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Fluorination was confirmed to be the most effective route to introduce localized spins in graphene. However, adatoms clustering in perfect graphene lead
to a low efficiency. In this study, we report experimental evidence of the generation of localized spin magnetic moments on defective graphene (reduced
graphene oxide) through fluorination. More interstingly, the result shows that defects help increase the efficiency of the fluorination with regard to the
density of magnetic moments created. Fluorinated reduced graphene oxide can have a high magnetic moment of 3.187 x 103 11 per carbon atom and a
high efficiency of 8.68 x 103 x5 per F atom. It may be attributed to the many vacancies, which hinder the clustering of F atoms, and introduce many

magnetic edge adatoms.
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based materials have received much  ever, by the loss of graphene's structural sta-
attention because of their extreme

importance in applications as light nonmetal-
lic magnets. Especially, the long spin diffusion
length makes this material very attractive for
novel spintronic devices and thus has trig-

The magnetic properties of graphene-  vacancies achieved a magnetic moment. How-

bility, the vacancy-induced magnetic moment
was limited to 0.02 emu/g.”® Therefore, it is
urgent to develop effective methods for break-
ing through the limit.

The chemical modification of graphene,
which is a possible route to introduce con-
trollable defect coverage, can effectively
engineer its electronic and magnetic prop-
erties. Compared to hydrogenated gra- *Address correspondence to
phene, which rapidly loses atomic H at tangnujiang@nju.edu.cn.
moderate temperature,'® fluorinated gra-  Received for review March 30, 2013
localized magnetic moments by the forma- phene (FG) shows higher stability and is  and accepted July 19, 2013.
tion of unpaired spins.*~'* Experimentally,  expected to be more interesting in applica- ) .
introduction of vacancy is a general route  tions where stability is required.'”” FG is ::?:;;?7:,,:32;:0?"’ 19,2013
to induce a localized magnetic moment  verified as a wide gap semiconductor'>~2°
because relatively high efficiency of individual ~ and has colossal negative magnetoresistance  ©2013 American Chemical Society

gered a quest for integrating the charge and
spin degrees of freedom."? Although ideal
graphene is intrinsically nonmagnetic due
to a delocalized 7 bonding network, it is
confirmed that defects such as vacancies,
adatoms, and zigzag edges can introduce
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with explanations in terms of adatom-induced para-
magnetism.?'** Moreover, the rate of the spin-flip
scattering appears to be tunable by the fluorine con-
centration of FG, which is essential to the operation of
spintronics devices.?? Furthermore, the introduction of
high localized magnetic moments is the preliminary
event of the existence of the magnetic ordering,? and
obtaining graphene with high magnetization is of both
fundamental and technological importance. More re-
cently, an investigation reported by Nair et al. revealed
that the maximum magnetic moment achieved by the
fluorination of perfect graphene is 10 times higher
than that induced by vacancy.'® Unfortunately, be-
cause of the clustering of F adatoms, the induced
magnetic moment was limited to one spin per 1000
F adatoms. In the present study, we prepared fluori-
nated reduced graphene oxide (F-RGO) by fluorination
of reduced graphene oxide (RGO) and investigated the
magnetic properties. Our results show that the effi-
ciency can reach up to ca. 8.68 x 10> ug per F adatom,
and the F-RGO sample has high magnetization and
high localized spin magnetic moments.

RESULTS AND DISCUSSION

The F-RGO samples (F-RGO—0.02, F-RGO-0.07,
F-GRO—-0.28, F-RGO—-0.42, F-RGO—0.46, F-RGO—0.51,
F-RGO—0.57, and F-RGO—1, numeric numbers denote
the F/C ratio in F-RGO) were prepared by using differ-
ent mass ratio of XeF, and RGO in the procedures.
Shown in Figure 1a,b are typical transmission electron
microscope (TEM) images of RGO and F-RGO—0.46.
One can find that F-RGO—0.46 maintains the 2D ultra-
thin flexible structure of RGO but has more corruga-
tions than RGO. Shown in Figure 1c are the C 1s spectra
of RGO and F-RGO—0.46, which were fine-scanned and
deconvoluted into several carbon fluorine compo-
nents. The C 1s X-ray photoelectron spectrum (XPS)
of RGO shows a peak at 284.5 eV corresponding to sp?
carbon atoms with their first nearest neighbors also
being graphitic sp? C atoms. After fluorination, the
intensity of this peak decreases, and some new peaks
appear. Combined with the fluorine peak at ~688 eV
(see Supporting Information, Figure S1), the peak at
~288.5 eV of F-RGO—0.46 clearly confirms the exis-
tence of C—F covalent bonding.'*'® Moreover, the
peak at 286 eV corresponds to sp? carbon atoms with
fluorinated nearest neighbor atoms.'®

