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Lithium—sulfur batteries are considered the most promising next-generation energy storage devices.
However, problems like sluggish reaction kinetics and severe shuttle effect need to be solved before the
commercialization of Li—S batteries. Here, we successfully prepared ZnO quantum dot-modified
reduced graphene oxide (rGO@ZnO QDs), and first introduced it into Li-S cathodes (rGO@ZnO QDs/S).
Due to its merits of a catalysis effect and enhancing the reaction kinetics, low surface impedance, and
efficient adsorption of polysulfide, rGO@ZnO QDs/S presented excellent rate capacity with clear
discharge plateaus even at a high rate of 4C, and superb cycle performance. An initial discharge capacity
of 998.8 mA h g* was delivered, of which 73.3% was retained after 400 cycles at a high rate of 1C. This
work provides a new concept to introduce quantum dots into lithium—sulfur cathodes to realize better
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1. Introduction

Being widely used in portable electronic devices, electric vehi-
cles and grid energy storage fields, lithium ion batteries based
on intercalation compounds are approaching their theoretical
energy density ceilings, yet they hardly meet the increasing
demands.”™ Due to the merits of a high theoretical energy
density (~2500 W h kg™ "), low cost and environment friendli-
ness, lithium-sulfur (Li-S) batteries are considered the most
promising next-generation energy storage devices.*® Neverthe-
less, the commercialization of Li-S batteries is still hindered by
some intrinsic challenges. First, the ionic/electronic insulation
of sulfur and its discharge products (Li,S and Li,S,) leads to
poor reaction kinetics, resulting in low utilization of the active
material and large interface resistance. Second, because of the
density change, a dramatic volume expansion (~80%) was
generated during the conversion between sulfur and Li,S, which
may result in the failure of the construction of cathodes. Third,
known as the “shuttle effect”, the soluble intermediate lithium
polysulfides (Li,Sy, 4 = x = 8, denoted as LiPSs below) migrate
between cathodes and anodes, which would cause the loss of
active materials, inducing a low coulombic efficiency, fading of
the rapid capacity and an unsatisfying cycle performance.®®
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Therefore, limiting the “shuttle effect” is considered to be the
core focus of improving the performance of lithium-sulfur
batteries.

Over the last decade, massive efforts have been devoted to
the design and fabrication of cathodes for Li-S batteries to
address these issues. Several strategies have been developed, of
which encapsulating sulfur into porous host materials has been
proven one of the most effective approaches.”'® Owing to their
advantages of high conductivity, light weight, matured fabri-
cation and modification technologies, carbon materials have
become the most indispensable host materials for Li-S
batteries."** Mesoporous carbon CMK-3 was first adopted by
Nazar et al. as sulfur host material, achieving high capacity and
enhanced cycle stability.* Since then, various carbon materials,
including porous carbon,*™’ carbon nanotubes, and gra-
phene,>?* have been extensively studied by researchers as
cathode carrier materials for Li-S batteries. Thanks to the
various elaborately designed structures,”° the carbon/sulfur
composites achieved better conductivity, less “shuttle effect”
by the physical immobilization of LiPSs, and improved elec-
trochemical performance. However, it has been proven that as
non-polar materials, carbon materials cannot adsorb polar
LiPSs/Li,S species effectively during the charge/discharge
process, which may easily cause the detachment of LiPSs, fol-
lowed by capacity decay and poor rate performance.*® The
introduction of polar sites/groups on the surface of carbon
materials,”*** such as heteroatom doping,* polymer material
coating,*»* and metal oxides/metal sulfides loading,****** has
proven to be very effective for the adsorption of LiPSs by the
chemical immobilization effect, resulting in the improvement
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of the electrochemical performance. It is worth noting that by
virtue of its high conductivity, high surface area, and facilitating
surface modification, graphene has been widely used in Li-S
batteries with the polar species loaded as an adsorbent for
LiPSs, realizing enhanced cycle performance and better rate
capacity.”**™** Metal oxide, because of its merits of strong polar
surface and stability to the electrolyte, has drawn special
attention and been widely adopted in lithium-sulfur cathodes
as LiPSs adsorbent.?> MnO, was adopted into Li-S sulfur cath-
odes by Nazar et al.,, which revealed excellent polysulfide
entrapment, and achieved excellent cycle stability.*' Tao et al.
prepared Al-doped ZnO decorated carbon nanoflakes for use in
Li-S batteries, realizing enhanced electrochemical perfor-
mance.’” Despite those advantages, metal oxides also bring in
some detrimental qualities, including extra inactive masses,
normally lower conductivity and the additional surface diffu-
sion process of LiPSs, which may hinder the achievement of
high performance Li-S batteries.***”*® Recently, quantum dots
have been regarded as a new approach to settle the drawbacks of
Li-S batteries due to their abundant active sites, unique
quantum confinement effect and exceptional catalysis
effect.”~* Xu and coworkers adopted black phosphorus (BP)
quantum dots (QDs) in Li-S cathodes to chemically immobilize
and catalyze the transition of LiPSs.*” They confirmed that BP
QDs achieved excellent adsorption ability to LiPSs and unex-
pected catalytic activity due to their stronger binding energies
and the presence of more under-coordinated atomic structures
of edge sites.**' Pang and partners introduced N-doped carbon
quantum dots (NCQD) into a modified separator in Li-S
batteries, resulting in enhanced capacity retention and lower
self-discharge.”® These quantum dot-based research studies
provide new ideas about Li-S batteries.

