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To synthesize nonmetallic magnets containing exclusively s-p orbitals with high magnetic moments and mag-
netic ordering is a great challenge in physics and material science. In this study, we report increased localized
spin magnetic moments and observation of ferromagnetic ordering by annealing of fluorographene. It is found
that the magnetic properties is sensitive to fluorine (F) distribution. The samples annealed at ca. 400—450°C

exhibits an interesting ferromagnetic state, attributing to the fragmentizing of big F clusters into many small
F domains after thermo defluorination. There are high-intensity magnetic moments in the annealed samples
because of the enhanced edge effect of small F clusters, which contribute to the magnetic ordering in fluoro-
graphene for a shrunken average spacing between localized moments. The increasing structure defects after
annealing can be as new centers of small F domains, and greatly stabilize magnetically ordered state.

©2017.

1. Introduction

The graphitic materials which could exhibit an unusual s—p elec-
tron magnetism have received particular attention in physics and mate-
rial science [1,2]. Developing effective approaches to synthesize such
nonmetallic magnets with high magnetization and magnetic ordering
is vital in potential application [1]. The defects such as vacancies [3,4],
zigzag edges [5-7], and adatoms [8-25], which locally break the de-
localized m bonding network of the bipartite graphene lattice, are con-
sidered to be good routes to induce magnetic moments. By demon-
strating the splitting of vacancy-induced localized state, the direct ev-
idence of m magnetism for the atomic defects in graphene was ob-
served by scanning tunneling microscope (STM) [4]. However, the
vacancy-induced spin density is limited because of loss of structural
stability in graphene-based materials [23]. Recently, a signature of in-
teraction-induced spin ordering along zigzag edges was identified in
narrow graphene nanoribbons, raising hopes of combining charge and
spin manipulation [5].
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Doping of graphene by light elements is proved to be an effi-
cient method for introducing a strong magnetism whilst modifying the
graphene's electric and chemical properties [§—25]. In the case of ni-
trogen and sulfur doping, the substitution of carbon by the light ele-
ments can induce magnetic ordering into the graphene derivatives ow-
ing to substitutional atoms provide delocalized m electrons which oc-
cupying narrow bands at the Fermi level [9,10]. The electrons show
a split resonance close to the Dirac point, and the direct coupling be-
tween the spin polarization which extends over several nanometers in
hydrogenated graphene (HG) [11]. The ferromagnetic ordering for HG
is widely verified due to the remnant bonding network accompanied
by the formation of unpaired electrons [12—16]. Fluorographene have
similar microstructure to HG, both of them are matrix-host of spzfsp3
hybridization for adatom clustering and patterning formation [16-22].
As well as HG, the density functional theory (DFT) calculations shows
that F adatoms on graphene lead to long-range spin polarization es-
sentially localized in C sublattice opposite to that where the F atom
is adsorbed [18,19]. Moreover, the F-vacancy in a fluorinated domain
can lead to localized defect states in the band gap [20]. Depending on
the sites of F addition or F-vacancy geometry, these structures may
exhibit ferromagnetic/antiferromagnetic spin ordering, resulting a net
localized magnetic moment of a given domain [20,21]. It is calculated
that fluorographene system fulfills the Stoner criterion to yield a ferro-
magnetic ground state, and the long-range magnetic coupling between
magnetic moments decays exponentially with the distance between
magnetic moments [18]. Considering the modification of electronic
structure, the overlap of the adjacent Wannier orbitals lead to a direct
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ferromagnetic exchange interaction that can compensate the kinetic
Anderson's super-exchange in semi-fluorinated graphene [22].

