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Graphene quantum dots: structural integrity and
oxygen functional groups for high sulfur/sulfide
utilization in lithium sulfur batteries

Jungjin Park1,2,13, Joonhee Moon3,13, Chunjoong Kim4,13, Jin Hyoun Kang3, Eunhak Lim3, Jaesung Park5,
Kyung Jae Lee1,2, Seung-Ho Yu1,2, Jung-Hye Seo6,7, Jouhahn Lee6, Jiyoung Heo8, Nobuo Tanaka9,
Sung-Pyo Cho10, Jeffrey Pyun11, Jordi Cabana12, Byung Hee Hong3 and Yung-Eun Sung1,2

Lithium–sulfur (Li–S) batteries are expected to overcome the limit of current energy storage devices by delivering high specific

energy with low material cost. However, the potential of Li–S batteries has not yet been realized because of several technical

barriers. Poor electrochemical performance is mainly attributed to the low electrical conductivity of the fully charged and

discharged species, the irreversible loss of polysulfide anions and the decrease in the number of electrochemically active

reaction sites during battery operation. Here, we report that the introduction of graphene quantum dots (GQDs) into the sulfur

cathode dramatically enhanced sulfur/sulfide utilization, yielding high performance. In addition, the GQDs induced structural

integrity of the sulfur–carbon electrode composite by oxygen-rich functional groups. This hierarchical architecture enabled fast

charge transfer while minimizing the loss of lithium polysulfides, which is attributed to the physicochemical properties of GQDs.

The mechanisms through which excellent cycling and rate performance are achieved were thoroughly studied by analyzing

capacity versus voltage profiles. Furthermore, experimental observations and theoretical calculations further clarified the role

played by GQDs by proving that C–S bonding occurs. Thus, the introduction of GQDs into Li–S batteries will provide an

important breakthrough allowing their use as high-performance and low-cost batteries for next-generation energy storage systems.
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INTRODUCTION

Rechargeable lithium-ion batteries are widely used in various applica-
tions, such as portable devices, bio-medical implants and electric
vehicles, because of their high energy and power density.1,2 However,
current lithium-ion batteries based on the graphite and transition
metal oxide couple have nearly reached their ceiling with respect to
storage capability because of the limitations associated with their
electrical properties and crystal structure. Therefore, breakthroughs in
new energy storage systems that can surpass the current performance
barrier of lithium-ion batteries should be brought about in a timely
manner. Recently, Li–S batteries that can operate by the reversible
electrochemical transformation between sulfur (S8) and dilithium
sulfide (Li2S) have attracted great attention because they can deliver
high energy with a moderate voltage owing to the direct use of

elemental lithium and sulfur as an anode and a cathode, respectively.3

Sulfur generated from petroleum refinement is an ideal choice for a
cathode owing to its low cost, environmental friendliness, and high
theoretical specific capacity (1675 mAh g− 1 by 16 electron process)
when it is fully reduced to Li2S.

2–4 However, several barriers limit the
efficient use of sulfur as a cathode: the deleterious electrochemically
induced volume expansion from S8 to Li2S (~80%), the poor
electronic conductivities of S8 (~1× 10− 30 S m− 1) and Li2S
(~1× 10− 14 S m− 1), and the irreversible loss of high-order polysul-
fides (HOPSs) to the electrolyte.5,6 In particular, the loss of HOPSs
during cycling is responsible for poor cycle stability, low sulfur
utilization and the polysulfide-shuttle phenomenon.3 To overcome
this issue, various carbonaceous materials have been integrated into
the sulfur cathode matrix to take advantage of their high electronic
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conductivity as well as their physicochemical properties to prevent
HOPS dissolution into the electrolyte.7–11 Among many carbonaceous
materials, graphene oxide–sulfur composites have been intensively
reported as a novel material for preventing the loss of HOPSs through
the adsorption and wrapping properties of graphene oxide.12–16

Despite significantly enhancing the electrochemical stability, these
systems can be further improved by exhibiting better structural
integrity.17 In previous studies, both the S and graphene oxide used
in batteries were reported to measure on the order of several
micrometers; thus, conformal contact between graphene oxide and S
is difficult to achieve, allowing HOPSs to be lost by repeated
electrochemical cycling.
Recently, graphene particles measuring a few nanometers, graphene

quantum dots (GQDs), were successfully synthesized; these particles
were shown to demonstrate the quantum confinement effect, resulting
in tunable electronic and optical properties.18,19 Interestingly, GQDs
are enriched with oxygen functional groups on their edges, whereby
unique properties such as a non-zero bandgap and luminescence on
excitation have been reported.20–22 Furthermore, it is expected that
GQDs can uniformly cover the target material due to their small size.
Indeed, GQDs have been reported to serve as a composite member or
coating material for energy storage devices.23,24