Herein, we designed and successfully prepared ZnO
quantum dot-doped rGO (rGO@ZnO QDs), which was then
adopted in Li-S cathodes (rGO@ZnO QDs/S). By diminishing
the size of the loaded ZnO to the quantum dot level, the catal-
ysis effect and enhanced reaction kinetics were achieved. In
addition, thanks to the reduction of the nonconductive ZnO,
lower surface impedance was realized. Furthermore, rtGO@ZnO
QDs revealed efficient adsorption of polysulfides. All of the
merits added up to the enhanced electrochemical performance
with excellent rate capacity and good cycle stability. This
research also provides a new concept to introduce quantum
dots into lithium-sulfur batteries to accomplish better electro-
chemical performance.

2. Experimental

2.1. Material preparation

2.1.1. Synthesis of rtGO@ZnO QDs, rGO@ZnO, and rGO. By
oxidation of graphite, graphene oxide (GO) was prepared
through the modified Hummers method, followed by disper-
sion in deionized water to form a homogenous suspension with
a concentration of 1 mg mL™". Zinc foil was first polished with
abrasive paper and rinsed ultrasonically for 30 minutes to
remove the ZnO layer and impurities, and then immersed into
the GO solution, kept still at ambient temperature for 4 hours.
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With ZnO forming on its surface, GO was gradually reduced to
rGO, generating a layer of black uniform hydrogel on top of the
Zn foil. After detachment by sonication, washing three times
with deionized water, and vacuum freeze-drying, the product
(denoted as the sample precursor) was collected and treated
with hydrochloric acid. Typically, 50 mg sample precursor was
dispersed into 10 mL 0.1 M HC], stirred for 10 minutes at room
temperature, and then vacuum filtrated and purified with
deionized water. Subsequently, vacuum freeze-drying was
adopted to remove residual water in the as-prepared sample,
followed by treatment of heating at 400 °C for 2 hours under N,
atmosphere with a ramping rate of 10 °C min~'. The sample of
rGO@ZnO QDs was finally prepared.

RGO@ZnO was synthesized following the same procedure,
except without the acid pickling procedure. By increasing the
amount of HCI to 100 mL and extending the acid treatment time
to 12 hours, rGO was obtained without any other changes to the
preparation process.

2.1.2. Preparation of rGO@ZnO QDs/S, rtGO@ZnO/S and
rGO/S composites. Sulfur nanoparticles were prepared by
a modified method reported previously.** 15 mM Na,S,0; was
dissolved in 500 mL H,O containing 1 wt% PVP. 100 mL of HCI
with a concentration of 0.3 M was added to the Na,S,0; solution
in one minute, and then the mixture was stirred for 2 hours at
room temperature. Sulfur nanoparticles were saved by centri-
fugation, re-dispersed in 10 mL H,0O, and dried by means of
vacuum freeze-drying.

