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ABSTRACT Fully hydrogenated graphene (graphane) and partially hydrogenated graphene materials are
expected to possess various fundamentally different properties from graphene. We have prepared highly
hydrogenated graphene containing 5% wt of hydrogen via Birch reduction of graphite oxide using elemental
sodium in liquid NH; as electron donor and methanol as proton donor in the reduction. We also investigate the
influence of preparation method of graphite oxide, such as the Staudenmaier, Hofmann or Hummers methods on
the hydrogenation rate. A control experiment involving NaNH, instead of elemental Na was also performed. The
materials were characterized in detail by electron microscopy, infrared spectroscopy, X-ray photoelectron

spectroscopy, Raman spectroscopy both at room and low temperatures, X-ray fluorescence spectroscopy,

inductively coupled plasma optical emission spectroscopy, combustible elemental analysis and electrical resistivity

measurements. Magnetic measurements are provided of bulk quantities of highly hydrogenated graphene. In the whole temperature range up to room temperature, the
hydrogenated graphene exhibits a weak ferromagnetism in addition to a contribution proportional to field that is caused not only by diamagnetism but also likely by an
antiferromagnetic influence. The origin of the magnetism is also determined to arise from the hydrogenated graphene itself, and not as a result of any metallic impurities.
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raphane, the fully hydrogenated de-
G rivative of graphene with theoretical

composition (C;H;),, was hypothe-
sized by several authors.' Partially and fully
hydrogenated graphenes are proposed to
have a myriad of fascinating properties that
include a tunable band gap,>~” and also ex-
hibit fluorescence® and ferromagnetism.’
Numerous attempts to prepare partially
hydrogenated graphene have been focused
on two strategies: (i) gas phase hydrogena-
tion of graphene'®'® and (ii) liquid phase
hydrogenation/exfoliation of graphite.®'5'”
The first approach using H, gas to hydro-
genate graphene at various temperature
and pressure leads to <10% partial hydro-
genation of graphene.'"' In contrast, wet
chemistry hydrogenation employs the Birch
reduction of aromatic rings using solutions
of solvated electrons, by first dissolving Li or
Na in liquid NH3 with consequent provision of
protons via use of alcohols. Such a reduction
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can produce hydrogenated graphene with
composition of (C;3H;), and is thus more
successful than gas-phase hydrogenation.”
Nonetheless in all cases represented in the
literature, only partially hydrogenated gra-
phene was prepared, and fully hydroge-
nated graphane still remains elusive. Inter-
estingly though, the controllable properties
of hydrogenated graphenes may be of even
greater significance that the ones of pure
graphane. Of particular interest is the ferro-
magnetism which may be found in partially
hydrogenated graphene,'® and which is
entirely absent in pristine graphene'® and
fully hydrogenated graphane.* Both these
materials represent the extremes of the hy-
drogenation extent, and have been shown
to be strongly nonferromagnetic.'® Weak
paramagnetism was only detectable in gra-
phene at very low temperatures of below
50 K and only as a result of a minute amount
of defects.'®?° In contrast, there exists an
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abundance of experimental studies on the room-tem-
perature paramagnetism and even ferromagnetism of
fluorinated graphene,?' defective graphene sheets, %>
aryl-functionalized graphene,®® reduced-graphene oxi-
des at temperatures close to 10 K,%* and also theoretical
studies on ferromagnetism of partially hydrogenated
graphene.®'®% Here, we provide experimental inves-
tigation into magnetism originating from the bulk
quantities of highly hydrogenated graphene. Collec-
tively, defects, vacancies, residual oxygen moieties and
adsorbed atoms have all been proposed to give rise to
localized magnetic moments that result in their ob-
served magnetism.

Therefore, toward this end, the use of graphite oxide
(GO) as starting material®® presents interesting pros-
pects, and there are multiple motives in our use of the
Birch reduction technique on GO to fabricate hydro-
genated graphene. Clearly, our primary aim in using
the Birch reduction is to achieve hydrogenation of the
sp-carbon lattice. However, the structure of graphite
oxide is intrinsically imperfect,”” containing a multitude
of oxygen functionalities along with sporadic defects
created by the harsh conditions during its oxidation
from graphite. An additional purpose, thus, is that the
reducing nature of the Birch procedure (sodium dis-
solved in liquid ammonia) may also serve in the re-
moval of some oxygen-containing groups,® bypassing
the need for a prior reduction step.?® In this article, we
systematically evaluate the suitability of graphene oxides
prepared by various standard methods (namely, the
Staudenmaier,*® Hofmann®' and Hummers®*? methods)
to undergo Birch reduction using Na as an electron
donor and methanol as a proton donor.3* We present
our findings on the nature of Birch-reduced graphene
oxides, with extensive characterization by scanning
electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), Fourier-transform infrared spec-
troscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
combustible elemental analysis, energy-dispersive X-ray
fluorescence spectroscopy (ED-XRF), inductively coupled
plasma optical emission spectroscopy (ICP-OES), Raman
spectroscopy, photoluminescence measurements and
electrical resistivity measurements. The magnetic
properties of the hydrogenated graphenes were in-
vestigated with superconducting quantum interfer-
ence device (SQUID) magnetometry.