However, experimentally, it is reported that only paramagnetism in
fluorographene induced by point defects, interpreted that local mag-
netic moments are mainly arising from the edges of F clusters on
graphitic structures [23]. Although the fluorination of reduced
graphene oxide can obtain a higher localized spin magnetic moments
because the existing structure defects help to hinder F clustering, the
average spacing between magnetic moments is still too large to have
magnetic interaction at liquid helium temperature [24]. A novelty
way show that introducing OH groups can prevent F from migrating
and suppress the formation of non-magnetic island in hydroxofluoro-
graphenes, which show room temperature antiferromagnetic ordering
[25]. Thus, in order to detect magnetic ordering in the fluorographene
samples, one effective route is to keep trying to decrease the F cluster
sizes and avoid the tendency towards F clustering [18]. In this work,
we demonstrated a simple and feasible way to minified the F cluster
size and suppress fluorine aggregation by thermal annealing of highly
fluorinated graphene. It is found that thermal defluorination greatly in-
creases the localized spin density, attributing to the fragmentizing of
large F clusters and the increase of edge effect by producing a lot of
small F clusters. The maximum value of 2 K magnetization at 65kOe
for the annealed samples is high up to ca. 2.01 emu/g, ca. 17 times
higher than that of fluorographene before annealing. Strikingly, we
can observe experimental evidence of ferromagnetic states in the sam-
ples annealed at ca. 400—450°C. It is inferred that the shrunk average
spacing between localized spins causes magnetic ordering in fluoro-
graphene with a long-range spin polarization. The widely distributed
structure defects after annealing play a great role to stabilize magnet-
ically ordered state. The realization of such fluorographene material
with strong magnetism is of both fundamental and technological im-
portance.

2. Experimental
2.1. Sample preparation

Graphene oxide was synthesized by a modified Hummers' method,
and then annealed in Ar at 650°C for 1h to obtain the reduced
graphene oxide (RGO). To exclude the presence of impurities, the
RGO sample was washed with hydrochloric acid seven times and then
with alcohol 10 times. Thereafter, the fluorinated sample (FRGO) was
prepared by heating the mixture of RGO and XeF, with a mass ratio
of 1:12 in Teflon container at 180°C for 30h under Ar atmosphere.
The FRGO powder was then separated into batches, and annealed
at different temperature for 1h under Ar atmosphere. After cool-
ing quickly to room temperature, the annealed samples (FRGO-350,
FRGO-400, FRGO-425, FRGO-450, and FRGO-500, numeric num-

bers denote the centigrade degree of annealing temperature) were ob-
tained, and stored in nitrogen atmosphere.

2.2. Characterization techniques

The morphologies of the samples were detected by transmission
electron microscope (TEM, Tecnai G2 F20) with the equipment op-
erated at an accelerating voltage of 200kV. The Raman spectra were
tested using a LABRAM-HR micro-Raman system with a laser source
of 532nm. The X-ray photoelectron spectra (XPS) were tested on
PHIS5000 Versaprobe (ULVAC-PHI) by use of Al Ka radiation. The
EPR spectra were taken with a Bruker EMX X-band EPR spectrom-
eter with an ER 4119 HS cavity (9.837GHz) at 278K. The mag-
netic properties of the samples were measured using a SQUID mag-
netometer with a sensitivity of less than 10* emu (Quantum De-
sign MPMS-XL). We performed inductively coupled plasma analysis
(ICP, Jarrell-Ash JA-1100) to detect the magnetic impurity elements
(such as Fe, Co, Ni, or Mn) of all the samples after magnetic test,
and found that the magnetic impurity of all the samples are confirmed
to be below 22 ppm (Supplementary material, Table S1), contributing
to negligible magnetic signal. The pre-treatment of the sample before
ICP test is described detailedly in the supplementary material.

2.3. Computational details

DFT calculations were performed through the Vienna Ab Initio
Simulation Package (VASP). Perdew-Burke-Ernzerhof (PBE) formu-
lation of the generalized gradient approximation (GGA) was adopted
to treat electron exchange and correlation [26]. The energy cutoff was
500eV. The convergence criterion for ionic relaxations between two
consecutive steps is 10 *eV. The structural optimization is finished
when the residual forces are less than 0.01eV/A. A set of 5x5x1
Monkhorst-Pack scheme k-mesh including thel'point was used for
the Brillouin Zone integrations. To compute the barrier energies of
the functional groups diffusion, we employed climbing image nudged
elastic band method as implemented in VASP with 5 image structures
between the two neighbouring site [27].

3. Results and discussion

Fig. 1a and b illustrate the typical TEM images of FRGO and
FRGO-400. Fig. la shows that FRGO is micrometer-sized rippled
layer, like a crumpled thin paper. In Fig. 1b, the sample FRGO-400
maintains the two-dimensional flexible structure, but it has more wrin-
kles, which may attribute to the thermal fluctuations and expansion
during the annealing process [28]. Compared to FRGO, changes in
the Raman spectra of FRGO after annealing are shown in Fig. lc. For
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Fig. 1. Typical TEM images of (a) FRGO, (b) FRGO-400, and (c) Change in the Raman spectra before and after annealing. (A colour version of this figure can be viewed online.)