Changes in the Raman spectra during fluorination
are shown in Figure 1d. The appearance of a character-
istic disorder-induced peak (D peak) at 1350 cm ™" with
In/lg (the ratio of the D peak to G peak at 1600 cm ™) of
0.91 implies that RGO obtained by chemical exfoliation
may have high concentration vacancies. The reason is
considered to be that oxygen functional groups carried
away the adjacent carbon atoms to form carbon oxides
by thermal reduction?* Furthermore, it is found that
F-RGO—0.46 shows higher Ip/lg (ca. 1.08) than that of
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RGO, suggesting that the F-RGO—0.46 is more disordered
than RGO.%> A weak 2D band (2700 cm™") of the samples
is a typical characteristic of chemically derived graphene.?®

Figure 2a shows the 2 K mass magnetization M
(after subtracting the corresponding linear diamag-
netic characteristic) as a function of reduced field H/T
[M(H/T) curves] of RGO and the F-RGO samples. The
M(H/T) curves of RGO and the F-RGO samples are well
fitted using the Brillouin function

2J+1 2J+1 1 X

5 coth (T x) ~3; coth (ﬂ)}
where saturation magnetization Ms = NgJug, x =
gJugH/(kgT), g is the g-factor (assuming g = 2), J is the
angular momentum number, N is the number of
spins, and kg is the Boltzmann constant. For the
F-RGO samples (except F-RGO—0.42, F-RGO—0.46,
and F-RGO—1), the Brillouin function provides good
fits only using J =S = 1/2 (see Supporting Information,
Figure S2a), which agrees with the spin-half paramag-
netism of FG and defective graphene induced by point
defects.*~®'® However, it is very interesting that the
best fit of the magnetization curve is provided by J =
0.83 for F-RGO—0.42 and J = 1 for F-RGO—0.46 (see
Supporting Information, Figure S2b) and F-RGO—1.
Subsequently, the larger magnetic moments of the
sample may correspond to local magnetically coupled
spins, which is similar to the previous report of the
irradiation-enhanced paramagnetism on graphene
nanoflakes.” F-RGO—0.46 has a strong paramagnetism,
indicating that there are high-density unpaired spins.
Considering that the introduction of high localized
magnetic moments is the preliminary event of the
existence of the magnetic ordering,® our method to
obtain graphene with high magnetization is of both
fundamental and technological importance.

Also by fitting the corresponding M(H/T) curves,
Ms can be obtained, which is 0.134 emu/g for RGO,
0.202 emu/g for F-RGO—0.02, 0.320 emu/g for
F-RGO—0.07, 0.486 emu/g for F-RGO—0.28, 0.715 emu/g
for F-RGO—0.42, 0.83 emu/g for F-RGO—0.46, 0.53 emu/g
for F-RGO—051, 026 emu/g for F-RGO—0.57, and
0.165 emu/g for F-RGO—1. Clearly, the exposure to atomic
fluorine can result in enhancement of the paramagnetism
of RGO. Note that RGO has a relatively high magnetization,
which may be ascribed to the high concentration vacan-
cies as revealed by the Raman investigation above. Inter-
estingly, FFRGO—0.46 has an high Ms, which is 6.19 times
higher than that of RGO and 4.34 times higher than the
maximum value of the FG reported.'® Despite reports that
the stoichiometric compound should probably be non-
magnetic, F-RGO—1 shows pure paramagnetism and
the Ms is slightly higher than that of RGO. For the F-RGO
samples, the formation of C—F2 on graphene would
occur at defects,'® so it is reasonable to speculate that
F-RGO—1 with F/C=1 may have a few fluorine vacancies

