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Magnetism of graphene quantum dots
Yuanyuan Sun1,2, Yongping Zheng1, Hongzhe Pan1, Jie Chen1, Weili Zhang1, Lin Fu1, Kaiyu Zhang1, Nujiang Tang1 and Youwei Du1

Graphene quantum dots with the high edge-to-area ratio have possibly substantial spin polarized edge states, which theoretically
can generate fascinating magnetic properties. The magnetism of well-defined graphene quantum dots is relevant with both
fundamental physics and potential applications in spintronics. In this article, we report the intrinsic magnetism of graphene
quantum dots. Our graphene quantum dots with the average diameter of ca. 2.04 nm show the purely Curie-like paramagnetism
with the local moment of 1.2 μB at 2 K. It is proposed that the magnetic moment of graphene quantum dots may mainly origin from
the residual zigzag edges passivated by hydroxyl groups. The ratio of nonmagnetic graphene quantum dots is approximately 6/7,
with most of the magnetic edge states suppressed by edge defects and/or edge reconstruction arising from the high-temperature
annealing. Our study experimentally unveils the intrinsic magnetism of graphene quantum dots.
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INTRODUCTION
Graphene quantum dots (GQDs) with a tiny size of only several
nanometers present extraordinary properties due to quantum
confinement1 and edge effects,2 which attract a great deal of
interest lately in the fields of bio-imaging, sensors, catalysis,
photovoltaic devices, supercapacitors, etc.3 Notably, the magnet-
ism of GQDs, because of their spin polarized edge states and
potential applications in the spintronic devices,4–8 has aroused
continual and tremendous interest. Due to the high edge-to-area
ratio and the possible substantial spin-polarized edge states at the
zigzag segments, the magnetism of GQDs was theoretically
predicted to be especially intriguing.9–13 Experimentally, the
spin-polarized edge states on zigzag edges of single narrow
graphene nanoribbon have shown room-temperature magnetic
ordering, raising hopes of spintronic devices operating under
ambient conditions.14 Up to now, researches on the edge states-
induced magnetism of GQDs are mainly by theoretical
approaches.11,12 For example, theoretical researches predicted
that the geometric shape plays an important role in the magnetic
properties of GQD.9–11,15 In addition, both defects and reconstruc-
tion at the edge were reported to switch off the spin polarization
of the edge states.16–18 Despite this, the spin polarized edge states
have also been predicted to be robust against shape irregularity
and edge roughness.15,19–23 Clearly, the theoretical researches on
the edge states magnetism of GQDs with naturally complicated
boundary are highly controversial. Therefore, to unveil the edge
states magnetism in GQDs, experimental investigation on the
magnetism of intrinsic GQDs is of great significance and highly
anticipated.11,12

Unfortunately, the low yield and purity of GQDs all along,24

which is insufficient for magnetism detection by macro-magnetic
measurement, limit experimental research on the magnetism of
GQDs. Annealing graphene oxide (GO) powder in an argon
atmosphere is a commonly established method for mass
production of graphene powder. Our recent progress in the
production of monolayer GO quantum dots (GOQDs) with high

yield and purity provides an opportunity for the mass production
of high-purity GQDs.25 In this work, high-purity GQDs with mass
production were obtained by annealing monolayer GOQDs in
argon atmosphere at 1010 °C. We report the intrinsic magnetism
of GQDs (ca. 2.04 nm) with mostly pristine edges and nearly
perfect basal plane. The GQDs show the purely Curie-like
paramagnetism at 2 K. However, the majority of GQDs are
nonmagnetic, which may attribute to defects and/or reconstruc-
tion at the edge arising from the high-temperature annealing. The
magnetism of GQDs may mainly origin from the residual edge
states passivated by hydroxyl groups.