The current study is the first to introduce a GQDs-sulfur composite
in a Li–S battery. Nano-sized GQDs (an average particle size of
~ 4 nm) enriched in oxygen functional groups could enhance the
structural integrity of a conventional micron-sized sulfur–carbon
electrode composite, forming a tightly packed structure. This hier-
archical architecture facilitated charge conduction while minimizing
the irreversible loss of HOPSs, thus enabling high sulfur/sulfide
utilization even at a high current density. To study the mechanism
through which enhanced electrochemical performance is achieved,
careful analyses of capacity versus voltage profiles were carried out.
Furthermore, we observed that the oxygen functional groups of GQDs
help preserve dissolved HOPSs by the formation of C–S bonds
(the so-called sulfiphilic property), as corroborated by various
analytical tools and density functional theory (DFT) calculations. We
believe that our results provide a new avenue for material scientists to
make the best use of oxygen-rich functional groups in nano-sized
carbon for various applications.

EXPERIMENTAL PROCEDURES

Synthesis of graphene quantum dots
GQDs were synthesized using a modified Hummer’s method. Carbon fibers
were placed into a mixture of H2SO4 and HNO3. The solution was sonicated
for 2 h and then stirred for 24 h. The solution was subsequently refluxed at
90 °C for 48 h under vigorous stirring. The resultant mixture was cooled to
room temperature and diluted with deionized water, and the pH was adjusted
to 8 with Na2CO3. The final product was dialyzed for 5 days and then filtered.
Finally, the aqueous solution of GQDs was concentrated.

Synthesis of GQDs-S/carbon black (CB) composites
In 250 ml deionized water, 1.5 g of sodium thiosulfate (Na2S2O3) powder as the
precursor (Sigma Aldrich Corp., St Louis, MO, USA) was dissolved and then
stirred while adding hydrochloric acid to obtain sulfur powders by chemical
reduction. After the precipitation of sulfur, 1.0 vol% of a Triton X-100 aqueous
solution (15 ml) and the 80 mg of the synthesized GQDs (4 mg ml−1) were
sequentially added into the solution, followed by heating at ~70 °C. The solution
was again vigorously stirred for 20 min, whereby a GQDs-S composite could be
prepared. A carbon black (CB) suspension was then added to this GQDs-S
suspension and was stirred for another 20 min. Then, the solution was cooled to
room temperature, and the collected products were rinsed several times using

deionized water. Finally, GQDs-S/CB composites could be obtained by drying
under vacuum.

Cell fabrication and electrochemical measurements
The electrodes were fabricated from slurries that contained 60 wt% sulfur,
20 wt% CB as a conducting agent and 20 wt% polyvinylidene fluoride binder
dispersed in N-methyl-2-pyrrolidone (2 ml). The prepared slurry was cast onto
aluminum foil using a doctor blade. The prepared electrodes were transferred
to an Ar-filled glove box and were assembled into a 2032-type coin cell. The
mass loading of all samples was ~ 1.0 or ~ 2.2 mg cm− 2 of active material. An
electrolyte containing 1.0 M LiTFSI (lithium bis-trifluoromethanesulfonimide)
and 0.1 M LiNO3 (lithium nitrate) with dioxolane and dimethyl ether in a 1:1
volume ratio (Panax Etec, Busan, Republic of Korea) was prepared and used in
each sample at a volume of 40 μl. The polymeric separator used in the samples
was supplied by SK Innovation (Republic of Korea), and lithium metal was
used as a counter electrode. Electrochemical properties were measured with a
WBCS3000 cycler (Won-A Tech, Seoul, Republic of Korea). The voltage
window for the electrochemical measurements was set to 1.5–3.0 V versus Li
+/Li (all the voltages below are referenced by redox potential of Li, Li+/Li). CB
and GQDs/CB (the mixture of CB and GQDs, 1:1 weight ratio) electrodes were
fabricated similarly to the aforementioned procedures from slurries that
contained 80 wt% CB and GQDs/CB, and 20 wt% polyvinylidene fluoride
binder dispersed in N-methyl-2-pyrrolidone (2 ml).
Li2S8 catholyte was prepared using Li2S and S8 powders (Sigma Aldrich

Corp., USA), which were added to 1.0 M LiTFSI (lithium bis-trifluorometha-
nesulfonimide) and 0.1 M LiNO3 (lithium nitrate) with dioxolane and dimethyl
ether in a 1:1 volume ratio (Panax Etec, Republic of Korea). After cycle
operation, the coin cells were disassembled in an Ar-filled glove box and
thoroughly rinsed with copious amounts of DOL/dimethyl ether before
analysis. Electrochemical impedance spectroscopy measurements were
performed at an open-circuit potential between 100 and 100 mHz with
fluctuations of o10 mV, and the resulting Nyquist plots were fitted based on
the equivalent circuits.