RESULTS AND DISCUSSION

In this paper, we employ the Birch technique in the
simultaneous reduction and hydrogen functionaliza-
tion of graphite oxides. Three types of graphite oxide
are first prepared using the Staudenmaier (KCIOs in
concentrated H,50, and fuming HNOs),*® Hofmann
(KCIO5 in concentrated H,SO, and HNOs)*' and Hum-
mers (KMnO, in concentrated H,SO, and NaNO;)*?
methods. These are subsequently treated with sodium
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in liquid ammonia to yield the hydrogenated grap-
henes. In addition, a fourth reduced-GO sample was
prepared from the Hofmann method but was exposed
to sodium amide in liquid ammonia (NaNH,/NHs,) for
use as a comparison. We abbreviate our reduced-GOs
in this paper as G-ST, G-HO, G-HU and G-HO-Control.
Extensive materials characterization comprising scan-
ning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDS), energy-dispersive X-ray fluo-
rescence spectroscopy (ED-XRF), inductive coupled
plasma optical emission spectroscopy (ICP-OES), Fourier-
transform infrared spectroscopy (FTIR), X-ray photo-
electron spectroscopy (XPS), combustible elemental
analysis, Raman spectroscopy, photoluminescence spec-
troscopy and electrical resistivity measurements were
performed to elucidate the nature of resulting Birch
reduced graphite oxides. Finally, magnetism measure-
ments were conducted using a superconducting quan-
tum interference device (SQUID).

SEM images of the four reduced-GOs were first
obtained at various magnifications and these are as
illustrated in Figure 1. All samples exhibit the charac-
teristic crumpled texture of chemically reduced grap-
henes,>* and have relatively uniform particle sizes. An
exception is that of G-HU that shows particles with a
large size distribution, which is particularly evident at
low magnification. In addition, both reduced forms of
the chlorate-oxidized GOs (namely, G-ST and G-HO)
have a thin sheet-like appearance, while G-HU and
G-HO-Control show a larger extent of wrinkling that is
obvious at higher magnifications.

With the aim of determining if the hydrogenation of
GOs by the Birch reduction is successful, we subse-
quently employ FTIR spectroscopy (Figure 2) to identify
the presence of chemically bonded hydrogen. The
detail spectra of C—H vibrations are shown in the
Supporting Information (Figure S1). The two bands at
2850 and 2950 cm ™' corresponding to C—H stretches
provide definitive proof of a successful hydrogena-
tion.2'®'” Additionally, a number of other peaks ex-
pected of oxygen-containing groups in GO are present;
a broad absorption band from 3300 to 3500 cm™'
corresponds to O—H vibrations from hydroxyl and
carboxyl groups, a peak at ca. 1650 cm™' due to
C=0 stretching, a band at 1580 cm ™" due to aromatic
C=C stretching and also a set of complex bands
between 1000 and 1300 cm ™" arising from multiple
C—C and C—O0 vibrations.3>3¢ Although these observa-
tions indicate a continued presence of oxygen function-
alities within all reduced-GOs, it should be noted that
no single GO reduction procedure has been shown to
completely remove all its inherent oxygen moieties.’

To further elucidate the oxygen contents and func-
tionalities of the Birch-reduced-GOs, X-ray photoelec-
tron spectroscopy is used in obtaining both the ele-
mental and chemical surface compositions.*® Figure 3
shows the survey spectra of the reduced-GO samples
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Figure 1. Scanning electron micrographs of hydrogenated graphenes prepared from graphite oxides synthesized by the
Staudenmaier (G-ST), Hofmann (G-HO) and Hummers (G-HU) methods with subsequent Birch reduction in Na/NH; and
methanol. Also shown are the electron micrographs of the control experiment, where Hofmann graphite oxide was treated by
NaNH,/NHj3 (G-HO Control). Scale bars are 100 nm, 1 um, and 10 um, respectively.
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Figure 2. FT-IR spectra of hydrogenated graphenes prepared
from graphite oxides synthesized by the Staudenmaier (G-ST),
Hofmann (G-HO) and Hummers (G-HU) methods with sub-
sequent Birch reduction in Na/NH; and methanol. Also shown
is the FT-IR spectra of our control experiment, where Hofmann
graphite oxide was treated by NaNH,/NH; (G-HO Control).