Carbon xxx (2018) XxX-XXx 3

FRGO sample, it is seen that there is no discernible Raman signa-
ture in Raman spectra, which is similar with that of highly fluorinated
graphene previously reported [29]. After annealing, the Raman data of
the annealed samples show obvious G peaks (at ca. 1600 cm_l), cor-
responding to graphene recovery. For FRGO-400, the appearance of
characteristic disorder—induced peak (D peak) at ca. 1350cm ™! with a
high 7,/I; (the ratio of the D peak to G peak) of 0.83, implies that it
has high—concentration defects. For FRGO-500, although most of F
adatoms were removed from the carbon skeleton (analyzed by the fol-
lowing XPS analysis), it still shows an I,/ value of 0.79, indicating
that thermal annealing obviously cause many significant structure de-
fects when annealed at a high temperature.

Fig. 2a gives the survey XPS of the samples. FRGO displays two
prominent peaks at 688.8 and 833.8eV corresponding to photoemis-
sion of the F 1s core level and Auger electron [30,31]. It is seen that
the F signals decrease obviously, along with the increasing C 1s sig-
nals at ca. 284.5eV when the annealing temperature is increased. The
atomic percents of the samples can be derived from the quantitative
analysis of the XPS. Together with C atomic percents and the residual
mass of the annealed samples, approximately, one can calculate the C
loss after annealing. It is seen in Table 1 that the F/C atoms ratio is
ca. 1.00 for FRGO, and obviously declined to ca. 0.04 when the an-
nealed temperature rise to 500 °C. Clearly, thermal annealing can in-
duce defluorination in FRGO, and one can adjust the fluorinated de-
gree by varying annealing temperature. It is also seen the O/C atoms
ratio of FRGO is ca. 0.04, and is nearly invariable in the annealed sam-
ples. Upon comparison with O 1s spectra of FRGO (Supplementary
material, Fig. S1), the component of oxygen containing groups is as-
signed to very small numbers of ether and carboxyl groups, indicating
that hydroxyls and carbonyls are easily replaced by fluorine [30].

Fig. 2b gives the typical C 1s XPS spectra of FRGO, FRGO-400,
and FRGO-500, which were fine-scanned and deconvoluted into sev-
eral components. The locations of Cls XPS peaks corresponding to
different chemical groups are also given in Table S2 [30,31]. Com-

pared to FRGO, the annealed samples show an obvious increase in
the percent of sp2 C-C bonds, as well as a decrease in the intensity
of the CF, peaks, manifesting the reformation of sp2 bonds and an
evident defluorination. The contents of chemical groups of the sam-
ples determined from the deconvolution of C Is spectra are shown in
Fig. 2c. Combined with the carbon loss of the annealed samples, the
loss of CF, bonds was calculated and shown in Table 1. For FRGO
sample, although the F/C is ca.1.00, there is a 14.99% of C-C sp2
bonds, which indicates a non-negligible formation of multiply fluori-
nated carbons (CF, bonds: 15.25%, terminal CF; bonds: 3.97%) lo-
cated at graphitic structure defects and edges, as is shown in Fig. 5b.
In the thermal annealing of FRGO, the rupture is not only C-F bonds,
while at the lattice defects of the fluorographene, the C-C bond is
much weaker in CF-CF, (n=2, 3) structure and easier to be broken,
especially for terminal CF-CF; bonds [31]. Hence, shown in Fig. 2c,
the decline of CF, (n=2, 3) curves corresponds to the breaking of the
CF-CF, (n=2, 3) bonds, leading to the generation of CF,, fragments.
For FRGO-350, the number of CF, bonds is almost invariant, and the
number of CF; bonds dropped by ca. 3%, shown in Table 1, which is
in line with the carbon loss of ca. 3%. It is inferred the carbon loss
of FRGO-350 primarily originates from the rupture of CF-CF; bonds.
For FRGO-400, the drop of CF, (n=2, 3) bonds is 9.51%, which is
smaller than the carbon loss of 11.76%. That is, when the samples an-
nealed at higher temperatures (=400 °C), it is reasonably speculated
that the loss of skelton C atoms is because of not only the preferable
break of CF-CF, (n=2, 3) bonds to CF, fragments, but also the pro-
ducing of some new C vacancies on the carbon networks. The F loss
owes to not only the rupture of CF-CF, (n=2, 3) bonds, but also the
break of some C-F bonds. In addition, because C—CF corresponds to
the sp2 carbon atoms located near the CF groups, the average edge
effect of F clusters can be characterized as y=3S¢_cp/Scr [33]- Sc_cr
and S are the integral intensities of the components C—CF and CF,
respectively. Seen in Fig. 2c, the y values of the samples increase
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Fig. 2. (a) The survey XPS spectra of FRGO and the defluorinated samples annealed at different temperatures. (b) The typical C 1s XPS of the samples, which were fine-scanned
and deconvoluted into several components. (¢) The chemical compositions of the samples determined from the deconvolution of C 1s spectra. Inset is the dependence of y values on