Characterization techniques
X-ray diffraction (XRD) was performed on a Smartlab diffractometer (Rigaku)
equipped with a rotating anode and a Cu Ka radiation source (λavg=1.5418 Å) at
45 kV and 200 mA. Transmission electron microscopy (TEM) was performed on
a JEOL JEM-2100 F (JEOL, Japan). Scanning TEM, energy dispersive X-ray
spectroscopy (EDS) and electron energy loss spectroscopy mapping were carried
out with a Tecnai F20 (FEI) equipped with an EDAX Tecnai 136-5 detector.
Scanning electron microscopy (SEM) was performed using a SUPRA 55VP
FE-SEM (Carl Zeiss). X-ray photoelectron spectroscopy (XPS) was performed on
an AXIS Ultra DLD (Kratos Inc.) using a 150-W monochromatic Al Ka
(1486.6 eV) X-ray source at the Korea Basic Science Institute. High-resolution
XPS data were collected over a pass energy of 40 eV in 0.05 eV steps. XPS data
were fitted using XPS Peak41 software. Raman spectra were obtained using a
micro-Raman spectrometer (Renishaw) with an excitation wavelength of
514.5 nm. The diameter of the beam spot was ~1 μm. Fourier transform infrared
spectra were obtained by a Nicolet 6700 (Thermo Scientific, Waltham, MA, USA).

Computational methods
DFT calculations were carried out to optimize structures and analyze
frequencies. The conventional B3LYP exchange-correlation functional was used
for the DFT calculations. B3LYP is a hybrid-GGA exchange-correlation
functional, which means the size-consistency problem cannot be
considered.25 To more precisely describe the anion systems, we used a 6-31+
+G(d) basis set, which added diffuse functions to all atoms. All structures
reported in this paper were optimized, as confirmed by frequency analysis. The
GAUSSIAN 09 package was used for all calculations.26

RESULTS AND DISCUSSION

Material characterization
Characterization of GQDs. Various microscopic and spectroscopic
analytical tools were employed to study the physical/chemical
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properties of the GQDs. High-resolution transmission electron
microscope images were collected to study the morphology of the
GQDs (Figure 1a and b). The GQDs were highly crystalline, showing

an average size of 4.11 nm (±0.55; the inset of Figure 1b). Oxygen-rich
functional groups on the edge of the GQDs, where non-bonding
carbons exist, were identified by Fourier transform infrared

Figure 1 Materials characterization of GQDs-S/CB and S/CB composites. (a, b) High-resolution TEM images of GQDs; the inset shows a histogram of the GQD
size distribution. (c) FT-IR spectra of GQDs and CB. The peaks in this figure correspond to the various functional groups in the GQDs and CB. SEM images
of (d) GQDs-S and (g) GQDs-S/CB. (e) High-resolution transmission electron microscope (HRTEM) images of the GQDs-S composites and GQD pattern (yellow
circle). A Moiré pattern (red circle) is clearly visible in these TEM images, which was created by a superposition of the GQDs and S crystalline lattices. (f)
Raman spectra of GQDs-S and GQDs-S/CB composites, which show that the GQDs were formed on the sulfur particles. The strong peaks at 218.16 and
472.75 cm−1 arise from sulfur, and the D (disorder) and G (graphitic) peaks arise from the GQDs. Schematic diagrams show (h) the structure and (i) the
magnified structure of GQDs-S/CB. (j, k) HRTEM images, and (l) SEM image of the shell structures of GQDs-S/CB after rinsing with a CS2 solution.
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spectroscopy (Figure 1c). Strong peaks attributed to the characteristic
vibrational modes of oxygen functional groups (-OH at 3434 cm− 1,
C=O at 1725 cm− 1, C–O in 1024–1180 cm− 1 and C–O–C at
1200 cm− 1) could be clearly observed in the spectra of the GQDs,
whereas the peak at 1629 cm− 1 resulted from sp2-hybridized C=C
bonds (in-plane stretching).27

Characterization of the GQDs-S composite. The SEM and TEM
images in Figure 1d and e show the morphology of the GQDs-S.
Sulfur particles measuring several microns were homogeneously
coated with GQDs. The uniform distribution of GQDs on the sulfur
surface was confirmed by EDS mapping of C, O and S (Supplementary
Figure S1). Such a uniform distribution of GQDs could be achieved
because of the small size of the GQDs as well as the oxygen functional
groups on the particles, which led to electrostatic interactions with
sulfur. The graphitic characteristic of GQDs-S was analyzed by Raman
spectroscopy (Figure 1f); the peaks for carbon (D and G at 1350 and
1590 cm− 1) and sulfur (the four characteristic peaks below 600 cm− 1)
could be clearly resolved in the spectra.28,29