and their surface atomic compositions are tabulated in
Table 1. Three prominent peaks corresponding to elec-
trons from the core-level carbon-1s, oxygen-1s and
sodium-1s orbitals are apparent at binding energies of
ca. 285,534, and 1070 eV respectively. In some cases, a
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small signal at 165 eV corresponding to the sulfur-2p
orbital is also observed due to the use of sulfuric acid in
the oxidation procedure of graphite. In evaluating the
reducing ability of the Birch procedure on oxygen-
containing groups in GO, we use the ratio of peak
intensities of the carbon-1s versus the oxygen-1s core
levels (denoted C/O ratio) as a measure of the degree of
remaining oxygen functionalities. Large C/O ratios are
indicative of successful reductions of graphite oxides.
The largest ratio was calculated to be 8.79 for G-HO as
reduced by the Birch process; in comparison to 2.78 for
a control we performed with the same material using
sodium amide in liquid ammonia. Interestingly, the
procedure exhibits varying reducing abilities on differ-
ent GOs, with a lower ratio of 5.53 for G-ST and a
significantly low value of 2.25 for G-HU. As a compar-
ison, C/O ratios of unreduced GOs are 2.47, 2.71, and
2.05 for GO-ST, GO-HO, and GO-HU, respectively.® A
similar trend is noted with energy-dispersive X-ray
spectroscopic data in the Supporting Information
(Table S1), with G-HO having the highest carbon content
relative to oxygen, followed by G-ST, G-HO-Control and
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Figure 3. Wide-scan XPS spectra of hydrogenated graphenes prepared from graphite oxides synthesized by the Stauden-
maier (G-ST), Hofmann (G-HO) and Hummers (G-HU) methods with subsequent Birch reduction in Na/NH3 and methanol. Also
shown is XPS spectra of the control experiment, where Hofmann graphite oxide was treated by NaNH,/NH; (G-HO Control).

TABLE 1. Wide Scan XPS Quantitative Comparison of
Composition of Various Hydrogenated Graphenes Pre-
pared from Graphite Oxides

atomic percentages

material’ (/O ratio carbon-1s  oxygen-1s  sodium-1s sulfur-2p

(285 eV) (534 eV) (1070 eV) (165 eV)

G-HO-Control ~ 2.78 71.96 25.84 1.56 0.64
G-ST 553 83.49 15.10 141 Not detected
G-HO 8.79 88.62 10.08 0.55 0.75
G-HU 2.25 64.17 28.55 571 1.56

“ Graphite oxides are synthesized by Staudenmaier (G-ST), Hofmann (G-HO) and
Hummers (G-HU) methods with subsequent Birch reduction in Na/NH; and
methanol. Also shown is the elemental composition of control experiment, where
Hofmann graphite oxide was treated by NaNH,/NH; (G-HO Control).

finally G-HU. Hence, the Birch procedure is most effec-
tive for G-HO but has a practically negligible effect on
the removal of oxygen groups in G-HU. It is also seen
from XPS that a variable amount of sodium is intro-
duced into the reduced graphenes, from 0.55% in
G-HO up to 5.71% in G-HU. This observation is in
agreement with previous reports utilizing a similar
Birch hydrogenation process with lithium metal, sug-
gesting a similar event of sodium-intercalation into
graphene for our current study.®'”?® In addition, a set
of peaks due to Auger electrons arising from KLL
transitions in sodium are observed at binding energies
of 264,301 and 331 eV. These observations corroborate
with evidence from our EDS mappings in Figure S2,
where we also find the presence of Na, specifically at
carbon-rich sites and typically less abundant at oxy-
gen-rich areas. The sodium content in the various
reduced graphenes from EDS (Table S1) showed a
similar trend with XPS as seen in Table 1.
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TABLE 2. Elemental Analysis (atomic %) of Hydrogenated
Graphenes Based on Combustible Analysis®

material N (atom %) C(atom %) S (atom %) H (atom %) O (atom %)

G-HO-Control 0.28 36.35 0 25.72 37.65
G-ST 0.32 57.99 0 25.06 16.63
G-HO 038 51.79 0 3742 10.41
G-HU 0.21 543 0 11.42 34.07

“Data for various hydrogenated graphenes prepared from graphite oxides
synthesized by Staudenmaier (G-ST), Hofmann (G-HO) and Hummers (G-HU) methods
with subsequent Birch reduction in Na/NH; and methanol are shown. Also shown is the
elemental composition of our control material, where Hofmann graphite oxide was
treated by NaNH,/NH; (G-HO Control). Corresponding table for wt % can be found in the
Supporting Information.