To prepare the rGO@ZnO QDs/S composite, 30 mg of
rGO@ZnO QDs and 70 mg sulfur nanoparticles were dispersed
into 30 mL H,O containing 60 pL Triton X-100. After being
thoroughly stirred and sonicated, the uniform dispersion was
vacuum freeze-dried, and then heated in Ar atmosphere at
155 °C for 12 hours to obtain the final product of rGO@ZnO
QDs/S.

RGO@7ZnO/S and rGO/S composites were fabricated
following the same path, except replacing the rGO@ZnO QDs
with rGO@ZnO/rGO.

2.1.3. Preparation of the self-standing rtGO@ZnO QDs/S-G
composite membrane. The host material rtGO@ZnO QDs and S
nanoparticles were mixed in a mass ratio of 3 : 7 (21 mg and
49 mg, respectively), and added to 250 mL deionized water
containing the surfactant, Triton X-100. Then, 10 mg of gra-
phene nanosheets was added to act as a conductive agent (the
mass ratio of rGO@ZnO QDs/S to graphene nanosheets was
7 :1). After stirring and sonication to full dispersion, the
suspension was then vacuum filtered, washed, dried, rolled and
peeled. Then, the heat treatment was performed at 155 °C for 12
hours under Ar atmosphere, and finally the rGO@ZnO QDs/S-G
self-supporting composite electrode was obtained.

2.2. Morphology and structure characterization

Morphology of the samples was measured by field emission
scanning electron microscopy (FE-SEM, Hitachi S4800) and
transmission electron microscopy (TEM, FEI Tecnai G2 F30).
The crystal structure of the samples was analyzed by X-ray
diffraction (XRD) carried out by Rigaku D/Max-2400 from 10°
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to 80° at a scan rate of 6° per min. Raman spectroscopy was
collected by a LabRam HR800 with 1.96 eV (632.8 nm) excitation
laser. Thermal gravimetric analysis (TGA) was conducted on
a thermogravimetric analyzer (STA-449C, NETZSCH) at a ramp-
ing rate of 10 °C min", with the temperature ranging from
25 °C to 600 °C under an atmosphere of Ar. The Quantachrome
Autosorb-1C-VP analyzer was adopted to run nitrogen adsorp-
tion isotherms at 77 K to measure the Brunauer-Emmett-Teller
(BET) surface areas.

2.3. Electrochemical measurements

Standard 2032 coin cells were assembled to test the electro-
chemical properties. The cathodes were prepared by the
following procedure: 70 wt% of active material (rGO@ZnO QDs/
S, rGO@ZnO/S, or rGO/S), 20 wt% of carbon black and 10 wt%
of polyvinylidene fluoride (PVDF) were mixed by fine grinding,
and dispersed in N-methyl-2-pyrrolidinone (NMP) by magnetic
stirring overnight to obtain a uniform slurry, which was then
casted evenly onto aluminum foil substrates and dried in
a vacuum oven at 55 °C for 12 hours, following by being
compressed and cut into disks with a diameter of 10 mm.
Typically, the areal sulfur loading was ~1.0 mg cm ™. The cells
were assembled in a glovebox filled with Ar (H,O < 0.1 ppm, O, <
0.1 ppm), with the as-prepared cathodes, lithium foil anodes,
Celgard 2300 membrane and 1 M LiTFSI in DOL/DME (1 : 1, v/v)
with additional 0.2 M LiNO; electrolyte. Cyclic voltammetry (CV,
0.1 mV s', 1.7-2.8 V vs. Li/Li") and the electrochemical
impedance spectra test (EIS, 100 kHz to 10 mHz with an
amplitude of 5 mV) were conducted on a CHI 660D electro-
chemical workstation. Galvanostatic discharge/charge tests
(voltage range from 1.7 V to 2.8 V, vs. Li/Li") were carried out by
a LAND CT2001A test system at various current densities.

2.4. Visualized tests of polysulfides adsorption

Stoichiometric amounts of sublimed sulfur and Li,S were mixed
in solvent DME under magnetic stirring at 60 °C for 12 hours to
prepare a uniform solution of Li,Se. All of the procedure was
conducted under an atmosphere of Ar. 10 mg of rGO,
rGO@Zn0, and rGO@ZnO QDs were separately added into
1 mL Li,S, solution, kept still for 6 hours, and then photographs
were taken. 1 mL Li,Se solution with no sample added was used
as the blank group.