annealed temperatures. (A colour version of this figure can be viewed online.)

Table 1
The atomic percents of the samples derived from the quantitative analysis of the XPS, the residual mass W,4,, the loss of carbon and CF, bonds of the samples after annealing.
C F/C o/C W residual C loss CF loss CF, loss CF; loss
FRGO (%) 48.91 100.24 4.23 100 0 0 0 0
FRGO-350 (%) 53.67 82.31 4.00 88.28 3.11 11.54 0.07 3.09
FRGO-400 (%) 63.13 54.23 4.16 68.36 11.76 29.95 5.94 3.57
FRGO-425 (%) 71.03 36.28 4.50 55.80 18.96 36.82 10.81 3.97
FRGO-450 (%) 86.90 10.51 4.56 40.29 28.40 50.94 14.93 3.97
FRGO-500 (%) 92.26 3.63 4.65 30.45 42.56 56.15 15.05 3.97
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with the increase of the annealing temperature, confirming the frag-
mentizing of large F clusters and the decreasing size of F clusters
when FRGO was annealed at higher temperature.

Subsequently, we carried out the magnetic measurements for
FRGO and the annealed samples. It is found that only linear dia-
magnetism is observed in all the samples at 300K (Supplementary
material, Fig. S2). In the following, all data have been corrected for
the diamagnetic contribution by subtracting the corresponding linear
diamagnetic background at room temperature. The dependence of 2K
mass magnetization M on applied magnetic field H is shown in Fig.
3a. It is found the M(H) curves of FRGO, FRGO-350, FRGO-500 are
well described by the Brillouin function [23,24].

M =M [2J+1C0th<2']+ lx)—lCozh(i)]

27 27 27 27 )

in Equation (1), saturation magnetization
Mg =Nglug, x=glugH/ (kBT), N is the number of spins, g is
the g—factor (assuming g=2), kj is the Boltzmann constant, and J is
the angular momentum number, which is equal to S due to a neglec-
table orbital moments (/=0) for carbon materials [34]. The fitted value
of J for the samples is 1, which is similar with that reported in par-
tially fluorinated graphene because of the diradical motifs [25]. The
M, values are 0.12 emu/g, 0.55 emu/g, and 0.81 emu/g for FRGO,
FRGO-350 and FRGO-500, respectively. Fig. 3b shows the depen-
dence of susceptibility y on temperature 7 when H=3 kOe for the three
samples. Inset are the corresponding 1/y—T curves, which fit the Curie
law curves y =NJ(J +1) gzﬂé / (3kBT) well, corroborating purely
Curie—like paramagnetic behavior.

