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Room-temperature ferromagnetism in graphene has attracted considerable attention due to its potential
application as spintronics. Theoretically, magnetic moment of graphene can be generated by removing
a single p, orbital from the w system, which introduces an unpaired electron into the graphene motif for
magnetic coupling. In this work, p, orbital of graphene is experimentally removed by cleaving the w
bond of graphene using HzBO3 with the assistance of supercritical CO, (SC CO,), which simultaneously

introduces —B(OH), groups and unpaired electrons. As a result, ferromagnetic coupling between
Received 9th June 2024 ired elect bstantially enhances th t ties of the 2D graph tif, leading t
Accepted 27th August 2024 unpaired electrons substantially enhances the magnetic properties of the graphene motif, leading to
room-temperature ferromagnetism. Overall, unpaired electrons were introduced into a 2D graphene

DOI 10.1035/d4sc03778b motif through m bond cleavage, which provides a novel approach for magnetic manipulation of 2D
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Introduction

Magnetism with a two-dimensional (2D) limit has always been
a fascinating topic in condensed matter physics because it
offers great potential for next-generation electronic devices and
spectroscopic characterizations."™ Due to their extraordinary
carrier mobility, long spin diffusion length, weak intrinsic spin—-
orbit coupling, and limited hyperfine interactions,*” 2D mate-
rials including graphene exhibit a series of novel magnetic
properties including room-temperature ferromagnetism,
disordered magnetism, and magnetoresistance.*® However,
conventional graphene lacks an unpaired spin and is therefore
nonmagnetic. Prior to this work, various strategies including
defect engineering,’® sp® functionalization,* chemical
doping,”*™* and surface adsorption'® have been attempted to
introduce unpaired spin into the graphene motif. Subsequently,
magnetic coupling between unpaired spins through the fully
conjugated graphene motif leads to novel magnetic
properties.**”

The introduction of unpaired spin through conventional
approaches is generally concomitant with the formation of
excessive defects and structural damage, which disrupt the
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materials with conjugated structures.

intactness of the conjugated structure and suppress the
exchange interactions between the unpaired spins.'®' Brihuega
et al. reported a sophisticated approach to introduce unpaired
spin into a graphene motif for ferromagnetic coupling through
the deposition of single H atom, which effectively prevents
undesired structural damage." Specifically, the p, orbitals from
the 7 system of graphene are effectively removed by H deposi-
tion, leading to the formation of unpaired spins and net
magnetic moment based on Lieb's theorem.” However,
removing p, orbitals and introducing unpaired spin in a facile
and controlled manner remains challenging.

From a fundamental organic chemistry perspective, one of
the most straightforward approaches for removing a p, orbital
from a m system is alkene addition, which cleaves C=C bonds
and converts the p, and sp” orbitals of C atoms to sp® orbitals.
As a set of well-established reagents for alkene addition, borane
compounds are capable of breaking the C=C bond, leading to
conversion from p, orbital to sp® orbital.>* Apart from alkene
addition, the introduction of B-containing functional groups
into conjugated 2D materials for magnetic manipulation is
relatively well-documented. For example, the bridging -B(OH)
group can be introduced into 2D graphite carbon nitride (g-
C;N,) through supercritical CO, (SC CO,) treatment using
H3;BO; as the B source, which facilitates the long-range
magnetic sequence for room-temperature ferromagnetism.*

As a typical conjugated system, 2D graphene is noteworthy
because it contains abundant C=C bonds, which serves as an
ideal platform for addition reaction. Therefore, introducing B-
containing groups into the graphene motif through chemical
addition is proposed to be an effective approach for p, orbital
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removal and unpaired spin introduction. However, 2D gra-
phene layers are prone to be stacked as multilayered graphite
due to w stacking, which hinders the exposure of C=C bonds
for subsequent reactions.

In this work, a facile supercritical CO, (SC CO,)/H;B0s/H,0,
treatment is utilized to exfoliate bulk graphite into few-layered
graphene nanosheets. Subsequently, terminal -B(OH), groups
were introduced into the graphene motif through m bond
cleavage, which removes the p, orbital and introduces unpaired
spin into the system, leading to room-temperature ferromag-
netism with saturation magnetization (M) up to 0.39 emu g " at
300 K.