Characterization of the GQDs-S/CB composite. GQDs-S/CB (average
particle size of ~ 50 nm) composite structures were prepared from
GQDs-S and CB via van der Waals interactions.12 The SEM image of
the GQDs-S/CB composite shown in Figure 1g indicates that CBs were
tightly bound to the GQDs-S composites. Scanning TEM-EDS was
performed to determine the compositional distribution of C, O and S
in the GQDs-S/CB composite, and the results show that C, O and S
were homogeneously distributed throughout the composite structure
(Supplementary Figure S2). X-ray diffraction analysis of the
GQDs-S/CB composite structures reveals high crystallinity and phase

purity of sulfur (Supplementary Figure S3a). The composition of
GQDs-S/CB was estimated by thermogravimetric analysis
(Supplementary Figure S3b) to be 70:20:10 (wt%) S:CB:GQD. XPS,
the results of which are shown in Supplementary Figure S4, was
performed to analyze the surface of the GQDs-S/CB composite; the
results of the quantitative analysis are presented in Supplementary
Table S1. The results indicate that a higher C=O intensity (286.7 eV
in C 1 s and 530.9 eV in O 1 s) and C–OH (533.0 eV in O 1 s) was
observed for GQDs-S/CB than for S/CB because of the oxygen
functional group of the GQDs.30 Moreover, a negligible S 2p signal
was detected because the GQDs-S was well covered with CB in the
GQDs-S/CB structure (see S 2p in GQDs-S/CB vs S/CB). The
schematic illustrations in Figure 1h and i show the GQDs distributed
on a sulfur particle, which could strongly bond to CB, leading to a
densely packed GQDs-S/CB composite structure. To investigate the
structural integrity and mechanical stability of the hierarchal structure,
sulfur was dissolved by a CS2 solution from the GQDs-S/CB
composite. Even without sulfur, the structure of the composite was
well preserved, as shown in TEM and SEM images (Figure 1j–l).

Schematic Illustration of GQDs-S/CB in a Li–S Battery. The schematic
illustration in Figure 2a depicts a conventional Li–S battery, in which
the anode and the cathode are made of metallic lithium foil and the
composite of sulfur and CB, respectively. The structure of the cathode
has a great impact on the irreversible loss of HOPSs during repeated
battery operation. In this study, GQDs were introduced into the S/CB
cathode, as shown in Figure 2b. The GQDs contained both hydro-
phobic aromatic and hydrophilic defective regions, which could
interact with CBs and sulfur, respectively.12 SEM images (Figure 2c
and d) confirm that the GQDs-S/CB composite electrodes were

Figure 2 Schematic diagrams and SEM images of S/CB and GQDs-S/CB in a Li–S battery. (a, b) Schematic configuration of S/CB and GQDs-S/CB employed
as a cathode in a Li–S battery. The sulfur (yellow) was wrapped with CB (S/CB) and compactly covered with GQDs and CB (GQDs-S/CB). Polysulfides were
dissolved into the solvent and the color changed to orange. (c, d) SEM images of GQDs-S/CB and S/CB.
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densely packed with CBs, which should have enhanced the electro-
chemical performance by highly preserving HOPSs in the geometric
structure of GQDs-S/CB, whereas the surface of the sulfur particles
was partially exposed in the S/CB electrode.

Electrochemical tests for Li–S batteries
Capacity versus voltage profile. The discharge profile in Figure 3a
illustrates a schematic model of possible reaction pathways that occur
in a conventional Li–S battery. In the upper plateau region at ~ 2.3 V,

Figure 3 Electrochemical properties of S/CB and GQDs-S/CB electrodes. (a) Schematic illustration of the discharge profile of a conventional Li–S battery.
HOPSs (Sn2−, n=8−4) and low-order polysulfides (Sn2− , n=2−1) are abbreviated as HO-PSs and LO-PSs, respectively. The onset potential (U) and the
capacity (Q) in the dissolution and precipitation regime are noted, which facilitates the analysis of the electrochemical properties of each sample. (b) The
cycling performance and Coulombic efficiency of both samples at 0.5C over 100 cycles. (e) Rate performance of the GQDs-S/CB and S/CB at 0.1C to 10C.
(c, f) Onset potentials as a function of cycle number and (d, g) capacities as a function of cycle number.

Graphene quantum dots for lithium-sulfur batteries
J Park et al

5

NPG Asia Materials



elemental sulfur, S8, is gradually reduced to the soluble sulfide anion
(S8

2−). Then, S8
2− is continuously reduced to Sn

2− (n= 6 and 4).31

These HOPSs (Sn
2− , n= 8-4) are generated and soluble in the

electrolyte; thus, the summation of the upper plateau and slope
regions between ~ 2.3 and ~ 2.1 V can be defined as the dissolution
region. Once the composition of S4