As is shown in the inset of Fig. 3a, the 2K initial magnetization
of FRGO-400, FRGO-425, and FRGO-450 samples at 65kOe are 1.49
emu/g, 2.01 emu/g, 1.12 emu/g, much higher than other samples. In-
terestingly, the M curves of the three annealed samples are not fitted
with the above Equation (1). It indicates there may be some magnet-
ically ordered states in the three samples with higher magnetization,
and an extra internal ‘molecular’ field within the mean-field approxi-
mation should be considered in Brillouin function. In brief, all the an-
nealed samples have a stronger magnetism than that of FRGO. Espe-
cially for FRGO-425, the 2 K magnetization at 65kOe is ca. 17 times
higher than that of FRGO and more than twice higher than the reported
maximum value of fluorographene [24].
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In order to confirm if the magnetically ordered state appears in
FRGO-400, FRGO-425, and FRGO-450, the 2 K magnetic hysteresis
loop M(H) are given in Fig. 4a. The applied magnetic field firstly de-
creased from 65kOe to —65kOe, and then increased back to 65kOe,
according to the sweep rates in Table S3. Surprisingly, one can find
the remnant magnetization (M,) and non-zero coercive field (H,) in the
M(H) curves of the three annealed samples (inset of Fig. 4a), show-
ing a solid evidence of ferromagnetic ordering. The M, and H are ca.
0.01 emu/g and 1050e for FRGO-400, ca. 0.02 emu/g and 123 Oe
for FRGO-425, ca. 0.01emu/g and 85 Oe for FRGO-450, respectively.
In addition, it is found that the M(H) curves of the three annealed
samples are not saturated even when the field is high up to 65kOe,
indicating the co-exiting paramagnetic behavior. For FRGO-400 and
FRGO-450, the hysteresis loops at 2K can be separated to paramag-
netic and ferromagnetic components by using the Brillouin function
with J=1 and assuming saturation character of the ferromagnetic part
(Fig. S3, Supplementary material) [9,10,25]. For FRGO-400, the fit
value of ferromagnetic M, is ca. 0.27 emu/g, and the paramagnetic
M, is ca. 1.22 emu/g. For FRGO-450, the ferromagnetic M, is ca.
0.25emu/g, and the paramagnetic M, is 0.87 emu/g. The ferromagnetic
signal of FRGO-400 is a little stronger than FRGO-450. However, for
FRGO-425, the ferromagnetic and paramagnetic contributions are not
easily separated by following the above mathematical procedures, in-
dicating that it exhibits more complicated magnetic property.

To study the transition temperature below which magnetic or-
dering can be observed, the susceptibility y(7) curves of the three
samples were performed in the range of 2-300Kat 1kOe, shown
in Fig. 4b—d. In coincidence with the hysteresis loop of the sam-
ples, it is seen that the y(7) curves primarily feature two components:
paramagnetism and ferromagnetism. The paramagnetic term was fit-
ted using the Curie function over the whole temperature interval,
and two-component fit involving a combination of the Curie-Weiss

law (i.e., xferro = C'/(T — T¢)) was used above the Weiss temperature
T.. By subtracting the paramagnetic signal with the derived para-
meter from M(H) curves, the remaining y’ for both FRGO-400 and
FRGO-450 show obvious ferromagnetic feather. The paramagnetic
term of FRGO-425 was also fitted using the Curie law with J=1,
and the fit value of the paramagnetic M, is 1.42 emu/g. There is a
hump in the remaining part ' of FRGO-425, which indicates ex-
actly complicated magnetic property including both ferromagnetic
and relatively negligible antiferromagnetic features, similar with the
previous studies [10,13]. From the fit of the remaining ferromag-

netic part by the Curie-Weiss law, one
304
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Fig. 3. (a) The initial magnetization curves M(H) of FRGO, FRGO-350, FRGO-500 measured at 2K. Symbols are measured data, and the solid curves are fitted curves of Brillouin
function. Inset is the 2K magnetization of FRGO-400, FRGO-425, and FRGO-450 samples. (b) Typical/y(7) curves of FRGO, FRGO-350, FRGO-500 under an applied field of
3kOe. Inset is the corresponding 1/ (7), and the solid lines are fitted lines of the Curie law. (A colour version of this figure can be viewed online.)
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Fig. 4. (a) The 2K magnetic hysteresis loop M(H) for FRGO-400, FRGO-425, and FRGO-450. Inset is a part of the 2 K M(H) curves. (b—d) The y(7) curves of FRGO-400, FRGO-425,
FRGO-450 under 1kOe field, confirming the magnetic ordering of the three samples. The black curves are the measured data, and the blue are the fitting curves for paramagnetism
by the Brillouin function. Red curves reflect the ferromagnetic magnetization by subtracting the paramagnetism from the measured curves. (A colour version of this figure can be

viewed online.)

can derived the 7, values of 127K for FRGO-400, 142K for
FRGO-425 and 115K for FRGO-450, shown in the insets of Fig.
4b—d. Based on the above magnetic analysis, it is found that the
enhancement of the magnetic response after the annealing process
is mainly originating from the increasing of isolated paramagnetic
centers, and the samples annealed at appropriate temperatures (ca.
400-450°C) have increased intensity of magnetic moments, which are
high enough to induce interaction between these magnetic moments.
The sample with higher magnetic moments has a more obvious mag-
netic ordered signal and a higher 7, value.