3. Results and discussion

As shown in Fig. 1, the rtGO@ZnO QDs sample was fabricated
according to a modified, reported method. First, a piece of
polished Zn foil was immersed in a homogeneous GO solution
and kept still at room temperature for 4 hours. Since the
reduction potential of Zn/Zn>" is lower than that of tGO/GO, GO
would be reduced by Zn spontaneously and form a uniform film
on the surface of the Zn foil by self-assembly (Fig. S1t), along
with the generation of ZnO particles attaching on the GO flakes
as a product of the redox reaction.**** Second, the film was
detached by sonication, and cleaned with deionized water. Due
to the relatively low degree of reduction, the obtained product
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was denoted as GO@ZnO. After etching by dilute HCI and going
through heat treatment of GO@ZnO, the sample of rtGO@ZnO
QDs was successfully prepared. For comparison, rGO loaded
with ZnO particles (denoted as rGO@ZnO) was prepared by the
direct annealing of GO@ZnO without an acid etching proce-
dure. rGO was fabricated by the sufficient acid etching of
GO@ZnO and subsequent annealing.

After comparison of the morphology of ZnO QDs at different
etching times (Fig. S2t), the sample with 10 min treatment was
selected as the rGO@ZnO QSs. Transmission electron micros-
copy (TEM) and high-resolution TEM (HRTEM) were selected to
investigate the morphology and structural features of the
rGO@ZnO QDs. As shown in Fig. 2a, ZnO QDs were successfully
prepared and uniformly distributed on rGO with a diameter of
5-10 nm. The HRTEM image in Fig. 2b reveals that the lattice
fringe spacing of QD is about 0.26 nm, which is consistent with
the (002) lattice plane of ZnO. Without the acid treatment, the
sample of rGO loaded with ZnO particles was prepared. The
scanning electron microscopy (SEM) image in Fig. 2c shows that
the surface of rGO was covered with ZnO particles, whose
diameters were about 500 nm. The EDS elemental mappings of
rGO@ZnO are exhibited in Fig. S3,7 of which the images of
elemental Zn and O are enriched to be a clear spherical shape
consistent with the SEM image, proving the identity of the ZnO
particles.

In order to get the homogeneous composites of rGO@ZnO
QDs/S, tGO@ZnO, and rGO/S, sulfur nanoparticles with a size
of approximately 500 nm were first prepared (as shown in
Fig. S47), followed by being uniformly blended with the host
materials by dispersion in water and freeze-vacuum-drying. The
materials were sealed by heat treatment under Ar atmosphere,
and then the target products were finally obtained. With those
well-designed procedures, the uniform distribution of sulfur
was achieved without agglomeration, which was demonstrated
by the SEM images of rtGO@ZnO QDs and rGO@ZnO in Fig. 2d
and f, respectively. In addition, high-resolution SEM and EDS
elemental mappings were adopted to detect the surface element
distribution of rGO@ZnO QDs/S (Fig. 2e) and rGO@ZnO/S
(Fig. S51). Both samples presented a homogeneous dispersion
of sulfur, while elemental Zn and O showed some difference.
For tGO@ZnO QDs/S, the elements O and Zn (especially the
latter) were uniformly distributed even though no ZnO particles
could be seen on the HRSEM image. This implied the existence
of ZnO QDs, which will be further discussed in subsequent XRD
measurements. Nevertheless, the elemental mapping of O and
Zn in rGO@ZnO formed an obvious spherical morphology,
which was consistent with the HRSEM image. From all the
morphology investigation, we could draw the conclusions that
rGO@ZnO QDs and rGO@ZnO were successfully prepared and
uniformly combined with sulfur without agglomeration to
obtain rGO@ZnO QDs/S and rGO@ZnO/S. In addition, the
TEM, HRTEM, Raman spectrum and EDS elemental mapping
results of rGO and rGO/S are presented in Fig. S6.7 With suffi-
cient acid etching treatment, no ZnO particles or QDs were left.
As shown in Fig. S6b,T the rGO prepared in this paper had
a multilayer stack structure, which could be seen vividly from
the edge of rGO.