2− is reached, HOPSs are further
reduced to low-order polysulfides (LOPSs, (Sn

2− , n= 2 and 1)) in the
lower plateau region (~2.1 V), whereas HOPSs are soluble in the
electrolyte, LOPSs are precipitated as solid phases. Thus, the lower
plateau region can be defined as the precipitation region. Finally, Li2S
is formed by the complete reduction of S8, leading to a theoretical
capacity of 1675 mAh g− 1. Representative points U1, U2, Q1 and Q2

are marked in the profile, Figure 3a, where U1 and U2 indicate the
onset reaction potentials of the dissolved and precipitated species,
respectively, whereas Q1 and Q2 are the capacities corresponding to
the dissolution and precipitation regions, respectively. Q1 is estimated
to be 419 mAh g− 1 from the reaction S8 (s)+4Li++4e−↔ 2Li2S4 (l),
whereas Q2 is 1256 mAh g− 1, which is achieved by the reduction of
HOPSs to LOPSs, 2Li2S4 (l)+12Li+↔ 8Li2S (s). In this work, four
representative parameters (U1, U2, Q1 and Q2) and the Q2/Q1 ratio
(= 3) were evaluated to understand the battery performance of GQDs-
S/CB composite electrodes.31

Cycling performance. The cycling performance of GQDs-S/CB was
tested at a 0.5C rate (1C= 1675 mAh g− 1 assuming the reaction, S8
+16Li++16e−↔ 8Li2S), as shown in Figure 3b. The GQDs-S/CB
composites exhibited superior cyclability and stable Coulombic
efficiency compared with S/CB. A discharge capacity of
~ 1000 mAh g− 1 was achieved even after 100 cycles, whereas S/CB
showed a discharge capacity of only 459.6 mAh g− 1. Capacity versus
voltage profiles at selected cycles are presented in Supplementary
Figure S5. The Coulombic efficiency of GQDs-S/CB remained stable at
~ 100.0% for 100 cycles, whereas that of S/CB continued to increase
and reached ~ 110% at the 100th cycle. The sustained increase in
Coulombic efficiency is reported to be attributed to the polysulfide-
shuttle phenomenon. Therefore, it is understood that the electro-
chemically efficient architecture can be provided by GQDs-S/CB,
which enables high utilization of active materials, that is, the reversible
reaction of sulfur during the discharge process, as confirmed by the
Q2/Q1 ratio.
The onset potentials (U1 and U2) and the capacities (Q1 and Q2) as

a function of cycle number were derived from the capacity versus
voltage profiles and are presented in Figure 3c and d to study the
origin of the enhanced cycle performance of the GQDs-S/CB
composite. The values of those parameters are also tabulated in
Supplementary Tables S2. In the first cycle, U1 of GQDs-S/CB was
2.33 V, which was slightly higher than that of S/CB, 2.31 V, owing to
lower interface resistance. Lower interface resistance is attributed to
faster electron transfer kinetics by better carbon coverage in
GQDs-S/CB (Figure 3c). The interfacial resistance was further studied
by electrochemical impedance spectroscopy, as shown in
Supplementary Figure S6.
The radius of the semi-circle (100 kHz–1 Hz) on the Re(Z; ohm)

axis is determined by the sum of the interfacial resistance and charge
transfer resistance (Rint+Rct) based on the equivalent circuit in
Supplementary Figure S6a, which indicates that the GQDs-S/CB
electrode exhibited a lower complex (interfacial and charge transfer)
resistance than the S-CB electrode.32 The U2 value of GQDs-S/CB was
also slightly higher (Δ30 mV) than that of CB/S, which indicates that
HOPSs are more easily reduced to LOPSs. After the first cycle, a slight
increase in U1 and U2 was observed for both electrodes because of the

decrease in the overpotential resulting from the rearrangement of
micron-sized sulfur.33 The U1 and U2 values of GQDs-S/CB were
higher than those of S/CB over 100 cycles, which confirms that the
GQDs-S/CB composite has relatively low resistance to the discharge
process at each cycle. In contrast, Q1 and Q2 exhibit quite different
behavior between GQDs-S/CB and S/CB, as shown in Figure 3d. For
the first cycle, higher Q1 and Q2 value were observed in
GQDs-S/CB (Q1= 370.90 mAh g− 1 and Q2= 853.24 mAh g− 1)
compared with those observed in S/CB (Q1= 354.86 mAh g− 1 and
Q2= 793.35 mAh g− 1) because of the more efficient utilization of
active materials by the introduction of GQDs. However, the Q2/Q1

ratios were still low in both the GQDs-S/CB (Q2/Q1= 2.30) and S/CB
(Q2/Q1= 2.24) samples. Such a low Q2/Q1 ratio for the first cycle can
be ascribed to the irreversible initial loss of HOPSs and the inefficient
precipitation of LOPSs. Afterward, the Q1 and Q2 values gradually
decreased with extended cycling in S/CB. Notably, the Q1 values
showed relatively slow decay, but severe fading of Q2 was observed,
which indicates that the precipitation reaction was impeded by the loss
of active sites. In contrast, the Q1 and Q2 values were maintained for
GQDs-S/CB even after 100 cycles through a minimized loss of active
species and preservation of active sites to facilitate reactions. The
Q2/Q1 ratios in GQDs-S/CB were determined to be 2.94 and 2.81 at
the 10th cycle and the 100th cycle, respectively, which are close to the
theoretical value (= 3), whereas the Q2/Q1 ratios of S/CB were 1.96
and 1.55 at the 10th and 100th cycles, respectively. Such high Q2/Q1