To confirm the induced magnetism originating from local magnetic
moments of dangling bonds experimentally, we measured the EPR
spectra for the synthesized samples. Fig. S4 shows the typical EPR
spectra of FRGO and the annealed samples. It is seen that the EPR sig-
nals of the samples with a characteristic g value of ~2.003, which have
been identified in fluorinated carbon as free radicals and/or localized
structural defects [25,35]. The unresolved hyperfine structure may due
to different configurations of dangling bond centers and the surround-
ing neighbouring fluorine nuclei [35]. The inset gives a part of the
magnified spectrum. It clearly shows the presence of triplet species,
similar with that reported in Ref. 25 due to the diradical motifs of flu-
orographene. In particular, it is found in Fig. S4 that the EPR signal
intensity increases after the thermal annealing. It is because that the
defluorination leads to more residual spz-carbons with dangling bonds,
indicating more paramagnetic centers. The EPR signal of FRGO-425
is much stronger than the other samples, which is similar to the evo-
lution of M, observed in M(H) curves. At the same time, it is found
that the peak-to-peak linewidth increases from 12+1 (FRGO-350) to
30+10e (FRGO-425). The wider linewidth of FRGO-425 could be

interpreted by the joint effect of dipole-dipole and exchange interac-
tions between paramagnetic centers [36].

The electron paramagnetic resonance (EPR) is also a very sensitive
local probe to detect magnetic impurities [37]. There is no character-
istic hyperfine patterns of Mn*" ions or other metal ions in the EPR of
our samples (shown in Fig. S4), indicating that the samples are highly
purified. Actually, the magnetic impurity elements (Fe, Co, Ni, or Mn)
of all the samples were measured to be below 22 ppm by ICP test, and
their contribution to the samples' magnetic response was estimated to
be of the order of 10 ® emu g 'Oe ™! at 0K under 1kOe magnetic field
[10]. It is several orders of magnitude lower than the measured mass
magnetic susceptibility of our samples (10> emu g 'Oe '), which can
be almost neglectable.

Fig. 5 gives an intelligible model to better understand the magnetic
properties of fluorographene after thermal annealing. In order to study
the thermodynamic stability of F atoms on fluorographene, we first
focus on the investigation of the binding energy E, of the F-C bond
at different surrounding based on the DFT computations. The corre-
sponding structure is shown in Fig. Sa. Our calculated E,, of the F-C
bond in fully fluorinated area is —5.01 eV, which is higher than the
maximum value (—3.85¢eV) of the F-C bond at different position of
graphene/fluorographene interface [38]. Compared to the F adatoms
inside the F clusters, the relatively lower stability of F atoms at the in-
terfaces will induce a preferential evaporation or diffusion in the ther-
mal annealing process. The E,, of the F-C bond near the vacancy (£, of
No. 1 position=—4.42¢V) is higher than that of isolated F atom on the
graphene (—1.92eV) [38], which indicate that the F atoms adsorbed at
the vacancy are very stable. To further demonstrate the high chemical
activity of vacancy, the diffusion energy barriers for the F atom from
the nearest probable positions to the C atoms (No.1, No.2, No.3) at the
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Fig. 5. (a) Atomic structure of fluorographene. The upper part is the supercell used in the calculations, and the lower part is atomic structure of graphene/fluorographene interface.
(b) the schematic models of defluorination in the process of thermal annealing. The gray balls lattice represent carbon skeleton. A magnetic contribution is closely correlated with the
edge adatoms of F clusters in — C—CF— structure (as indicated by red balls), while the magnetic contribution from the F adatoms in the interior of F cluster (as indicated by light
blue balls), edge CF, (n=2,3) (indigo balls) is expected to be zero [19,23]. (A colour version of this figure can be viewed online.)

vacancy are calculated, shown in Fig. S5. It is seen the three pathways
to the three C atoms have low diffusion energy barriers, which are
0.18, 0.45, 0.14 eV, respectively. Therefore, vacancies are considered
to be active sites and anchors for adatoms. F atoms preferably diffuse
to vacancies and have a strong tendency towards clustering [17].