This journal is © The Royal Society of Chemistry 2020
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Zn foil immersing in
GO solution
Fig. 1 Schematic illustration of the synthesis of r~GO@ZnO QDs.

In addition, from the TEM image in Fig. Séaf and the
HRTEM image, we could tell that the prepared rGO had good
structure integrity. The Raman spectrum of rGO is shown in
Fig. S6¢.t At ~2680 cm™ ", a flat peak of the 2D band could be
observed, which is the second most prominent peak that is
always observed in graphite samples.* The weak intensity of the
2D band confirmed that the rGO prepared in this paper had
a relatively low degree of graphitization after heat treatment at
a low temperature of 400 °C. Through the same strategy,
homogeneous rGO/S was obtained.

X-ray diffraction (XRD) analysis was used to investigate the
composition and crystal structure of the host materials. As
shown in Fig. 3a, a strong peak at 25.3° (corresponding to the
interplanar spacing of 3.52 A) can be detected for all three
samples of rGO, rtGO@ZnO QDs, and rGO@ZnO (for ~tGO@ZnO,
the intensity is relatively low because of the high peak intensity
of ZnO), which indicates that after reduction by Zn and thermal

GO@ZnO
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etching

—
annealing |

rGO@zZn0O QDs

treatment, GO was partly graphitized. In addition, as can be
seen at 31.7°, 34.4°, and 36.2°, the three sharp diffraction peaks
of the rGO@ZnO sample are the characteristic peaks of the
Waurtzite-structured ZnO (JPCDS card no. 36-1451) for the lattice
planes of (100), (002), and (101), respectively.*® Furthermore, the
three characterized peaks of ZnO could also be found in the
XRD pattern of rtGO@ZnO QDs with a faint intensity (due to the
low content of the ZnO QDs) and enhanced full width at half
maximum (FWHM), which were induced by the size effect of the
ZnO QDs.”” As for rGO, because of the thorough acid washing,
no signal of ZnO was detected. The Raman spectra of rGO,
rGO@ZnO, and rGO@ZnO QDs are shown in Fig. 3b. For all
three samples, peaks of the D-band at 1346 cm™ " attributed to
the vibration of disordered carbon and the G-band at 1588 cm ™"
relating to the vibration of sp” hybridized carbon-carbon bonds
could be clearly observed.*® In addition, the Ip/I; ratios of the
rGO, rGO@ZnO, and rGO@ZnO QDs are 1.25, 1.26 and 1.24,

Fig. 2
rGO@ZnO QDs/S composite; (f) SEM image of rGO@ZnO/S composite.

This journal is © The Royal Society of Chemistry 2020

(a) TEM image and (b) HRTEM image of rGO@ZnO QDs; (c) SEM image of rGO@ZnO; (d) SEM image and (e) EDS elemental mappings of
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(@) XRD patterns, (b) Raman spectra, and (c) TGA curves of rGO, rGO@Zn0O, and rGO@ZnO QDs; (d) N, adsorption and desorption

isotherm of rGO@ZnO QDs; (e) XRD patterns of S nanoparticles, rGO@ZnO/S and rGO@ZnO QDs/S; (f) partially enlarged XRD patterns of S

nanoparticles and rGO@ZnO/S.

respectively. The existence of strong G-band and D-band peaks,
the same peak position, and the similar I,/ ratio demonstrate
that all three samples are well reduced and partly graphitized,
which agree well with the XRD results. Thermal gravimetric
analysis was conducted at air atmosphere to measure the ZnO/
ZnO QDs content in rGO@ZnO/rGO@Zn0s, and the TGA curves
are shown in Fig. 3c. For all three samples, an obvious mass loss
at around 500 °C is shown, which corresponds to the burning of
rGO in air. Thus, for the rGO@ZnO and rGO@ZnO QDs, the
residual materials are ZnO and ZnO QDs, whose contents were
calculated to be 71.5% and 6.7%, respectively. Nitrogen
adsorption/desorption isotherm was adopted to measure the
specific area of rGO@ZnO QDs (Fig. 3d). The continuous N,
uptake below 0.9 (P/P,) and the rapid increase above 0.9 (P/P,)
demonstrate the existence of a highly porous structure in the
rGO@ZnO QDs,"”” whose Brunauer-Emmett-Teller (BET)
surface area was calculated to be 584.7 m* g~ . The high specific
surface area could achieve a uniform dispersion of sulfur
without agglomeration, which makes the rGO@ZnO QDs a very
suitable carrier material for lithium-sulfur cathodes. After
loading with sulfur, the composites of rGO@ZnO/S and
rGO@ZnO QDs/S were prepared and characterized with XRD.
From Fig. 3e, we can see that both rGO@ZnO/S and rGO@ZnO
QDs/S exhibited the characteristic diffraction peaks of rGO at
25° and the characteristic peaks of sulfur with an Fddd ortho-
rhombic structure (JPCDS card, no. 08-0247). Moreover, in the
comparison of the enlarged XRD patterns of rtGO@ZnO/S and S
in Fig. 3f, the former sample presented three peaks of ZnO
corresponding to the lattice planes of (100), (002), and (101),