M = Ms
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Figure 1. Microstructure of RGO and F-RGO—0.46: TEM images of (a) RGO and (b) F-RGO—0.46; (c) XPS C 1s spectra. The C 1s
spectra are fitted by several carbon fluorine components which are labeled. (d) Raman spectra.
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Figure 2. Analysis of the paramagnetism of RGO and the F-RGO samples: (a) M(H/T) curves measured at 2 K. Symbols are the
measurements, and the solid curves are fits to the Brillouin function. (b) Typical y—T curve of F-RGO—0.46 in the applied field
H =3 kOe; symbols are the measurements, and the solid line is fitted by the Curie law. Inset is the corresponding 1/y—T curve.

in the fluorinated region, which may contribute to the
magnetism. Additionally, it is found that no significant
ferromagnetic signal is observed even at 2 K in all the
samples. Note that because RGO was in contact only
with XeF, and Teflon during fluorination, there must be
no contamination introduced during preparation. Actu-
ally, the magnetic impurity elements (such as Fe, Co, Ni,
or Mn) of all the samples are below 15 ppm, as con-
firmed by inductively coupled plasma (ICP) measure-
ment (see Supporting Information, Table S1). RGO and
all the F-RGO samples show similar paramagnetic prop-
erties (not shown). Shown in Figure 2b is the depen-
dence of susceptibility = M/H on temperature T (y—T
curve) for F-RGO—0.46. The inset is the corresponding
1/x—T curve. The purely Curie-like paramagnetic beha-
vior is corroborated by fits of y(T) to the Curie law curves
% = NJU + 1)g°u?/(3kgT), which were calculated for J = 1
and N inferred from the Ms.

Figure 3a gives the evolution of the magnetic mo-
ment extracted from the Brillouin fits in Figure 2a with
the increasing fluorine concentration of F-RGO samples. It
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is observed that the magnetic moment increases almost
monotonically with the increase of fluorine concentration
(up to F/C = 0.46) but unexpectedly decreases for
F-RGO—0.51, F-RGO—0.57, and F-RGO—1, which have
higher fluorinated degree. F-RGO—0.46 can exhibit a
high magnetic moment of 3.187 x 10~ ug per carbon
atom, much higher than the maximum value of ca.
0.9369 x 1073 g per carbon atom in the FG samples
reported.’® Furthermore, compared to that of RGO, the
enhanced Ms resulting from fluorination is defined as
Mg = Mg — Mrgo, Where Mg is the magnetization of the
corresponding F-RGO samples and Mg is the magne-
tization of RGO. Approximately, according to the Mg of
the fluorinated samples, one can deduce the corre-
sponding number of magnetic moment per F ada-
toms (shown in Figure 3b). It suggests that with the
increasing of fluorine concentration, a smaller propor-
tion of F adatoms seems to contribute to the magnetic
moment. Notably, for F-RGO—0.02, the number of
ug/F atoms is ca. 10 times higher than the maximum
value observed in FG."
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Figure 3. (a,b) Evolutions of magnetic moment extracted from the Brillouin fits in Figure 2a with the increasing of fluorine
concentration of F-RGO samples: (a) per carbon atom and (b) per attached F atom. The dotted curve is a guide to the eye. (c,d)
Schematic models of two different F coverages of F-RGO: (c) low fluorine concentration and (d) high fluorine concentration.
The gray circles represent carbon atoms, and the cyan and red circles denote F adatoms with counterparts on the neighboring
sites and those without counterparts on the neighboring sites, respectively.