RESULTS
Characterization of the GQDs sample
The synthetic scheme for GQDs is shown in Fig. 1. Monolayer
GOQDs, as the precursor with high yield and purity, were
produced by acid-assisted cleavage of carbon black as reported
previously.25 And then, the GQDs sample was obtained by
annealing GOQDs in argon atmosphere at 1010 °C for 1 h (see
Materials and Methods).
The morphologies of GQDs were investigated by transmission

electron microscopy (TEM) and atomic force microscope (AFM).
The typical TEM image of GQDs is shown in Fig. 2a, indicating that
the size of GODs is relatively uniform. The upper left inset of
Fig. 2a is the high-resolution transmission electron microscopy
(HRTEM) image with an in-plane (0–110) lattice spacing of ca. 0.23
nm, revealing the high crystallinity of GODs. The diameter
distribution of GQDs is shown in Fig. 2b, which ranges
approximately over 1.44–3.01 nm. The corresponding average
diameter Da is ca. 2.04 nm, much smaller than that of the
precursor GOQDs (ca. 4.13 nm).25 Figure 2c shows the AFM image
of GQDs. A statistically analysis on nearly 100 quantum dots gives
the GQDs’ topographic height of approximately 0.35–0.88 nm
(Fig. 2d). The corresponding average height is ca. 0.52 nm,
implying that most of the GQDs are mono or bi-layer. Namely,
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the mono or bi-layer GQDs with narrow size distribution were
obtained.
To examine the deoxygenation efficiency of GQDs obtained by

annealing GOQDs at the high temperature of 1010 °C, X-ray
photoemission spectroscopy (XPS) measurements were per-
formed. Figure 3a shows the XPS spectra of GQDs and the
original material carbon black for comparison. The residual oxygen
content in GQDs (defined as O/C × 100 at.%) is ~5.73 at.%, and the
oxygen content in carbon black is ~5.74 at.%. The oxygen in
carbon material was reported to be inevitable due to the
atmospheric oxidation.26,27 Notably, the oxygen content of GQDs
is similar to that of the original material carbon black, suggesting
that the annealing at 1010 °C is sufficient to eliminate most of the
oxygen functional groups. Since the annealing temperature is as
high as 1010 °C, the residual oxygen in GQDs can only bond at the

edge.27–30 To make clear which kinds of residual oxygen
functional groups these are, the typical fine-scanned C 1s
spectrum of GQDs was carefully deconvoluted into five peaks
(Fig. 3b), which are respectively C–C sp2 (284.6 eV), C–OH
(hydroxyl, 285.4 eV), C–O–C (ether, 286.2 eV), C=O (carbonyl,
287.7 eV) and π–π* (290 eV).25 It is clear that despite most of the
edges of GQDs are pristine, a small amount of edges are bonded
by hydroxyl, ether and carbonyl.
High-temperature annealing removed the oxygen functional

groups on the basal plane, which may more or less generate
vacancies on the basal plane of GQDs sheet. Since carbon atoms
in the basal plane may rearrange during the high-temperature
annealing due to the available thermal energy,31 vacancies in the
basal plane of the small-size GQDs sheets may move to the edge
and thus recover the sp2 network structure. To identify the

Fig. 1 Synthetic scheme for GQDs. The black and red balls denote carbon and oxygen atoms, respectively

Fig. 2 a TEM image of GQDs. The upper left inset is HRTEM image. b The diameter distribution of GQDs. c AFM image of GQDs. The lower left
inset is the height profile of the red line. d The height distribution of GQDs
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recovery of the sp2 network structure of GQDs, Raman spectrum
(Fig. 3c) was measured to detect the crystallite size. The D peak is
located at 1357 cm−1, while the G peak is located 1598 cm−1. The
crystallite size La can be obtained by the following equation