Thus far, infrared spectroscopy and X-ray photoelec-
tron spectroscopy have independently provided definitive
proof of successful hydrogenation and also of the
removal of oxygen groups. However, both techniques
do not provide quantification of the absolute extents of
hydrogenation or the amount of remaining oxygen.
Therefore, the use of combustible elemental analysis
was executed to achieve both these objectives. As seen
from Table 2, the amount of hydrogen introduced was
as high as 37.42 atom % in G-HO (4.54 wt %), compar-
able to the highest reported hydrogenation extent of
5 wt % as obtained by Rao.'® The level of hydrogenation
then decreases to 2.55% by weight for G-ST, 2.43% for
G-HO-Control and only 0.95% for G-HU (Table S2). The
trend observed for the oxygen content is roughly the
opposite, decreasing in the order: G-HO-Control >
G-HU > G-ST > G-HO. If we express the composition of
hydrogenated graphenes by general formula, we find
that G-ST consists of C,31H;0¢66; G-HO C;38H100.s;
G-HU C475H10,.08, While control sample G-HO-Control
consists of Cy 41H,0; 47. It is clear that for G-HO-Control
as well as for G-HU, there is a larger content of O in
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Figure 4. Raman spectra of hydrogenated graphenes prepared from graphite oxides synthesized by the Staudenmaier
(G-ST), Hofmann (G-HO) and Hummers (G-HU) methods with subsequent Birch reduction in Na/NH3 and methanol. Also shown
is the Raman spectra of the control experiment, where Hofmann graphite oxide was treated by NaNH,/NH; (G-HO Control).

comparison to H, and therefore, it cannot be ruled out
that most H atoms are bonded to O atoms as hydroxyl
or carboxyl groups. However, G-ST and G-HO exhibit
larger amounts of H than O; in addition, G-HO shows a
remarkable C:H ratio of 1.38:1. Thus, these demonstrate
that hydrogenation of the carbon backbone itself was
highly successful, such that the vast majority of hydrogen
atoms are carbon-bonded and not oxygen-bonded
in the case of G-HU and G-HO-Control. It is also
interesting to observe that minute amounts of nitro-
gen on the samples were detected, presumably from
the use of nitric acid in the oxidation of graphite. The
highest nitrogen concentration of only 0.64 wt % was
obtained for the most hydrogenated G-HO material
(Table S2).

To investigate the structural properties, Raman and
photoluminescence spectroscopy were employed. The
samples with lower hydrogen contents exhibit spectra
typical of graphene materials. These spectra are domi-
nated by the D band (1350 cm™") and G band
(1560 cm™") which represent defects in the sp? lattice,
and the vibrations in pristine graphene layers respec-
tively. The density of defects can be compared be-
tween the various materials by calculation of the
relative D to G band intensities, with higher ratios indi-
cating increased disorder in the graphene structure.
In the spectra, we may also find broad peaks related to
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the 2D phonon mode (located around 2650 cm™') and
the D+D' phonon mode (located around 2880 cm™").
Figure 4 shows the Raman spectra of graphene treated
with Na/NH3 and NaNH,/NHs. For the measurement, a
low laser power of 500 uW was used in order to avoid
overheating and damage to the sample. The Ip/lg
ratio was 1.32 for the G-HU sample and 1.30 for G-ST
(Table 3). In comparison, the G-HO-Control sample has
a considerably lower Ip/lg ratio of 1.00. The high Ip/Ig
ratio is directly related to the synthesis procedure
which involves the intercalation of sodium solution
inside the GO layers with subsequent hydrogena-
tion and exfoliation by the reaction with methanol
acting as proton donor. Thus, it indicates the forma-
tion of sp> carbon atoms with covalently bonded
hydrogen on the graphene basal plane. In addition,
the average crystallite size (L,) can also be directly
calculated using the reciprocal of the Ip/Ig ratio based
on eq (1):*°

Ly = 24 %1070 X Jjaser” X I6/Ip M

The I¢/lp is the ratio of the intensities of the G and D
bands, respectively, and A,se refers to the laser wave-
length (nm) used in the measurement of the Raman
spectrum, i.e., 532 nm. The values obtained for the
G-HU are 14.6 and 14.8 nm for G-ST. The crystallite size
of G-HO-Control sample is 19.2 nm. These observations
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TABLE 3. D to G Band Intensity Ratios and Crystallite
Sizes (L,) of Hydrogenated Graphenes Based on Raman
Spectroscopy

material I/l ratio L, (nm)
G-HO-Control 1.00 19.2
G-ST 1.30 14.8
G-HO* 0.98 19.6
G-HU 132 14.6

“ Measurement of G-HO performed at 11K; all other materials at room temperature.

suggest that the process of reduction/hydrogenation
is accompanied with decrease of crystallite size as a
result of the violent reaction of intercalated sodium
with methanol.

