrations of the
sp? carbons and is generally observed at ~1575 cm™".>" The D
band (A;,) is also in-plain and is active and typically observed at
~1350 cm™'. In the Raman spectra of graphene and its
derivatives, the ratio of I/I; provides useful information
regarding whether the framework of graphene has been
modified by the attachment or detachment of molecules. It
has been shown that the increase in I,/I; is due either to
deoxygenation of GO or to the presence of covalently attached
materials to GO.” The observation of a strong D band in
graphene-based samples suggests that the structure has a large
number of defects and disorder."” In this study, we observed an
increase in the Ip/I ratio when the GO was treated at high
temperatures in aqueous solution and an even greater increase
when the GO was treated at high temperatures in the presence
of SS as shown in Figure 6.

The Ip/I ratio increased in the order of GO-23, GO-40, and
GO-80, a result consistent with the XPS data from the
hydrothermal deoxygenation (see Figure Slla in the
Supporting Information). As expected, the oxidized carbon
ratio decreased with an increase in the reaction temperature,
which is consistent with the observed Ij/I; ratio obtained by
Raman spectroscopy. Furthermore, the GO samples that were
exposed to SS (SS-GO-23, SS-GO-40, and SS-GO-80) have
more defects than the GO samples that were not exposed to SS
under the same thermal conditions due to the sulfate moieties
covalently bonding to GO.”” The I/I; data indicate further
that the SS-GO-80 samples have more defects than the other
samples, even though the number of sulfate groups attached is
less than that for the SS-GO-40 samples, because the SS moiety
has a greater likelihood of being detached at temperatures
above 40 °C.>" In other words, while more SS moieties can
become attached at 80 °C, the reverse reaction is also facile at
that temperature, leaving more defects on SS-GO-80; this
model is supported by the results shown in Table S2 in the
Supporting Information. In short, the SS-GO-80 samples have
more defects than the other samples but also have fewer
attached sulfate moieties. This model is also consistent with the
observation that the SS-GO-80 samples have the lowest M
(see Figure 2); notably, the magnetization arises from a
combination of attached sulfate species and the presence of
various types of defects (e.g., defects caused by the process of
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Figure 6. Raman spectra (left) and I,/I; data (right) obtained from
the Raman spectra of graphene oxide samples prepared under various
reaction conditions. (A) GO-23, (B) GO-40, (C) GO-80, (D) SS-GO-
23, (E) SS-GO-40, and (F) SS-GO-80. The error bars represent the
standard deviation for data collected from three independent samples;
invisible error bars fall within the symbols.

sulfate attachment/detachment and hydrothermal deoxygena-
tion). In summary, the deoxygenation of GO and sulfate
grafting to GO leads to an enhanced number of sp® carbon
domazigs, but with smaller sizes, which increases the Ip/I;
ratio.

Functional Group Characterization Using Infrared
Spectroscopy. The six peaks shown in Figure 7 associated
with readily identified structural features for these samples are
centered at ~3400, 1730, 1620, 1385, 1217, and 1045 cm™),
which can be assigned to the hydroxyl O—H bond, the C=0
bond from COOH, the aromatic C=C bonds from skeletal
vibrations of sections of the sp* framework of GO, the C—OH
bond from COOH, the C—O bond from epoxy rings, and the
C-O bond from hydroxyl stretching vibrations, respec-
tively.”>>~>* For the SS spectrum, the most significant peak
located at 1083 cm™" arises from the S=0 bond of sulfate.

There are a few significant changes between the GO samples
treated with SS compared to the samples not treated with SS.
The most significant observation is that the samples exposed to
heating are more deoxygenated with increasing reaction
temperature (especially 80 °C), which is consistent with the
XPS and Raman data. This effect can be attributed to
hydrothermal deoxygenation.”’ The O—H stretching associated
with the hydroxyl group (~3400 cm™") shows the greatest
reductions (see, for example, the spectra for the GO-80 and SS-
GO-80 samples in Figure 7C and F, respectively). Also, the
peaks attributed to the C—O (1385 cm™") and C=0 (~1730
cm™"') bonds from COOH are significantly diminished for the
samples treated at 80 °C. The peak for the C—O bond for the
carboxylic acid groups, which is located at ~1370 cm™" for GO-
23, exhibits a blue shift to ~1410 cm™ for the GO-80 and SS-
GO-80 samples, perhaps due to the reduction in nearby
hydroxyl groups as described above.”” The peak at ~1580 cm™"
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Figure 7. IR spectra of graphene oxide samples prepared under various
reaction conditions along with a spectrum of sodium sulfate: (A) GO-
23, (B) GO-40, (C) GO-80, (D) SS-GO-23, (E) SS-GO-40, (F) SS-
GO-80, and (G) SS.

can be assigned to the sp>hybridized C=C backbone in GO,
while the peak at ~1600 cm™" arises from an oxidized graphene
framewok.”>*° Therefore, the IR spectra of the samples treated
at 80 °C, GO-80 and SS-GO-80, exhibit a red shift from ~1626
to ~1585 cm™" upon heating above 40 °C.>**°

With regard to an analysis of the sulfate-based peaks in the
SS-modified samples, the spectra show no obvious peak at 1083
cm™ nor any additional peaks at 950—1300 cm™', which are
characteristic of organic sulfates (for which the S—O v, band
appears at 1200 and 1300 cm™, and the S—O v band appears
at 950 and 1100 cm™).”” Our inability to observe these peaks
can be attributed to (1) the low concentration of sulfate species
in the samples and (2) overlapping peak intensities over this
range of frequencies due to functional group contributions from
various C—O stretching modes (e.g, hydroxyl and epoxy/
ether).