La ¼ 4:4
R

2:41
El

� �4

; ð1Þ

which is adapted from the Tuinstra–Koenig law to include the
energy dependence;32–35 R is the integrated intensity ratio ID/IG,
and El is the excitation laser energy. The fitted value of R is 2, while
the laser line wave length used in the measurement is 514 nm (El
is 2.41 eV). Consequently, the calculated crystallite size of GQDs is
ca. 2.2 nm, a little larger than its average diameter Da (ca. 2.04 nm).
This indicates that the basal plane of our GQDs sheet has nearly
perfect sp2 network. It is clear that the GQDs obtained by
annealing GOQDs in argon atmosphere at 1010 °C are with mostly
pristine edges and nearly perfect basal plane. Namely, our GQDs
sample is of high quality, which affords one to unveil the intrinsic
magnetism of GQDs.

Magnetic properties of the GQDs sample
To investigate the intrinsic magnetism of our GQDs, the magnetic
properties were measured by superconducting quantum inter-
ference device (SQUID) magnetometer with sensitivity as high as
10−8 emu. To minimize the measurement error, the sample more
than 5mg was used. Figure 4a shows the temperature depen-
dence of the mass magnetization M from 2 to 300 K. As found,
there is no magnetic ordering signal detected at any temperature.
Despite the absence of magnetic ordering, our sample exhibits
noticeable paramagnetism at low temperature and diamagnetism
at high temperature. After subtracting the linear diamagnetism,

the 1/χ–T curve was obtained, which fits well with the Curie law χ
= C/T (Fig. 4b). To characterize the species contributing to the
localized magnetic moments, measurements of the mass magne-
tization M vs magnetic field H at 300 and 2 K were performed. As
noticed from the M–H curve shown in Fig. 4c, the sample shows
linear diamagnetism at 300 K. Since the diamagnetic magnetiza-
tion varies linearly with magnetic field and is independent of
temperature, the net mass magnetization ΔM at 2 K (Fig. 4d) was
obtained by subtracting the diamagnetic magnetization at 300 K.
The corresponding ΔM–H curve of GQDs at 2 K with error bars
given by repeating the measurements is shown in Supplementary
Figure S1, indicating the high precision of our magnetic detection.
In details, the ΔM–H curve of GQDs at 2 K can be described by the
standard Brillouin function

M ¼ MS
2J þ 1
2J

Coth
2J þ 1
2J

x

� �
� 1
2J

Coth
x
2J

� �� �
; ð2Þ

where x = gJμBH/(kBT), the saturated magnetization Ms = NgJμB, g
is the Lande factor, kB is the Boltzmann constant, J is the angular
momentum number, and N is the number of present spins. The
ΔM value of GQDs at low magnetic field is small and prone to be
affected by thermal fluctuations, while the ΔM value at high
magnetic field is more accurate. Then, our Brillouin function fitting
is done on the ΔM–H curve at high magnetic field. Assuming g = 2,
the Brillouin function fitted J and Ms of GQDs are 0.6 and 0.589
emu/g, respectively. One can find that the J value is close to the
quantum number 1/2. Here it should be mentioned that after the
magnetic measurements, we carefully performed inductively
coupled plasma (ICP) spectrometric measurement to exclude the
magnetic contribution of 3d impurities. The 3d impurity elements
of the sample are negligible with Fe < 65 ppm, Cr < 35 ppm, Mn,

Fig. 3 a XPS spectra of GQDs and the original carbon black over a wide range of binding energies (150–700 eV). b Fine-scanned C 1 s XPS
spectrum of GQDs. c Raman spectrum of GQDs
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Ni, and Co lower than the detection limit. Clearly, one can
conclude that the detected magnetism of our GQDs sample is
intrinsic.