Theoretical calculations attribute the room-temperature
ferromagnetism to the ferromagnetic coupling of the
unpaired electrons in the as-prepared graphene motif, which is
generated from the simultaneous 7 bond cleavage and -B(OH),
introduction. In addition to a novel approach to generate
ferromagnetic ordering in graphene-derived materials, we
anticipate that this work will provide an in-depth under-
standing of the magnetic origin of 2D materials with conjugated
structures.

Results and discussion

Terminal -B(OH),-containing graphene oxide nanosheets were
prepared by a facile supercritical CO, (SC CO,) treatment in the
presence of H;BO;, where SC CO, is expected to exfoliate bulk
graphite into graphene nanosheets and boric acid is expected to
serve as the B source (Fig. 1a). Considering the presence of the
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Fig. 1 (a) Schematic illustration of B-GO-X MPa preparation through
SC CO, treatment. (b) Proposed reaction mechanism for —B(OH),
introduction into the graphene motif. (c) Proposed conversion of p,
and sp? to sp° orbitals through alkene addition-derived reaction.
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C=C bonds in the graphene motif and the empty p, orbital in B,
the introduction of a terminal -B(OH), group was expected to be
accomplished by an alkene addition-derived reaction, as shown
in Fig. 1b. The product after the SC CO, treatment is denoted by
B-GO-X MPa, where B and X refer to the B atom and the pressure
of supercritical CO,, respectively. The introduction of terminal -
B(OH), was expected to cleave the 7 bond of graphene, which
would effectively remove the p, orbital from the m-conjugated
system, leading to the formation of unpaired electrons for a net
magnetic moment (Fig. 1c).

The structure of B-GO-X MPa prepared under different
pressures was characterized using transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM). Prior to
the SC CO, treatment, well-defined lattice fringes were observed
in the ultrasonicated graphite precursor, which was consistent
with findings from the literature (Fig. 2a).* After SC CO, treat-
ment under 12 MPa and 14 MPa, coexistence of crystalline and
amorphous graphite was observed for B-GO-X MPa (X = 12 and
14), based on HRTEM characterization (Fig. 2b and c), where
diffracted spots and rings can be observed according to fast
Fourier transformation (FFT) analysis. When the pressure
reached 16 MPa, well-defined lattice fringes and diffraction

A Ultrasonic

Fig. 2 Characterizations of graphene nanosheets showing TEM
images (left), HRTEM images (middle), and selected area diffraction
obtained by FFT (right) under different conditions: (a) ultrasonicated
graphite, (b) SC CO, at 12 MPa, (c) SC CO, at 14 MPa, and (d) SC CO, at
16 MPa.
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spots disappeared for B-GO-16 MPa, suggesting complete
amorphization of B-GO-X MPa (Fig. 2d).**

The thickness and lateral size of B-GO-X MPa nanosheets
were further characterized by atomic force microscopy (AFM).
As shown in Fig. S1,7 the thickness and lateral size decreased
after SC CO, treatment, which is consistent with the introduc-
tion of CO, into the vdW gap and exfoliation of 2D mate-
rials.?>*>?¢ Notably, a significant reduction of thickness and
lateral size were observed under elevated SC CO, pressure,
indicating more effective exfoliation and exposure of C=C
bonds. As a result, it is expected that additional C=C bonds
would be exposed to facilitate the alkene addition-derived
reaction shown in Fig. 1b, leading to more effective introduc-
tion of -B(OH),.

The amorphization of B-GO-X Pa was further characterized
by X-ray diffraction (XRD), where a sharp peak at 26.52°
appeared for pristine graphite ultrasonicated with H3;BOg,
which is consistent with the characteristic (002) crystalline
plane of graphene (Fig. S2at).>”*®* When SC CO, was applied at
different pressures, all diffraction peaks disappeared
(Fig. S2bt), which was consistent with the amorphization
process characterized by TEM. Nonetheless, the amorphization
observed by TEM and XRD indicates introduction of functional
groups into the graphene motif, which leads to structural
transformation from crystalline to amorphous.>**

Subsequently, the electronic structure of B-GO-X Pa was
characterized by X-ray photoelectron spectroscopy (XPS). As
shown in Fig. 3, only peaks for C 1s and O 1s were observed for
graphite sonicated in the presence of H;BOj;, suggesting that
sonication alone cannot introduce B-containing functional
groups into the graphene motif. When the graphite precursor is
treated with H;BO; under SC CO,, characteristic peaks of B 1s
with binding energies at 193.1 and 190.4 eV were observed for B-
GO-X MPa, which were attributed to the B atoms connected to O
and C atoms (B-O and B-C),*** respectively. Thus, it is
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Fig. 3 (a) XPS of the B 1s region of ultrasonicated graphite and B-GO-