Acid/Base Stability/Dipersibility Test. We performed
stability/dispersibility tests to verify that the sulfate groups were
covalently attached to the GO. Prior reports have noted that
GO is dispersible in an aqueous phase due to the presence of
carboxylic acid groups that readily ionize to form carboxylate
(COO7) groups.®™ The GO sheets can be stably dispersed
above a pH value of ~4, with some variance in the exact pH
value depending on the chemical environment near the
carboxylic acid moieties (e.g., functional groups that are present
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and the proximity of these functional groups to each other).>”
Another important consideration is that these moieties typically
populate the edges of GO.>® Therefore, GO samples tend to
aggregate and then precipitate in aqueous solution as the pH
drops below a value of ~4 since the —COO™ anions are
protonated and become —COOH, enabling the formation of
hydrogen bonds between GO flakes. However, the sulfate-
functionalized GO are less likely to aggregate under these
conditions because the surface-bound sulfate group has a lower
pK, value than the graphene-bound carboxylate group.”
Therefore, we anticipated that the sulfate-functionalized GO
samples would exhibit enhanced stability under acidic
conditions. With this knowledge to support our efforts, we
conducted tests on all of the GO samples at varying pH
conditions. Selected pH solutions were prepared with NaOH
and HCI at concentrations ranging from 2 X 107 M to 2 X
107" M, and then 1 mL of each of these solutions was mixed
with 1 mL of each of the six samples. Figure 8 shows the data

(A)

1101 102 109

(B)

Figure 8. Photographs of a series of solutions of all six samples
described in Table 1 over the range of 107> M to 1 M aqueous HCI
solutions: (A) GO-23, (B) SS-GO-23, (C) GO-40, (D) SS-GO-40,
(E) GO-80, and (F) SS-GO-80.

obtained over the range of 107> M to 1 M for the HCI
solutions; the results from the entire pH stability test from 107"
M NaOH to 1 M HCI are illustrated in Figure S14 of the
Supporting Information.

As shown in Figures 8A, 8C, and 8E, the GO samples
untreated with SS (GO-23, GO-40, and GO-80) started to
aggregate and then precipitate in each of the solutions prepared
by adding 1 mL of 2 X 107 or 2 X 10" M HCl to the GO
solution. In contrast, the sulfate-functionalized GO samples
(SS-GO-23, SS-GO-40, and SS-GO-80) were still well
dispersed in solution at the lower pH values, including the
samples that had been exposed to elevated temperatures.
However, for the most acidic conditions, those samples also
started to aggregate, as shown in Figures 8B, 8D, and 8F.

B CONCLUSIONS

This report described a novel, simple, and accessible technique
for the functionalization of graphene oxide by means of
moderate thermal treatment with sodium sulfate. There are
many factors that can plausibly affect the magnetic properties of
GO, including edges, defects, and oxygen functional groups
naturally present in the system. While we observed a relatively
moderate increase of the saturation magnetization of SS-
modified GO compared to untreated-GO samples, important
qualitative differences should be noted. A comparison of the
ZFC—FC curves for untreated GO (no gap) and SS-modified
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GO samples reveals the opening of the gap, which depends of
the bias field. This observation allows us to conclude that
functionalization with SS causes an important change in the
type of magnetic phase in these derivatives of graphene. Also,
since we used the same GO precursor for SS modification, we
can single out SS as the main component that gives rise to the
change of the magnetic phase. The results suggest that such
modification altered the electronic structure of GO and led to
the formation of a frustrated magnetic phase, where magnetic
defects and localized spins are coupled through an RKKY
interaction. From the results, we can conclude that SS
functionalization played a critical role in enabling the long-
range RKKY coupling between the magnetic impurities in
graphene oxide. The emergence of a frustrated magnetic phase
was supported by a systematic increase in the saturation
magnetization and finite coercivity observed at room temper-
ature. The random distribution of structural defects naturally
abundant in GO, localized electronic states, and oscillatory
nature of the long-range RKKY interaction allowed us to
propose that the observed magnetic phase exhibited a spin-glass
nature. Our proposal was further supported by the observation
of irreversibility in the ZFC—FC curves obtained at 100 Oe and
1 T. According to the results in this paper along with recent
reports from other researchers, we conclude that structural
defects, bound oxygen, and sulfate-functionalization enabled a
unique and interesting modification of the magnetic properties
of graphene oxide. Our research paves the way for further
exploration of the capacity of electron-withdrawing/donating
groups and structural defects in conjugated carbon nanosystems
for tuning their magnetic and electronic properties.
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