In contrast to the other samples (G-ST, G-HU and
G-HO-Control), the high degree of hydrogenation in
the case of G-HO led to complete overlap of D and G
peaks due to strong photoluminescence of the sample.
The presence of photoluminescence may be attributed
to band gap splitting by the covalently bonded hydro-
gen in graphane. Graphane has been predicted by ab
initio calculation to exhibit behavior resembling direct
band gap semiconductors with the Eg level dependent
on the degree of hydrogenation,*' and strong photo-
luminescence was reported for graphene with high
hydrogen content.® To obtain Raman spectra from the
G-HO sample with strong luminescence intensity, low
temperature Raman spectra and FT Raman spectra
with 1064 nm infrared laser were measured. FT-Raman
spectroscopy (Figure S3) did not provide useful results
due to the low intensity of G and D phonon modes
excited with IR laser, and the strong photolumines-
cence background was again observed even in the IR
region. On the basis of these results, low temperature
Raman spectroscopy was performed on the highly
hydrogenated G-HO sample. With the sample placed
inside a cryostat, we used a Vis-NIR optimized long
working distance objective with 20 x magnification for
the purposes of laser focusing and signal collection.
The temperature reduction led to enhancement of
both D and G phonon mode intensities and below
100 K they can be clearly observed. The Ip/Ig ratio of
0.98 was found at 11 K. This value was calculated with
subtraction of the photoluminescence baseline and is
comparable with the /Ip/Ig ratio obtained for the control
sample measured at room temperature. The corre-
sponding crystallite size calculated was 19.6 nm. The
temperature dependence of the peak intensities for
the G-HO sample was investigated both with a laser
power of 500 uW as shown in Figure 5, and also at
50 uW (Figure S4). The reduction of laser power led to
further decrease of background photoluminescence
intensities, however the signal-to-noise ratio is also
lower.

As aresult of the strong photoluminescence background
from G-HO, we proceed with further measurements of
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Figure 5. Temperature dependence of Raman spectra mea-
sured on hydrogenated graphenes (G-HO) prepared accord-
ing to the Hofmann method and reduced with Na/NH; and
methanol.
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Figure 6. Photoluminescence spectra of hydrogenated gra-
phenes prepared from graphite oxides synthesized by
Staudenmaier (G-ST), Hofmann (G-HO) and Hummers (G-HU)
methods with following Birch reduction in Na/NH3; and
methanol. Also shown is the photoluminescence spectra
of the control experiment, where Hofmann graphite oxide
was treated by NaNH,/NH; (G-HO Control).

photoluminescence spectra of all samples as illustrated
in Figure 6. Both G-HU and G-ST exhibit only very weak
photoluminescence with maxima located around 750 nm.
A slightly higher intensity was observed for the G-HO-
Control sample together with a bathochromic shift.
In contrast, the luminescence of G-HO was 2 orders of
magnitude stronger with the maximum intensity located
in the NIR region around 930 nm. A second weaker
luminescence band was located at a similar position as
the other materials. Presence of such strong lumines-
cence in both the visible and NIR regions suggest
formation of high concentrations of deep levels inside
the band gap, and these deep levels can form the
traps for free electrons. This effect is consequently
documented by measurement of the materials' resis-
tivity, where hydrogenation increases the resistivity by
breaking the m-conjugation of graphene. The sample
with lowest degree of hydrogenation (G-HU) has a low
specific resistivity of 0.18 Q-cm. Materials with higher
hydrogen concentrations such as G-ST and G-HO have
the values of 9.1 and 8.2 Q-cm, respectively. However, a
secondary influence is the presence of oxygen-containing
functionalities. In addition to chemisorbed H-atoms, these
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Figure 7. Magnetization measurements of hydrogenated
graphene (G-HO) at 5 and 300 K.

groups also lead to the formation of deep levels and a
strong electron-trapping effect. This is particularly
evident in G-HO-Control which has a minimal degree
of reduction and a resistivity in the order of kQ-cm.
Nonetheless, for the highly hydrogenated G-HO with
its minimal oxygen content, the principal cause of the
observed luminescence is due to the abundant pres-
ence of C—H bonds where the radiative recombina-
tions take place.