(
X MPa. (b) XPS of the O 1s region of ultrasonicated graphite and B-GO-
X MPa. (c) XPS of the C 1s region of ultrasonicated graphite and B-GO-
X MPa.
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plausible to propose that B-hydroxyl functional groups were
introduced into graphene during the SC CO, treatment, based
on XPS characterizations (Fig. S31 and 3a).>***

Consistent with the XPS results for elemental B, a peak cor-
responding to the B-O moiety at 531.3 eV was observed in the O
1s spectra of B-GO-X MPa (Fig. 3b).?* According to XPS charac-
terizations, B-hydroxyl groups can be introduced into the gra-
phene motif more effectively under higher SC CO, pressure,
which can be rationalized by the enhancement of graphite
exfoliation. As shown in Fig. S1,} the exfoliation of graphite
under SC CO,/H3;BO3/H,0, treatment can be facilitated by
increasing SC CO, pressure, leading to more effective C=C
bond exposure for subsequent reactions. As a result, it is ex-
pected that the alkene addition-derived reaction (Fig. 1b) would
be facilitated under elevated SC CO, pressure, leading to more
effective introduction of B-hydroxyl into the graphene motif.

In addition to XPS characterizations of B and O, C 1s spectra
of B-GO-X MPa were characterized, where the peak of O-C=0
(carbonyl) at 288.4 eV appeared under SC CO, treatment,
concomitant with the growth of the C-OH and C-O (epoxy/
phenol hydroxyl) groups at 285.6 and 286.8 eV, respectively
(Fig. 3¢).>**** The XPS characterization of elemental O suggests
that, in addition to B-hydroxyl groups, other oxygen-containing
groups can be simultaneously introduced into graphene via SC
CO,/H;BO; treatment.

The introduction of a B-hydroxyl group was further charac-
terized by Raman spectroscopy. Prior to the SC CO, treatment,
only two characteristic peaks were observed at 1574 and
2695 cm ™', which were attributed to the G and 2D bands of
graphene, respectively (Fig. 4a).”” Notably, characteristic D
bands at 1342 cm ™! appeared for B-GO-X MPa after SC CO,/
H;3;BO; treatment, while the intensity ratio of the D to G band
(Ip/Ig) increased as the pressure of SC CO, increased (Fig. S47}).>®
As the G and D bands were attributed to the in-plane vibration
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Fig. 4 (a) Raman spectra of B-GO-X MPa and ultrasonicated graphite.

(b) EPR spectra of B-GO-X MPa and ultrasonicated graphite. (c) B K-
edge XANES spectrum of B-GO-16 MPa. (d) IR characterizations of B-
GO-X MPa and ultrasonicated graphite.
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of sp® carbon and out-of-plane vibration of sp® carbon,***
respectively, the substantial growth of the D band during the SC
CO,/H;BO; treatment indicates conversion of sp® hybridized
carbon to sp?, which is consistent with 7 bond cleavage upon
the introduction of the B-hydroxyl group.

Over the 7 bond cleavage, the potential formation of C-based
radical was probed by electron paramagnetic resonance (EPR)
spectroscopy. As shown in Fig. 4c, an EPR signal increase at
approximately 2.003 was observed as the SC CO, pressure
increased, which was consistent with the formation of a C-based
radical under CO,/H3;BO; treatment. As the presence of
unpaired electrons is anticipated when C-based radicals are
generated, it can be concluded that when B-hydroxyl is intro-
duced into the graphene motif, 7 bond cleavage is concomitant
with the formation of unpaired electrons. Raman and EPR
characterizations show that the introduction of B-hydroxyl leads
to 7 bond cleavage of graphene, which converts sp>-hybridized
C to sp®. Additionally, unpaired electrons are generated through
such a process, as suggested by EPR characterizations.

To further verify the introduction of the B-hydroxyl group
into the structure of B-GO-X MPa, X-ray absorption near the
edge structure spectroscopy (XANES) was performed. According
to the B K-edge XANES spectra (Fig. 4d), B 1s — 7t (194.8 eV) and
1s — o* (196.4 eV) transitions were observed, and these were
proposed to be fingerprint absorptions for B-C and B-OH
bonds,** respectively. The presence of B-OH and B-C bonds
was further verified by FT-IR experiments, where absorption
bands at 3400, 1100, and 885 cm ™' were observed for B-GO-
X MPa after SC CO,/H;BO; treatment and were consistent with
the stretching frequencies of O-H, B-C, and B-OH bonds,
respectively (Fig. 4e).>*®* Thus, the introduction of the -
B(OH), group into the graphene motif has been proposed.