ratios strongly indicate that the redox reaction between S8 and Li2S can
occur very reversibly owing to the highly efficient electrode structure
driven by the GQDs. The GQDs can aid in capturing the HOPSs
during the electrochemical reaction, which will be discussed in detail
later. In addition, the results of the electrochemical impedance spectro-
scopy study (Supplementary Figure S6b and c) and associated discussion
supporting polysulfide (PS) capture by GQDs can are provided in the
supplementary section. Even though an electrode with high sulfur
loading was prepared (~2.2 mg cm− 2), GQDs-S/CB showed superior
cycle performance (~950 mAh g− 1) compared with that of S/CB
(~280 mAh g− 1) (Supplementary Figure S7), which indicates higher
cycle performance compared with that reported in previous studies of
carbon/sulfur composites (Supplementary Table S4).

Rate capability. The rate capabilities of GQDs-S/CB and S/CB were
tested from 0.1C to 10C and are presented in Figure 3e
(see Supplementary Figure S8 for the capacity versus voltage profiles
at the different rates). The GQDs-S/CB showed excellent rate
capabilities compared with those of S/CB. Supplementary Figure S9
shows that a high discharge capacity of 540.17 mAh g− 1 at 10C could
be attained (42% versus the discharge capacity at C/10) in
GQDs-S/CB. In contrast, a discharge capacity of only 120.35 mAh g− 1

could be achieved at 10C (10% versus that at C/10) in S/CB. This rate
performance, even at the 10C rate, demonstrates the superior proper-
ties of the composite compared with those reported in previous studies
in Supplementary Figure S10. To study the origin of such high rate
capabilities in the GQDs-S/CB electrodes, the evolution of four
parameters with the rate were investigated. The U1 and U2 values
were derived from the rate capability tests, as shown in Figure 3f. The
GQDs-S/CB electrode showed slightly higher U1 and U2 values than
those of S/CB at a relatively low rate (o0.2 C). However, the U1 and
U2 values of the S/CB electrodes decreased significantly at a rate above
0.5C, whereas the U1 and U2 values of the GQDs-S/CB electrodes
remained more stable. The higher U1 and U2 values in the
GQDs-S/CB electrode confirm that the GQDs increase the electrical
conductivity of the material as well as provide an electrochemically
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efficient structure, whereby overpotentials that are required to initiate
the dissolution (U1) and precipitation (U2) reactions are decreased. It
should be noted that the tendencies observed for U1 and U2 are similar
because these values are related to the overpotential in the reduction of
S8 and HOPSs, respectively. In contrast, different behaviors were
observed for Q1 and Q2, particularly under the highest current density,
as shown in Figure 3g. The reaction kinetics for the formation of
HOPSs is fast; thus, Q1 is less affected by high current density.33

However, a significant decrease in Q2 was observed at higher current
density, which is attributed to the slow reduction due to the low
electrical conductivity of LOPSs or limited reaction sites. The Q2/Q1

ratios in S/CB were 2.36 and 1.27, at 0.1C and 2C, respectively,
whereas higher Q2/Q1 ratios, 2.55 (at 0.1 C) and 1.75 (at 2 C), were
achieved in GQDs-S/CB, which indicates that efficient utilization of
sulfur occurred through the facile charge transfer and the high density
of reaction sites.

Post-mortem analysis
Morphological evolution. SEM images of the anodes and cathodes
(Supplementary Figures S11 and S12, respectively) were obtained from
the GQDs-S/CB and S/CB electrodes after 20 cycles. Because of the
formation of a thick solid electrolyte interphase (SEI) layer, the SEM
images of the cathodes in Supplementary Figure S11 show flattened
morphologies. Interestingly, homogenous surfaces could be observed
in GQDs-S/CB, whereas segregation of sulfur was observed in the CB/
S electrode. This morphological difference was driven by the structural
integrity of GQDs-S/CB. Because GQDs-S/CB electrodes could
provide stable reaction sites during repeated cycling and preserve
HOPSs in the vicinity of the electrode, the morphological change
could be minimized. Moreover, continuous dissolution and precipita-
tion of sulfur led to the significant change in the electrode morphology
of CB/S, ultimately resulting in the segregation of sulfur on the surface
of the electrode. Such loss of sulfur from the cathode was also
observed in the anode. A clean surface was observed on the GQDs-S/
CB anode, whereas the CB/S anode contained S and Li2S particles on

the surface, as confirmed by EDS and Raman spectroscopy
(Supplementary Figure S12). As previously mentioned, these sulfur
and Li2S deposits resulted from the active materials lost from the
cathode side during repeated cycling.