Lastly, we measure the magnetic properties of the
hydrogenated graphene with the highest degree of
hydrogenation (G-HO) using a superconducting quan-
tum interference device (SQUID). The hysteresis loops
at T =5 and 300 K shown in Figure 7 point to a
ferromagnetic (FM) state at both these temperatures
with a nearly temperature-independent ferromagnetic
saturated moment 6 x 107> emu-g~'. The tempera-
ture dependences of the zero field cooling (ZFC) and
field cooling (FC) susceptibilities measured under an
applied field of 1000 Oe exhibit a constant value of ca.
6 x 107 emu-g~'-Oe™" with a small increase at the
lowest temperatures. The narrow hysteresis loop char-
acterized by a coercivity about 100 Oe at T = 5 and
300 K suggests a soft magnetic character of G-HO. In
this case, a relatively small magnetic field of 2500 Oe is
sufficient for the magnetic saturation of the sample. It
should be noted that this behavior is usually observed
for ferromagnetic nanoparticles like iron, cobalt and
nickel. In addition to the FM contribution, the hyster-
esis loop at T= 300 K shows a linear contribution, with
respect to the magnetic field, for which the corre-
sponding negative susceptibility can be estimated to
be —8 x 1078 emu/(g-Oe). It is interesting that the
absolute value of this susceptibility is almost an order
of magnitude less that the typical diamagnetic sus-
ceptibility of carbon (diamond at —4.9 x 10~7, graphite
at —5 x 1077 across the c-axes and —30 x 10~ ° along
the c-axis, Cgo at —3.5 x 1077, and C,gat —5.9 x 10~
emu/(g-Oe)).*? This fact could be explained if we admit-
ted the presence of a small intrinsic antiferromagnetic
(AFM) contribution (the presence of AFM impurities in
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TABLE 4. Trace Analysis of Impurities in Hydrogenated
Graphene G-HO As Determined by ICP-OES

element V CrMnFeCNi Al B Cd MgPbiInTiZr (d Na

Concentration (ppm) 2 5 0 20 7 3 2 15530 3 42307 2 6 33800

G-HO is not probable), where a positive linear m(H)
moment might compensate a negative m(H) contribu-
tion caused by the intrinsic diamagnetic susceptibility
of carbon.

The principal question therefore is whether the
observed FM contribution of 6 x 1073 emu-g ™' arises
intrinsically from the hydrogenated graphene or if it
could be caused by Fe or other impurities. An Fe
impurity content of 1 ug g~ would give the magne-
tization of 22 x 107* emu-g~'.** The observed FM
magnetization for our sample would have to corre-
spond to 27.2 ppm of elemental iron (or 200 ppm Ni
and 75 ppm Co). Hence, in order to determine the true
concentration of metallic impurities and resolve the
origin of ferromagnetism, trace analyses of metallic
impurities in our sample were carried out. Measure-
ments by ED-XRF with typical detection limits in range
from 1 to 10 ppm for transition metals did not show
any metallic impurity such as Fe, Co, Ni or any other
transition metal. Further measurements using the
highly sensitive technique of ICP-OES were also per-
formed, and the concentrations of transition metals
are summarized in Table 4. The total concentration of
all ferromagnetic impurities (Fe, Co and Ni) is minute,
and insufficient to give rise to the magnetic moment
observed for the G-HO hydrogenated graphene.
Another consideration that further challenges the
argument that the observed magnetism could arise
from metallic impuirities is that these metals are un-
likely to even exist in their elemental forms due to their
high reactivity and affinity to atmospheric oxygen. Of
the oxides, only Fe30, can have ferromagnetic be-
havior, and its saturated magnetic moment is much
weaker compared to elemental iron.

Hence, it can be stated here that the observed FM
contribution in hydrogenated G-HO appears to be of
an intrinsic nature, and there is also an indication of the
presence of an intrinsic AFM contribution with Néel
temperature above 300 K. We attribute the magnetic
ordering (ferromagnetism) in G-HO primarily to its
large extent of hydrogenation, with strong theoretical
evidence®'® in support of this proposition. In addition
to the ferromagnetism, multiple defects in the material
also render a smaller observed antiferromagnetic con-
tribution, as seen from computational methods.**

CONCLUSION

We demonstrate for the first time that the Birch reduc-
tion of graphite oxides can lead to highly hydrogenated
graphene of composition C; 3gH;0g 2. We also investigated
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the Birch reduction procedure on graphite oxides pre-
pared by several methods, and report a dramatic varia-
tion in the success of the simultaneous reduction and
hydrogenation procedure on these substrates. Exten-
sive characterization was performed on the highly

METHODS

Materials. Sulfuric acid (98%, p.a.), nitric acid (68%, p.a.),
potassium chlorate (99%, p.a.), potassium permanganate
(99.5%, p.a.), hydrogen peroxide (30%, p.a.), hydrochloric acid
(35%, p.a.) were obtained from PENTA, Czech Republic. Graphite
microparticles (2—15 um, 99.9995% purity) were obtained from
Alfa Aesar. Ammonia (99.999%) and argon (99.996%) were pur-
chased from SIAD. Sodium (99.8%), sodium amide (98%), and
methanol (99.9%) were obtained from Sigma-Aldrich. Deionized
water with a resistivity of 18.2 MQ - cm was used throughout in the
preparation of solutions.