The magnetic properties of B-GO-X MPa were characterized
by a superconducting quantum interference device (SQUID)
magnetometer. As expected, ultrasonicated pristine graphite in
the presence of H3BO; is diamagnetic (Fig. 5a). After SC CO,
treatment, ferromagnetic hysteresis loops were suggested for B-
GO-X MPa at 300 K based on the M-H curves,>*** where the
saturation magnetizations (M) were characterized to be 0.069,
0.277, and 0.390 emu g " under treatment with 12, 14, and
16 MPa SC CO,/H;3BOs3, respectively (Fig. 5a and S57). Notably,
the M, of B-GO-16 MPa characterized in this work is
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substantially higher than that of other B-doped graphene in the
literature (Table S27).

Although room-temperature ferromagnetism is suggested by
the M-H curve in Fig. 5a, the coexistence of super-
paramagnetism and spin-glass cannot be excluded, presum-
ably due to the amorphous nature of the B-GO-X MPa system. In
addition to M, the coercivity (H.) and residual magnetization
(M;) increases as the SC CO, pressure increases and reaches
a maximum at 16 MPa (80.03 Oe and 0.018 emu g ', respec-
tively) (Fig. 5a, inset). The growth of magnetic properties under
higher SC CO, pressure can be rationalized by the effectiveness
of -B(OH), introduction. Specifically, because the exfoliation of
graphite is expected to be facilitated under elevated SC CO,
pressure,**?¢ additional C=C bonds are expected to be exposed
on the nanosheet surface for alkene addition-derived reaction
(Fig. 1b). As a result, introduction of the -B(OH), group into the
graphene motif will occur with greater efficacy, as evidenced by
the XPS and IR results (Fig. 3a and 4d).

With increasing -B(OH), concentration, additional unpaired
electrons for ferromagnetic coupling are expected to be intro-
duced into the B-GO-X MPa system, leading to enhanced
magnetism. The room-temperature ferromagnetism of B-GO-
16 MPa is characterized by zero-field cooled-field-cooled (ZFC-
FC) curves, which merge until the temperature reaches 350 K
(Fig. 5b).**** The increase in the ZFC curve from 0 to 100 K
suggests the coexistence of the spin-glass state, in addition to
the ferromagnetism of B-GO-16 MPa.>"*

Density-functional theory (DFT) calculation was used to
investigate the origin of the room-temperature ferromagnetism
of B-GO-X MPa. According to the experimental results, intro-
duction of the -B(OH), group and = bond cleavage is expected
for B-GO-X MPa during the SC CO,/H;BO; treatment, which is
concomitant with the introduction of unpaired electrons.
Therefore, a plausible structure of graphene that includes the
terminal -B(OH), group has been proposed for theoretical
magnetic moment investigations.

As shown in Fig. 6a, when terminal -B(OH), is introduced
into the graphene motif with 7 bond cleavage, the magnetic
moment is characterized to be as high as 0.97 uB, and this is
consistent with the significant spin-polarization characterized
by spin-resolved total density of states (TDOS) and partial
density of states (PDOS) characterizations (Fig. S61). The TDOS
of graphene with terminal -B(OH), exhibits a clear asymmetric
distribution, due to the inconsistency in the number of spin-up
and spin-down electrons.

Interestingly, the net magnetic moment of graphene with
terminal -B(OH), is significantly higher than those with B
substitution alone and B substitution with ~-OH group intro-
duction, which are relatively well-established structures for B-
doped graphene (Fig. 6b-d).>>** Therefore, based on experi-
mental and theoretical investigations, the ferromagnetic origin
of B-GO-X MPa is proposed to be the introduction of -B(OH),
groups and 7 bond cleavage during SC CO,/H;BO; treatment in
this work, which effectively removes the p, orbital of graphene
and introduces unpaired spin into the system. Subsequently,
the ferromagnetic coupling between these unpaired spins

Chem. Sci., 2024, 15, 15804-15810 | 15807
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Fig. 6 Spin density distributions and corresponding magnetic
moment of (a) graphene with —B(OH), introduction and C=C bond
cleavage, (b) graphene with B atom substitution, (c) graphene with B
atom substitution and —OH group introduction at the C adjacent to B,
and (d) graphene with —B(OH) group substitution.

through the conjugated graphene system leads to the as-
observed room-temperature ferromagnetism.