DISCUSSION
The magnetic moments of our GQDs sample with high purity are
from the intrinsic structure. As reported, the magnetic moments of
GO come from two categories: oxygen groups and vacancies on
the basal plane, and spin polarized states at zigzag edges.36 As
mentioned above, the XPS and Raman characterizations indicate
that oxygen groups and vacancies on the basal plane have been
removed by annealing at the high temperature of 1010 °C. The
basal plane of GQDs is nearly perfect, which would not contribute
to the magnetism. Thus, the magnetic moments of GQDs may be
mainly from the spin polarized edge states. It has been
experimentally confirmed that the edges derived by oxidative
cutting are mostly well-defined zigzag edges.37,38 In addition, the
magnetic moment on each carbon atom at the pristine zigzag
edge was reported to be 1.2 μB.

39 In this case, the magnetic
moment of GQDs, in principle, can be arbitrarily large. However,
our GQDs with substantial pristine edges obtained by oxidative
cutting only exhibited the purely Curie-like paramagnetism even
at 2 K with the magnetic moment of 1.2 μB. To take a deeper
insight into the magnetism of our GQDs, the number of present
spins N and the ratio n of magnetic quantum dots to total
quantum dots were calculated. The corresponding microstructure
and magnetic properties are summarized in Table 1. The number
of present spins N was calculated from the fitted Ms and J. Then,
the ratio n of magnetic quantum dots to total quantum dots was
approximately obtained from the average diameter Da, the carbon
content and the number of present spins N. The calculated
number of present spins N of our GQDs is 5.28 × 1019 g−1, which is

much larger than the values (2.2 × 1018 g−1) reported in the
graphene nanocrystals with typical sizes of 10–50 nm.40 Therein,
graphene nanocrystals also show paramagnetism, which was
reported to be associated with zigzag edges. Since the typical size
of our GQDs (~2.04 nm) is much smaller than that of the graphene
nanocrystals, our GQDs have higher edge-to-area ratio and, thus
possibly more spin polarized zigzag segments. Despite the high
magnetic concentration, the calculated ratio n of magnetic GQDs
to total GQDs is approximately 1/7. This implies that the majority
of our GQDs are nonmagnetic.
The bare zigzag edges were reported to be inclined, in order to

reconstruct into the pentagon–heptagon structures (ZZ57, shown
in Fig. 5a), especially at a high temperature (above 600 °C).41,42

This reconstructed ZZ57 structure is theoretically considered to be
the most stable edge of graphene.43–45 Nevertheless, these ZZ57
edges would lead to the loss of the edge states magnetism.39,46,47

Since our GQDs were obtained by annealing GOQDs at 1010 °C,
the ZZ57 reconstruction at the edge may take place as well, then
suppressing the edge states magnetism (as illustrated in Fig. 5a).
Moreover, our previous studies of GOQDs have demonstrated that
there may be some defects at the edge, which would also
suppress the edge states magnetism.25 Therefore, both the ZZ57
reconstruction and/or defects at the edges are proposed to be the

Fig. 4 Magnetic properties of GQDs. a M–T and b 1/Χ–T under the applied field H= 1 kOe. The round symbols are the measurements and the
solid lines are fitted by the Curie law. c M–Hmeasured at 300 K. d ΔM–Hmeasured at 2 K. The round symbols are the measurements and the solid
lines are fit to Brillouin function. The coefficient of determination for the fitting is 0.9997 indicating the goodness of fitting

Table 1. Microstructure and magnetic properties of GQDs

Da

(nm)
La
(nm)

Carbon
content (at.%)

J Ms

(emu/g)
N
(1/g)

n

2.04 2.2 94.58 0.6 0.589 5.28 × 1019 ~1/7
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reason for the fact that the majority of the quantum dots in our
GQDs are nonmagnetic. This indicates that it is difficult to preserve
well-defined zigzag edges for the mass-production of GQDs.
Despite the defects and ZZ57 reconstruction at the edges