As shown in the upper part of Fig. 5b, for FRGO with a high
fluorinated degree, the F clusters centered on carbon vacancies are
relatively big, and the proportion of edge C—CF adatoms is low,
resulting in a low magnetic moments with A, value of 0.12 emu/
g. When the samples is annealed at an appropriate temperatures (ca.
400-450°C), combined with the above XPS analysis, the model is
constructed as (shown in lower part of Fig. 5b): (i) the annealing
prompt the producing of more new structure defects, which will be
new centers of a number of small F clusters; (ii) compared to the
adatom inside F cluster, F atoms at the interfaces will evaporate or
diffuse preferentially, and the original large F clusters may convert
to several small F domains with increased edge effect; (iii) the car-
bon vacancies of FRGO will evolve into larger structure defects be-
cause many multiply fluorinated carbons near vacancy defects makes
FRGO readily attacked in thermal reduction [31]. As shown in Fig.
2c, the y of FRGO-425 is high to 0.497, corresponding to a large
number of C—CF edge adatoms. It is in line with the constructed
model of fragmentizing fluorine clusters in fluorographene by anneal-
ing. Compared to FRGO-425, even though the y value of FRGO-450
is higher, the number of edge adatoms decreases a little because of a
decrease of F/C atoms ratio. In short, the samples annealed at mod-
erate temperature can produce many small F-clusters, and they have
lots of edge adatoms. Due to the bipartite nature of the graphene, the
magnetic moment from the interior of an F cluster is expected to be
zero. That is, magnetic contribution only comes from F cluster edges
and is determined by a configuration of F adatoms near the edges.
Only those F adatoms on the sublattice that have no counterparts
on the neighbouring sites of the other sublattice will have magnetic
contribution [23,24]. Moreover, different from the FRGO, the en-

larging carbon vacancies are passivated by C-F bonds, which are cal-
culated to have stable magnetic moments [39]. Thus, the intensity of
magnetic moments is much enhanced, and the average spacing be-
tween magnetic moments located at the edges is expected to be greatly
reduced because of the increasing intensity of localized spin magnetic
moments.

Theoretically, the long-range magnetic coupling between localized
spins is expected to take place for randomly distributed point defects
and zigzag edges in graphene, and which falls off with the distance
R between magnetic moments as 1/R [40]. In order to measure a fer-
romagnetic ordering in the F-graphene samples, it would be required
to reduce the spacing between magnetic moments [18]. Hence, the
samples annealed at ca. 400450 °C which have quite high magnetic
moments can exhibit obviously ferromagnetic states. Notably, the F
adatoms at F-clusters’ interfaces have higher diffusion energy bar-
rier than that of an F atom on graphene [32,38], and thus the mag-
netic ordering induced along inward flanges of F clusters and inter-
faces of spz-conjugated islands embedded in an sp3 matrix is stable
[41]. For FRGO-350, the enhanced magnetism-inducing efficiency
of F adatoms mainly come from the rupture of terminal CF; atoms.
Thus, compared to the samples with magnetic ordering, FRGO-350
shows purely paramagnetic behavior with a lower intensity of local-
ized magnetic moments. When FRGO was annealed at 500 °C, most
of F adatoms were removed from the carbon skeleton. The magnetic
contribution of FRGO-500 may derive from a sprinkling of F adatoms
located at the vacancies, and the average spacing between two local-
ized magnetic moments is too large to have magnetic interaction. On
the whole, the magnetic properties of fluorographene present strong
dependence on fluorine distribution. A shrunken spacing between two
localized spins can lead to the magnetic ordering in the annealed
FRGO samples. The widely distributed carbon vacancies can prevent
migration of F atoms on the graphene derivative, and restrain the for-
mation of non-magnetic F clusters, which stabilize magnetically or-
dered state.
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4. Conclusions

In conclusion, we have annealed FRGO at different temperatures
in Ar, and detected the enhanced localized spin magnetic moments.
Such as FRGO-425, the magnetization at 65kOe is high up to (2.01
emu/g), which is ca.17 times higher than that of FRGO. Interestingly,
the samples annealed at ca. 400—450°C exhibits an obvious magnet-
ically ordered character. It must be attributed to the increasing num-
ber of carbon vacancies and the appropriate fluorine loss after ther-
mal annealing, which conduce to the fragmentizing of large F clusters
into many small fluorinated domains. The intensity of magnetic mo-
ments is thus greatly enhanced because of the increased edge effect of
F clusters. It is found that the shrunken average spacing between two
localized moments is clearly necessary for the magnetic ordering in
fluorographene. Such annealed samples can undergo a transition from
paramagnetic state to ferromagnetic ordered state by varying fluori-
nated degree and fluorine aggregation degree when annealed at dif-
ferent temperature. Our results will stimulate further investigations of
magnetism and potential applications in adatom-engineered graphene.
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