32970 | RSC Adv, 2020, 10, 32966-32975

while the latter sample did not. Because of the low content of
the ZnO QDs, no signal of ZnO was detected for the rtGO@ZnO
QDs/S. The results of XRD demonstrate that both rGO@ZnO
and rGO@ZnO QDs have been successfully combined with
sulfur. It is worth noting that the peak intensity of rGO@ZnO
QDs/S is lower than that for rGO@ZnO/S, implying a lower
crystalline state, which may be caused by the more uniform
distribution of sulfur in rGO@ZnO QDs/S as a result of the
relatively higher content of rGO and larger specific surface area
of the rtGO@ZnO QDs. According to the results of the TGA test in
Fig. S7,T the sulfur-loading contents of rGO/S, rGO@ZnO/S, and
rGO@ZnO QDs/S are 71.9%, 70.8%, and 71.9%, respectively.
To study the electrochemical performances, CR2032 coins
were assembled with rGO@ZnO QDs/S as the cathodes and
lithium foil as the anodes. For comparison, batteries with
rGO@ZnO/S and rGO/S as the active material of the cathodes
were also prepared, respectively. Cyclic voltammograms (CV) of
the rGO@ZnO QDs/S and rGO@ZnO/S were conducted at a scan
rate of 0.1 mV s~ ', with the results shown in Fig. 4a and b. Both
profiles exhibited the typical characteristic peaks of Li-S
batteries, which are vivid peaks at around 2.3 V and 2.05 V
during the cathodic scans, and partly overlapped peaks at about
2.35 V to 2.37 V during the anodic scans. The two peaks during
cathodic scans are considered as reduction peaks, which are
thought to correspond to the reduction of molecule Sg to soluble
polysulfide Li,S, (4 = n < 8), and Li,S, to insoluble Li,S,/Li,S.
In addition, the overlapped oxidation peaks are believed to
relate to the translation from Li,S,/Li,S to polysulfide, and then
Ss.>"™ Furthermore, the voltage of the reduction peaks for both

This journal is © The Royal Society of Chemistry 2020
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Fig.4 CV curves of (a) rtGO@ZnO QDs/S and (b) rGO@ZnO/S; charge/discharge profiles of (c) rGO@ZnO QDs/S and (d) rGO@ZnO/S at various
rates of 0.2C, 0.5C, 1C, 2C and 4C; (e) plateau potential difference and (f) rate capacities of rtGO@ZnO QDs/S and rGO@ZnO/S at different current
densities; cycling performances of rGO@ZnO QDs/S and rGO/S at (g) 0.5C and (h) 1C.

samples showed a slightly positive shift after the first cycle,
which means a rearrangement of the active materials and lower
impedance.”** However, the first reduction peak of rGO@ZnO
QDs/S is at 2.35 V, which is higher than the reduction peak (2.31
V) of rGO@ZnO/S. This means a lower charge transfer barrier of
the conversion of Sg to Li,S,, in rGO@ZnO QDs/S.*® Moreover,
with a much sharper second reduction peak, the reaction
kinetics of Li,S, to Li,S,/Li,S is enhanced by rtGO@ZnO QDs.
Also, the oxidation peaks emerged with a negative shift during
the five cycles for rGO@ZnO QDs, while no such phenomenon
occurred for rGO@ZnO/S. That indicates the gradual decrease
of impedance for Li,S, to Sg in the rGO@ZnO QDs/S. All of the
analysis leads to the conclusion that the presence of ZnO QDs
could catalyze the transition between Sg and Li,S,/Li,S, and
enhance the reaction kinetics.®***