suppressed most of the magnetic edge states, our GQDs still show
noticeable paramagnetism at 2 K. From the typical fine-scanned C
1s spectrum analysis, one can see that some residual oxygen
groups are at the edge of GQDs in the form of hydroxyl, ether and
carbonyl, which were reported to be thermally stable.27,29 Notably,
the hydroxyl groups at the edge can survive even at a
temperature of 1000 °C.27 It was reported that ether and carbonyl
at the edge of graphene are nonmagnetic,36 while hydroxyl
passivating the σ bond of the zigzag edge C can preserve the
edge states magnetism.47,48 Especially, as reported by Song et al.,
zigzag edges with passivated σ bonds can avoid edge reconstruc-
tion.39,47 Therefore, there may be some residual zigzag edges with
the σ bonds passivated by hydroxyl groups, which are free of
reconstruction and preserve the edge states magnetism (as
illustrated in Fig. 5b). Reasonably, these residual zigzag edges
passivated by hydroxyl groups may mainly contribute to the
paramagnetism of our GQDs. In addition, the basal-plane defects
such as point vacancies or chemisorbed OH groups on the basal
plane of graphene sheet would induce magnetic moments.36,49

Despite that our GQDs have nearly perfect basal planes, one can’t
exclude the possibility that there may still be some residual

defects on the basal plane of GQDs sheet. Namely, defects on the
basal plane may more or less contribute to the magnetism of our
GQDs.
The magnetic correlation length plays the key role in the

magnetism of our GQDs. For graphene, the magnetic correlation
length was theoretically estimated to be ~100 nm at 2 K,50 two
orders of magnitude higher than the size of our GQDs. Thus, the
magnetic correlation can be maintained in the whole quantum
dot. Considering the fact that both the residual zigzag edges and
defects on the basal plane may be the magnetic sources of our
GQDs, the edge states magnetism and the basal-plane magnetism
would interact with each other to form a magnetic moment.20,50

Assuming that all of the hydroxyl groups bond at zigzag edges
and contribute to the magnetic moments, the number of present
spins N can be calculated from the hydroxyl density. According to
the oxygen content and the deconvoluted C 1s spectrum, the
density of hydroxyls was approximately obtained to be ~76.28 ×
1019 g−1. As an unit cell of zigzag edge with passivated σ bond was
reported to yield a magnetic moment of 0.3 μB,

39,50 the magnetic
moment of 1.2 μB, as obtained for our GQDs, which just
corresponds to four zigzag-edge unit cells. Then, the number of
present spins N was calculated to be ~19.07 × 1019 g−1, which is
more than that obtained from the saturated magnetization Ms

(~5.28 × 1019 g−1). Given the facts that (i) hydroxyl groups may
also bond at non-zigzag edges, (ii) the distribution of hydroxyl

Fig. 5 Schematic illustrations of a bare zigzag edge, b zigzag edge with σ bonds passivated by hydroxyl groups, before and after annealing at
1010 °C. c Dependences of oxygen to carbon ratio (O/C, wine dots) and OH coverage (OH/C, green dots) measured or calculated according to
the XPS spectra on the annealing time. The lines shown are guides to the eyes only. d ΔM–H of GQDs-20 (black dots), GQDs-40 (blue dots) and
GQDs (red dots) samples measured at 2 K. The round symbols are the measurements and the solid lines are fit to Brillouin function
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groups is non-uniform, and (iii) antiferromagnetic coupling of the
sublattices would induce the spins cancellation,11 one under-
stands that the N of our GQDs (obtained from Ms) is naturally less
than that calculated from the hydroxyl groups. Therefore, it further
suggests that the hydroxyl passivated zigzag edges contribute to
the magnetism of GQDs.
To further investigate the effect of hydroxyl on preserving the