Synthetic Procedures. Synthetic Procedure of Staudenmaier
Graphite Oxide®®. The synthesis of GO-ST was performed ac-
cording to the procedure reported previously. A total of 87.5 mL
of sulfuric acid (98%) and 27 mL of fuming nitric acid (98%) were
first cooled to 0 °C before 5 g of graphite was added to the
mixture. The reaction mixture was then intensively stirred while
55 g of potassium chlorate was added over a period of 30 min.
The reaction flask was then loosely capped to allow the escape
of chlorine dioxide gas. The mixture was continuously stirred for
96 h at room temperature and then poured into 3 L of deionized
water. After decantation, the graphite oxide was redispersed in
5% hydrochloric acid. The graphite oxide was again decanted
from the hydrochloric acid and repeatedly centrifuged and
redispersed until a negative reaction for chloride and sulfate
ions (with Ba(NOs), and AgNOs) was observed. Graphite oxide
slurry was finally dried in a vacuum oven at 60 °C for 48 h before
further use.

Synthetic Procedure of Hofmann Graphite Oxide*'. The syn-
thesis of GO-HO was performed according to the standard
method reported in literature. A total of 87.5 mL of concen-
trated sulfuric acid (98%) and 27 mL of nitric acid (68%) were
first cooled to 0 °C before 5 g of graphite was dispersed into the
reaction mixture by vigorous stirring. Keeping the reaction
mixture vigorously stirred at 0 °C, KCIO3 (55 g) was then added
over a period of 30 min. The reaction mixture was loosely
capped to allow the escape of gaseous reaction products
(ClO,) and stirred at room temperature for 96 h. Upon comple-
tion of reaction, the mixture was poured into 3 L of deionized
water and decanted. The reaction product was then redispersed
in 2 L of 5% HCl and decanted. Graphite oxide was then
repeatedly centrifuged and redispersed in deionized water until
a negative reaction on sulfate and chloride ions (with Ba(NOs),
and AgNO;, respectively) was achieved. Graphite oxide slurry
was finally dried in a vacuum oven at 60 °C for 48 h before
subsequent use.

Synthetic Procedure of Hummers Graphite Oxide®2. The syn-
thesis of GO-HU was performed according to the method
reported previously. A total of 115 mL of sulfuric acid (98%)
was cooled to 0 °C and then 5 g of graphite and 2.5 g of NaNOs
were added to the mixture. While vigorously stirred, 15 g of
KMnO,4 was added over a period of 2 h. The reaction mixture was
then removed from the cooling bath and stirred at room
temperature for 4 h. The reaction mixture was then heated to
35 °C for 30 min, poured into 250 mL of deionized water and
heated to 70 °C. After 15 min the mixture was poured into 1 L of
deionized water. Unreacted KMnO, was decomposed with 10%
hydrogen peroxide. The reaction mixture was then decanted
and repeatedly centrifuged and redispersed until a negative
reaction for sulfate ions (with Ba(NOs),) was achieved. Graphite
oxide slurry was then dried in a vacuum oven at 60 °C for 48 h
before further use.

Reduction of Graphite Oxide with Sodium in Liquid Ammonia
(Birch Reduction). The reduction of GO with sodium in liquid

ENG ET AL.

hydrogenated graphenes and we studied the magnetic
properties of the hydrogenated graphene. Here, we show
the experimental evidence of their magnetism and its
intrinsically complex nature, consisting of both ferromag-
netic and antiferromagnetic components.

ammonia was performed under argon atmosphere. For the
cooling of the reflux condenser, a dry ice acetone mixture was
used. The 60 mL of ammonia was condensed in 250 mL flask
equipped with magnetic stirring. Then, 60 mg of each GO was
added to the liquid ammonia and stirred for 10 min. The flask
with liquid ammonia was held at —30 °C. Subsequently, 1 g of
sodium was added to the reaction mixture and the temperature
was increased to —15 °C to start reflux of ammonia. After 2 h,
30 mL of methanol was added. After addition of methanol, the
reaction mixture was allowed to warm to room temperature
overnight. The reduced graphene was filtered out with nylon
membrane (0.45 mm), washed several times with water and
dried under vacuum for 48 h at 60 °C.

The reduced G-HU-Control sample for comparison was
prepared in a similar manner, with the exception of 2 g of
sodium amide being used in place of elemental sodium.

Apparatus and Sample Preparation. Scanning electron micro-
graphs (SEM) were obtained with a JEOL 7600F field-emission
scanning electron microscope (JEOL, Japan) with a 2.0 kV ac-
celeration voltage in gentle-beam mode, while energy disper-
sive X-ray spectroscopy (EDS) was performed at 15.0 kV. All
reduced graphite oxide samples were attached onto a sticky
conductive carbon tape mounted on an aluminum stage.