Experimental
Materials

Graphite was obtained from Thermo Fisher Scientific Co., Ltd.
Hydrogen peroxide (30%) and absolute ethyl alcohol were
purchased from Sinopharm Chemical Reagent Co., Ltd (China).
Boric acid (H3BOj3) was purchased from Strem Chemicals
(Fluka). Polyvinylpyrrolidone (PVP) was purchased from Strem
Chemicals. All other reagents were of analytical grade and were
used without further purification. CO, with a purity of 99.99%
was purchased from Zhengzhou Shuangyang Gas Co. Deionized
water was prepared using an ultrapure water apparatus.

Synthesis of B-GO-X MPa

The typical experimental steps are as follows. Graphite (200
mg), boric acid (217 mg), and PVP (400 mg) were mixed in
anhydrous ethanol (15 mL) and sonicated for 2 h to form
a homogeneous dispersion. After the addition of hydrogen
peroxide, the mixture was transferred to a supercritical CO,
apparatus and heated to 80 °C. Subsequently, carbon dioxide
was injected into the autoclave under stirring at appropriate
pressures (12, 14, and 16 MPa) for the reaction.

15808 | Chem. Sci, 2024, 15, 15804-15810
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After the mixture was reacted for 4 h, the reaction unit was
cooled to room temperature and the carbon dioxide was slowly
released. The reaction mixture was then sonicated for 30 min,
and the products were collected by centrifugation at 5000 rpm
for 15 min at room temperature to remove aggregates. The
precipitate was collected in a tube and centrifuged at 10
000 rpm for 20 min to remove the PVP and H,O,. After centri-
fugation at 10 000 rpm, the precipitates were combined and
washed four times with ethanol before being dried in a vacuum
oven at 60 °C overnight.

Characterization

The morphology and structure of the samples were character-
ized by field emission SEM (JEORJSM-6700F), AFM (Nanoscope
IIIA), TEM (JEOL JEM 2100), and HRTEM. X-ray diffraction
(XRD) patterns were collected using a Bruker D8 Focus diffrac-
tometer (Bruker AXS, Germany) with Cu K-radiation. Raman
spectra were recorded on a Renishaw microscope system
RM2000 with a laser wavelength of 532 nm. X-ray absorption
near edge structure (XANES) measurements were conducted at
the insertion-device beamline of the Materials Research
Collaborative Access Team (MRCAT) at the Advanced Photon
Source located within the National Synchrotron Radiation
Laboratory. The energy resolution for the absorption spectra is
approximately 40 and 80 meV for the boron edges, respectively.

Computational methods

All the calculations were based on density functional theory
(DFT) as implemented in the Vienna Ab initio Simulation
Package (VASP) code utilizing the projector augmented wave
(PAW) method. The exchange-correlation energy of generalized
gradient approximation proposed by Perdew, Burke, and Ern-
zerhof (GGA-PBE) was adopted. A vacuum of 20 A perpendicular
to the sheets was applied to avoid interaction between the
layers. A kinetic energy cut-off of 450 eV was used for the plane-
wave basis set. The sampling in the Brillouin zone was set at 5 x
5 x 1 by the Monkhorst-Pack method. The convergence criteria
employed for the electronic self-consistent relaxation and ionic
relaxation were set at 10~ and 0.02 eV A~ for energy and force,
respectively.

Conclusions

Terminal -B(OH), introduction and 7 bond cleavage were
simultaneously achieved for a 2D graphene system via a facile
SC CO,/H3BO; treatment, which effectively converted the sp”
and p, orbitals of graphene to sp®. As a result, unpaired elec-
trons were introduced into the graphene motif, which led to
room-temperature ferromagnetism with saturation magnetiza-
tion up to 0.390 emu g~ ' as well as coercivity (H.) and residual
magnetization (M;) estimated to be 80.03 Oe and 0.018 emu g~ ',
respectively. Theoretical investigations suggest that the intro-
duction of the -B(OH), group and cleaving of the 7 bond of
graphene can induce a magnetic moment more effectively
compared to conventional B substitution and -OH introduc-
tion. In addition to providing a novel approach to modulate the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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magnetic properties of a graphene motif, we anticipate that this
work will provide a thorough understanding of the magnetic
origin of 2D-conjugated materials.
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