Surface modifications. To study the detailed mechanism through
which the GQDs imparted high performance, the chemical bonding
states of the S/CB and GQDs-S/CB electrodes harvested from the
various states were characterized by XPS (Figure 4a–c). The C 1 s
spectra of the as-prepared electrodes (Figure 4a) show peaks at
283.8 eV and 284.5 eV attributed to sp2 and sp3 hybridized carbons,
respectively, whereas the peak at 285.3 eV corresponds to C–S
bonding.34,35 The peak at 286.2 eV is assigned to C–OH bonding,
which is more intense in GQDs-S/CB than in S/CB because the GQDs
have a high density of -OH surface functional groups. The two peaks
that correspond to carbonyl and carboxyl groups are located at 287.0
and 289.0 eV, respectively. The C 1 s spectra of the S/CB electrode
harvested from both charged and discharged stages after the 20th cycle
(Figure 4b and c) show a slight decrease and an increase in the
intensity of the C–OH (286.3 eV) and C–S (285.3 eV) peaks,
respectively. Although the GQDs-S/CB electrode showed a noticeable
decrease in the hydroxyl peak (286.2 eV), a C–S peak (285.4 eV)
became prominent in both the charged and discharged states after 20
cycles. The change in the bonding nature indicates that hydroxyl
groups in the GQDs facilitated the formation of C–S bonds during
cycling. The C–S bonds generated in the GQDs-S/CB electrodes
indicate that the GQDs exhibited sulfiphilic properties, enabling sulfur
to be preserved in the vicinity of GQDs. Thus, the Q2/Q1 ratio was
stable at ~ 2.9 even after 100 cycles. The C–F2 peak at ~ 291.0 eV and
the C-F3 peak at ~ 293.0 eV originated from the binder (polyvinyli-
dene fluoride) and electrolyte salt (lithium bis(trifluoromethane)
sulfonimide), respectively.36 The S 2p spectra of the electrodes
harvested after 20 cycles also support the formation of C–S bonding
(Supplementary Figure S13). The C–S bonding peaks at 162.6 eV are
observed in both the S/CB and GQDs-S/CB electrodes. However, the
intensity of C–S bonding in the GQDs-S/CB electrode was higher than

Figure 4 Post-mortem analysis of high-resolution X-ray photoelectron spectra (XPS). C 1 s high-resolution XPS spectra of the S/CB and GQDs-S/CB electrodes
(a) before cycling and after 20 cycles in the (b) charged and (c) discharged state. Each spectrum was fitted with functions corresponding to different
valencies of carbon and sulfur (navy solid line), and the sum of those fitted curves (green dots) is consistent with the raw data (black solid line).
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that in the S/CB electrode.29 The S–S bonding at ~ 164.0 eV is ascribed
to the crystalline sulfur in the electrode.30 The S–S peak intensity of
GQDs-S/CB was higher than that of S/CB because more elemental
sulfur was reduced on the electrode. Adsorption processes prevented
the irreversible loss of the active material into the electrolyte by the
formation of nano-sized sulfur that bonded favorably to the GQDs, as
discussed later. The peaks at 167.0 eV and ~ 170.0 eV are attributed to
sulfate, SO2, from LiTFSI and oxidized polysulfide species, SO3,
respectively.36

Theoretical modeling
DFT calculations were performed to clarify the formation of C–S
bonding between the GQDs and sulfur species. The calculation is
based on the following reaction:
coronene_OH+Sn

2−→ (coronene_Sn)
−+OH− (n= 1, 2, 4, 6, 8)

This model was used to represent the terminal edges of the GQDs,
and we attached a hydroxyl group (–OH) to one of the edges of the
carbon atoms, ‘coronene_OH’.37 A coronene is a polycyclic aromatic
hydrocarbon comprising six peri-fused benzene rings with the
chemical formula C24H12. Moreover, the coronene model is composed
of small sp2 clusters and is isolated by sp3 carbon, which is close to
individual GQDs without oxygen functional groups, and it has been
previously employed as a reduced model of graphene for quantum
calculations in lithium–sulfur battery studies.37,38 The relative energies
calculated by DFT for the reactants and products indicate that

replacing the terminal hydroxyl group by a sulfur dianion results in
a lower energy state. The relative energies are shown in Figure 5, where
it is clear that the energies of the product decrease when sulfur
dianions are replaced with the terminal hydroxyl group. The lower
energy of the products (Sn

2− , n= 1, 2, 4 and 6) can provide a driving
force for the reaction, thus making the formation of C–S bonds
favorable. However, the small sulfur dianions normally exist in the
form of a solid crystal combined with lithium cations such that Li2S
that cannot easily participate in C–S bonding.39 Furthermore, large
sulfur dianion chains (n46) tend to disassemble into smaller chains.
39 Thus, it is speculated that the major participants in the reaction are
S2

2− , S4
2− and S6

2− ions. In addition, the same DFT calculation was
performed for carboxyl group-terminated coronene (coronene_-
COOH) (Supplementary Figure S14), which produced results similar
to those obtained for the coronene_OH group. Our results highlight
the crucial role of the formation of C–S bonds through terminal
oxygen functional groups present on the edge of GQDs.