zigzag edge states magnetism, we annealed GOQDs at the
temperature of 1010 °C for 20 and 40min to obtain the samples
GQDs-20 and GQDs-40 with different oxide degrees and contents
of hydroxyl. The XPS spectra and the fine-scanned C 1s spectra of
GQDs-20, GQDs-40 and GQDs samples are shown in Supplemen-
tary Figure S2a and b. Figure 5c shows the dependence of O/C
and OH/C on the annealing time. Despite the oxidation degree of
the sample decreased, the hydroxyl content of the sample
increases with the annealing time. The reason may be that some
oxygen groups convert to the hydroxyl groups at the edge during
the annealing.27,36 The M-T and 1/χ–T curves of GQDs-20 and
GQDs-40 are shown in Supplementary Figure S3a and b. Both
samples show the purely Curie-like paramagnetism as GQDs. The
ΔM–H curves of GQDs-20, GQDs-40 and GQDs at 2 K are shown in
Fig. 5d, which can be fitted by the standard Brillouin function. The
fitted J values are 0.5 for GQDs-20 and 0.6 for GQDs-40, close to
the quantum number 1/2 as GQDs. The calculated numbers of
present spins N are 3.72 × 1019 g−1 for GQDs-20, 3.81 × 1019 g−1 for
GQDs-40 and 5.28 × 1019 g−1 for GQDs, respectively. Clearly, with
the increase of the hydroxyl groups, the spin density of the sample
increased. Namely, one can propose that the increased spin
density comes from the increased hydroxyl groups. This indicates
that the hydroxyl groups at the zigzag edge contribute to the
preservation of edge states magnetism, and the magnetic
moments of our GQDs come from the hydroxyl groups passivated
zigzag edges.
The edge states magnetism is crucial for the application of

GQDs in spintronics. Nevertheless, the defects and ZZ57
reconstruction at the edge would suppress most of the edge
states magnetism. As mentioned above, zigzag edge with
passivated σ bond is thermally stable39, and can preserve the
magnetic edge states.47,48 Therefore, GQDs with well-defined
magnetic edge states may be obtained by passivating the σ bond
at the edge of GOQDs with hydroxyl firstly, and then annealing at
high temperature to remove the basal-plane oxygen and recover
the sp2 network structure. This may provide a new guidance to
obtain GQDs with magnetic edges.

CONCLUSION
The GQDs with high-purity and mass production were obtained,
which have mostly pristine edges and nearly perfect basal planes.
The GQDs show the purely Curie-like paramagnetism with the
local moment of 1.2 μB at 2 K. The majority of the GQDs are
nonmagnetic. Defects and/or reconstruction at the edges arising
from high-temperature annealing are proposed to suppress most
of the edge-states magnetism. The residual zigzag edges
passivated by hydroxyl groups are proposed to be the mainly
magnetic sources of GQDs. Our work provides the important
insights into the intrinsic magnetism of GQDs. Furthermore,
passivating the zigzag edge by hydroxyl can be a promising
method to obtain GQDs with magnetic edges, which may be
crucial for applications in spintronics.

MATERIALS AND METHODS
Sample synthesis
Monolayer GOQDs as the precursor with high yield and purity were
produced by acid-assisted cleavage of carbon black as reported

previously.25 The obtained GOQDs were put into a graphite boat, then
flushed with argon in a quartz tube furnace for 30min to discharge the air.
Then the samples were heated to 1010 °C, and then maintained for 20min
(GQDs-20), 40min (GQDs-40) and 60min (GQDs) flushed with argon,
respectively. After that, the samples were naturally cooled to temperature
in argon atmosphere to generate the final GQDs-20, GQDs-40 and GQDs-
60 samples.

Sample characterization
The morphology of GQDs was investigated by TEM (JEM–2100, Japan) and
AFM (SPI-3800N, Japan). The XPS measurement was performed on PHI-
5000 VersaProbe using Al Ka radiation. The Raman spectra were obtained
by an InVia Raman system (Renishaw, England) using 514 nm laser as the
light source.

Magnetic measurements
SQUID magnetometer with sensitivity better than 10−8 emu (MPMS-XL,
USA) was used to examine the magnetic properties of the GQDs. To verify
the 3d impurity elements of the sample, we carefully performed ICP
spectrometric measurements (Jarrell-Ash, USA).
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