Galvanostatic charge/discharge (GDC) tests were performed
at various current rates of 0.2C, 0.5C, 1C, 2C, and 4C, and then
switched back to 0.2C with 10 cycles each to examine the rate
performance. The GDC curves at different rates for rtGO@ZnO
QDs/S and rGO@ZnO/S are presented in Fig. 4c and d. The
discharge profile of rtGO@ZnO QDs/S at 0.2C displayed two

This journal is © The Royal Society of Chemistry 2020

plateaus at 2.35 V and 2.1 V, while those of rGO@ZnO/S were at
2.31 V and 2.1 V. This is in agreement with the CV results. It is
also worth noting that unlike rGO@ZnO/S, additional
discharge/charge phases are shown at the end of the discharge/
charge curves of rGO@ZnO QDs/S. This demonstrates that
under the impact of the ZnO QDs, more thorough trans-
formations of Li,S, to Li,S,/Li,S and Li,S, to Ss, respectively,
have occurred. Even at a high rate of 4C, the two discharge
plateaus could be clearly observed for the rGO@ZnO QDs/S. In
contrast, the discharge profile of rtGO@ZnO/S at 4C exhibited
almost no discharge platform. The overpotentials (n) of the
second reduction peak for rtGO@ZnO QDs/S and rGO@ZnO/S
have been counted, and are presented in Fig. 4e. As we can
see, the n of rGO@ZnO QDs/S is lower than that for rGO@ZnO
at different rates, which means the polarization for the former
sample is much lower than that for the latter one. This indicates
the good -catalytic effect and higher reaction kinetics of
rGO@ZnO QDs.*** Due to the excellent catalytic effect and
enhanced reaction kinetics, rtGO@ZnO QDs/S achieved capac-
ities of 1156.6, 912.9, 784.7, 645.7, and 430.2 mA h g~ * at 0.2C,
0.5C, 1C, 2C, and 4C, respectively, and 965.8 mA h g~ after the
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Fig. 5 (a—c) SEM images and (d) EDS mapping results of rGO@ZnO
QDs/S-G. (e) Cycling performance of rGO@ZnO QDs/S-G self-sup-
porting composite electrode at 0.2C.

current density was changed back to 0.2C. In contrast,
rGO@ZnO/S showed lower rate capacities. The results of the
rate tests have provided strong evidence that by miniaturizing
the size of ZnO to the quantum dot level, excellent catalytic
effect of the transition between Sg and Li,S,/Li,S and better
reaction kinetics could be realized, which is in good agreement
with the CV test results. Electrochemical impedance spectrum
(EIS) measurements were performed on samples of rGO@ZnO
QDs/S, rGO@ZnO/S, and rGO/S before cycling and after 50
cycles at 0.5C to study the interface impedances. As shown in

low surface impedance

efficient adsorption

Fig. 6 Schematic illustration of the advantages of rGO@ZnO QDs for use in lithium—sulfur cathodes.
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Fig. S8 and Table S1,T due to the good electrical conductivity,
rGO/S achieved the lowest resistance of charge transfer (R.) for
40.4 Q before the cycling test. With a low doping amount of ZnO
QDs, rGO@ZnO QDs/S showed a slightly increased R, of 44.2 Q,
which still stayed at a low level. For rtGO@ZnO, because of the
poor conductivity of the ZnO nanoparticles, its R, increased to
64.8 Q. This is much higher than the R, for the former two
samples. After 50 cycles at 0.5C, the R, of the three samples had
dropped significantly. This may be triggered by the redistribu-
tion of active materials, leading to better contact.>* However,
there were still differences between the samples on R, Inter-
estingly, instead of rGO/S, the rGO@ZnO QDs/S achieved the
lowest R, of 8.3 Q, while the R.. of rGO@ZnO/S was still the
highest. That should be attributed to the catalytic effect of the
ZnO QDs and the enhanced reaction kinetics, which promote
the conversion between Sg and Li,S,/Li,S, reducing the accu-
mulation of non-conductive products. The low impedance of
the electrode rGO@ZnO QDs/S is a key factor for its excellent
rate capacities.