Study of C–S bonding based on electrochemical cells using catholyte
Intrinsic surface interactions at the interface between GQDs and CB
were studied by electrochemical cycling with Li2S8 catholyte.
GQDs/CB and CB electrodes without sulfur were prepared and
electrochemically cycled in Li2S8 catholyte. The cycle retention of
GQDs/CB exceeded 90% over 100 cycles, whereas CB exhibited
o80% capacity retention (Supplementary Figure S15c). After cycling

Figure 5 The relative energies for the reactants and products in the binding of polysulfides to GQDs. A plot of the relative energies for the reactants and
products in the binding of polysulfides to GQDs versus the sulfur chain length. The functional groups on GQDs enhanced the binding of polysulfides to the
carbon because of the substitution of Sn2− for –OH (C–OH). Yellow, red, white and gray represent S, O, H and C atoms, respectively.

Figure 6 Post-mortem analysis of GQDs and CB electrode in Li2S8 catholyte. (a) C 1 s high-resolution XPS spectra, (b) Raman spectra and (c) X-ray
diffraction (XRD) spectra of CB and GQDs electrodes in Li2S8 catholyte after 20 cycles in the charged state. Raman spectra showing C–S (aromatic and
ester) bond formation within the samples.
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the GQDs/CB electrode, the C 1 s and S 2p XPS spectra (Figure 6a,
Supplementary Figure S15a and b) showed higher S–S and C–S peaks
compared with those exhibited by CB. Furthermore, Raman peaks for
C–S aromatic bonding at 1086 cm− 1 and for C–S esteric bonds at
997 cm− 1 were more intense for the GQDs/CB electrodes.40 The
carbon peaks at 1590 cm− 1 and 1350 cm− 1 were assigned to the G
and the D bands of carbon, respectively (Figure 6b). X-ray diffraction
of the GQDs/CB electrodes also confirmed the formation of nano-
sized crystalline sulfur (Figure 6c), which strongly indicates that PSs
were adsorbed on the oxygen functional groups of GQDs.
The formation of nano-sized crystalline sulfur was also observed by

TEM analysis. After 20 electrochemical cycles with Li2S8 catholyte,
only a small number of sulfur particles were observed on the CB
electrode (Supplementary Figure S16), whereas many nano-sized
sulfur particles can be observed on the GQD electrode in
Figure 7a–d. Nano-sized sulfur particles were covered with GQDs,
which was confirmed by lattice fringes corresponding to (111) planes.
In addition, the indices of bright spots on the fast Fourier transform
image indicate that sulfur was single-crystalline and crystallized in the
orthorhombic structure of the alpha phase (JCPDS, No. 08-0247).41

The broad ring patterns in the fast Fourier transform image indicate
the presence of multiple GQDs with different orientations in
Supplementary Figure S17. The TEM-electron energy loss spectro-
scopy and SEM-EDS analyses of the GQDs also indicate that nano-
sized sulfur particles were adsorbed onto the GQDs (Supplementary
Figure S16a–d, i–l). In contrast, the CB electrode contained a low
sulfur density (Supplementary Figure S16e–h, m–p). This observation
suggests that the GQDs exhibited sulfiphilic properties, leading to the
preferred nucleation of sulfur on the GQDs. Furthermore, sulfur could
easily be adsorbed/desorbed on the GQDs, as predicted by the
aforementioned DFT calculation.

CONCLUSIONS

We designed GQDs-S/CB composites as high-performance cathode
materials for the first time in Li–S batteries. The nano-sized GQDs
induce a tightly packed structure via charge interaction with S and CB,
resulting in enhanced conductivity by shortened electron conduction
paths. Furthermore, C–S bonding is generated in situ during battery
operation, which originates from the oxygen-rich functional group at
the edge of the GQDs. Thus, the loss of active materials into the
electrolyte is minimized. The adsorption of nano-sized sulfur particles
onto the GQD interfaces by C–S bonding was predicted by DFT
calculation and experimentally confirmed by various microscopic and
spectroscopic analyses. The GQDs-S/CB composites significantly
improve cycling and rate performances, and their electrochemical
behavior could be understood by an in-depth analysis of discharge
profiles. We believe that our results provide a new avenue for
researchers to tailor the oxygen-rich functional groups of nano-sized
carbon for application in Li–S batteries as well as various energy
storage devices.
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