The FT-IR measurement was performed on FTIR spectro-
meter NICOLET 6700 (Thermo Scientific). A diamond ATR crystal
and DTGS detector were used for the measurements.

For electrical resistivity measurements of graphene materi-
als, 40 mg of the powder material was first compressed into a
capsule of 0.2 in. diameter under a pressure of 400 MPa for 30 s.
The resistivity of the resulting capsule was measured by a
4-probe technique using the Van der Pauw® method. The
resistivity measurements were then performed with Keithley
6220 current source and Agilent 34970A data acquisition/
switch unit. The measuring current was set to 10 mA.

X-ray photoelectron spectroscopy (XPS) was performed
with a Phoibos 100 spectrometer using a Magnesium X-ray
radiation source (SPECS, Germany). A wide-scan survey of all
elements was performed. Relative sensitivity factors were used
in evaluating the carbon-to-oxygen (C/O) ratios from the survey
spectra. Samples were compressed onto conductive carbon
tapes attached on aluminum sample holders.

An inVia Raman microscope (Renishaw, England) was used
for Raman spectroscopy in backscattering geometry with a CCD
detector. A DPSS laser was used (532 nm, 50 mW) with 50x
magnification objective. Instrument calibration was achieved
with a silicon reference which gives a peak position at 520 cm™"
and a resolution of less than 1 cm~". Samples used for the
measurement was dispersed in isopropyl alcohol (1 mg/mL) and
dried on silicon wafer. To avoid radiation damage of studied
material, the laser power used for measurement was in the
range of 50 nW to 500 uW. For the low temperature measure-
ment of Raman and photoluminescence spectra, a pulse tube
close cycle optical cryostat with base temperature of 11 K was
used. The sample was mounted on an x-y-z piezoelectric stage
with Apiezon N and covered with CaF, window. In this instance,
a 20x magnification long working distance objective was used.

The magnetic measurements were performed using SQUID
magnetometer MPMS-5S. At temperatures of 5 and 300 K, the
hysteresis loops were recorded between —10 and 10 kOe. In the
same temperature range (5—300 K), the zero-field cooled (ZFC)
and field- cooled (FC) susceptibilities were measured under an
applied field of 1000 Oe.

Trace analysis of impurities was performed with an optical
emission spectrometer SPECTRO Arcos (SPECTRO Analytical
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Instruments, Germany) with radial observation of inductively
coupled plasma (ICP-OES). The spectrometer features a Paschen-
Runge optic mount. Spectra were measured in the range from 130
to 770 nm. For sample introduction, a Cyclonic spray chamber and
a Modified Lichte nebulizer were used. The following ICP
operating parameters were applied: generator power 1450 W,
coolant flow 13 L/min, auxiliary flow 0.8 L/min, nebulizer flow
0.8 L/min, sample aspiration rate 2 mL/min. Calibration was
achieved using commercially available multielement standard
solutions (Analytika). The concentrations of all calibrated ele-
ments were 0, 0.1,0.5, 2.0, and 10.0 mg/L, respectively. A total of
5 mg/L Y was used as an internal standard. All measurements
were performed in 4% HNO3 as a matrix. The detection limits for
analyzed elements ranged about 1 ppb within the measured
decomposed sample. To prepare liquid samples for ICP-OES
analysis, the solid samples were weighed (approximately 5 mg)
on microanalytical balance and combusted by the Schéniger
method.*® Afterward, the closed Erlenmeyer flask was treated in
an ultrasonic bath. After absorption of combustion products
(at least 2 h), 0.88 mL of concentrated HNOs (suprapure) and 100 uL
of 1 mg/mL Y standard solution were added. The liquid mixture
was quantitatively transferred from the glass flask to a plastic
bottle, and made up to a final volume of 20 mL with weighing.
Finally, the solution was filtered and introduced to the spectro-
meter system. The baseline of the ICP-OES measurements was
subtracted from a blank experiment.

The impurities' concentration was also investigated by X-ray
fluorescence spectrometer SPECTRO iQ Il (SPECTRO Analytical
Instruments, Germany) equipped with silicon drift detector. The
instrument uses a polarized primary radiation for increased
sensitivity and the noise reduction and all radiation paths are
flushed with helium.

Combustible elemental analysis (CHNS-O) was performed
with a PE 2400 Series Il CHNS/O Analyzer (Perkin-EImer). In CHN
operating mode (the most robust and interference free mode),
the instrument employs a classical combustion principle to
convert the sample elements to simple gases (CO,, H,O and N,).
The PE 2400 analyzer performs automatically combustion and
reduction, homogenization of product gases, separation and
detection. A microbalance MX5 (Mettler Toledo) is used for
precise weighing of samples (1.5—2.5 mg per single sample
analysis). The accuracy of CHN determination is better than
0.30% abs. Internal calibration is performed using N-fenyl urea.
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