It is known that F atoms on graphene are preferably
adsorbed at vacancies because of the enhancement of
chemical activity by the presence of vacancies®” and
have a strong tendency toward clustering and forming
F clusters because of low migration barriers.2®~3" In
other words, the many vacancies of RGO can contri-
bute to the formation of small F clusters, therefore
resulting in a relatively high proportion of edge F
adatoms. Approximately, one can give a reasonable
schematic model at low F coverage. As indicated in
Figure 3¢, many small clusters around vacancies can be
formed. As proposed by Yazyev et al.” and Sahin et al.,*®
because of the bipartite nature of the graphene lattice,
(i) the F adatoms with counterparts on the neighboring
sites do not contribute to the magnetic moment (as
indicated by cyan cycles), and (ii) only those isolated F
adatoms near the edges (which have no counterparts
on the neighboring sites, as indicated by red cycles)
can contribute to the magnetic moment. Thus, the
reason that the F-RGO samples have higher magneti-
zation and magnetic moment than FG may be that the
F-RGO samples have more edge adatoms.'*

Subsequently, with the increasing of fluorine con-
centration, new adatoms may deposit on the periph-
eral portions of original small clusters. Thus, small F
clusters will enlarge, resulting in the increasing of the
proportion of adatoms with counterparts. Moreover,
two neighboring small F clusters will join together and
form a big cluster, and some edge adatoms become
adatoms with counterparts (as indicated in Figure 3d).
It will decrease the proportion of the edge adatoms
further. In particular, with a F-RGO F/C ratio of 1, all the
small F clusters will join together and form only a big
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cluster, resulting in very low edge adatoms. It may
be the reason that, compared to F-RGO—0.46,
F-RGO—0.51, F-RGO—0.57, and F-RGO—1 show an un-
expected decrease in the magnetic moment. It is clear
that different from the case where the magnetic mo-
ment continues to increase to a F/C ratio of almost 1in
FG samples,” the magnetic moment of the F-RGO
samples increases with the increase of the F/C ratio
from 0 to 0.46 and shows significant decrease with
further increase of the ratio. It is worth noting that
F-RGO—1 shows similar magnetic moment and num-
ber of ug/F atoms to FG with a F/C ratio of 1.”° It
suggests that (i) vacancy defects help increase the
efficiency of the fluorination with regard to the density
of magnetic moments created, and (ii) too high F
concentration may result in low content of edge
adatoms in both perfect FG or F-RGO. In other words,
both the vacancy defects and an appropriate F con-
centration favor the formation of small F clusters and
the introduction of a high magnetic moment in F-RGO.
Namely, by selecting appropriate concentrations of
fluorine and vacancy, one can enhance further the
magnetic moment of graphene.

CONCLUSIONS

In conclusion, we have synthesized F-RGO by fluor-
ination of RGO. The results showed that fluorination of
RGO could greatly increase magnetization and loca-
lized spin magnetic moment. Such F-RGO can exhibit a
high magnetization of 0.83 emu/g and a high magnetic
moment of 3.187 x 10> ug per carbon atom. More-
over, the efficiency can reach a high efficiency of 8.68 x
1073 ug per F adatom, which is explained by many
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small F clusters that can be preferably formed around
vacancies in RGO and produce a lot of magnetic edge
adatoms. Thus, our method offers the easy fabrication

EXPERIMENTAL SECTION

Experimental Procedure. RGO was synthesized by chemical
exfoliation of natural flake graphite powder (500 mesh) fol-
lowed by H, for 2 h at 450 °C.3% To obtain highly pure RGO, the
RGO sample was first washed with hydrochloric acid five times
and then with ethanol 10 times. After being annealed in Ar at 900 °C
for 1 h, RGO with a low content of oxygen (ca. 1.78 atom %) was
obtained (see Supporting Information, Figure S1). Thereafter, F-RGO
was obtained by annealing the mixture of RGO and XeF, in a Teflon
container at 180 °C for 24 h under argon atmosphere.

Characterization of the Samples. The morphologies of the sam-
ples were investigated by TEM (model JEM-2100, Japan). For
quantitative determination of the chemical composition and
the bonding environment of the samples, XPS was measured on
a PHI5000 VersaProbe (ULVAC-PHI, Japan) using Al Ko radiation.
The magnetic properties of the samples were measured using a
superconducting quantum interference device (SQUID) mag-
netometer with a sensitivity of less than 10~® emu (Quantum
Design MPMS-XL, USA), and all data have been corrected for the
diamagnetic contribution of the sample holder. The magnetic
impurity elements (such as Fe, Co, Ni, or Mn) of all the samples
are measured by the ICP spectrometry (Jarrell-Ash, USA).
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