The three samples were discharged and charged at 0.5C to
test the cycling performance. As we can see in Fig. 4g, rGO@ZnO
QDs/S realized an initial discharge capacity of 1007.2 mA h g~*
and remained at 776.1 mA h g~ ' after 200 cycles, by which the
capacity retention was calculated to be 77.1%. Nevertheless,
rGO@ZnO/S delivered only 968.9 mA h g™, 57.8% of which was
retained after the cycling test, which is much lower than that for
rGO@ZnO QDs/S. As for rGO/S, the capacity decayed rapidly
from 976.5 to 470.3 mA h g~ after just 100 cycles. This was
caused by the lack of ZnO/ZnO QDs to adsorb the soluble pol-
ysulfides, which has been confirmed by the polysulfide
adsorption test (Fig. S9t). Thanks to the small size of the ZnO
QDs, more surfaces and active sites were exposed. This makes it
possible such that even with a low loading content of only 6.7%,
an efficient adsorption of polysulfides for rtGO@ZnO QDs could
be realized.*** However, no obvious color change of Li,S¢ was
observed for rGO, implying a faint ability to restrict the shuttle
effect of Li,S,. To further investigate its cycling stability,
rGO@ZnO QDs/S was tested at a high rate of 1C for 400 cylces

catalyze & fast reaction kinetics

@ L

@ /nO QDs
B GO
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with rGO@ZnO/S tested for comparison, and the results are
shown in Fig. 4h. As we can see, rGO@ZnO QDs/S delivered
a discharge capacity of 998.8 mA h g™' at the first cycle,
918.8 mA h g~' at the second cycle (the capacity decay was
believed to be caused by the form of the equilibrium state of
polysulfides in the cathode®), and 673.6 mA h g~ ' remained
after 400 cycles, realizing a capacity retention ratio of 73.3%
(based on the discharge capacity of the second cycle). However,
the initial discharge capacity of rGO@ZnO/S was only
890.5 mA h g%, the second cycle gave a discharge capacity of
831.5 mA h g ', and the 400™ cycle gave 378.7 mA h g, with
the capacity retention ratio calculated to be 45.5%. This is much
lower than rGO@ZnO QDs/S. In addition, both samples ach-
ieved a high coulombic efficiency of above 99% during the
cycling process. The results of the prolonged cycling tests at 1C
have further proven the excellent cycling performance and
electrode stability of rGO@ZnO QDs/S. To further examine the
cycle performance at high rate, rGO@ZnO QSs/S was cycled at
a high rate of 2C for 300 cycles to examine its cycling perfor-
mance. As shown in Fig. S10,f rGO@ZnO QDs/S realized
a capacity of 852.4 mA h g~ . After cycling at 2C for 300 cycles,
the discharge capacity was 603.84 mA h g~'. Moreover, no
obvious activation process was seen at the beginning of the
cycle, which demonstrated the improvement effect of the ZnO
QDs on the reaction kinetics.

The self-supporting composite membrane rGO@ZnO QDs/
S-G with a high sulfur loading of 3.8 mg cm ™ was prepared.
From Fig. 5a, we could see that the thickness of rGO@ZnO QDs/
S-G was about 65 um. After heat treatment, sulfur was evenly
distributed on the surface of rGO@ZnO QDs, forming a 3D
interconnected structure of the cathode (Fig. 5b-d). The XRD
pattern of rGO@ZnO QDs/S-G in Fig. S127 shows both charac-
teristic peaks of sulfur, rGO and graphene. Due to the low
content of ZnO QDs, no peak of ZnO was detected. The results
vividly indicated that rGO@ZnO QDs/S-G was successfully
loaded with sulfur. Furthermore, the S loading was calculated to
be 3.8 mg cm™ % The rGO@ZnO QDs/S-G was assembled into
a 2032 coin cell and cycled at 0.2C. As shown in Fig. 5d, at the
first cycle, rtGO@ZnO QDs/S-G realized a discharge capacity of
742.6 mA h g~ . Subsequently, after about 20 cycles of activa-
tion, a specific capacity of 724.4 mA h g~ ' was achieved. After
another 100 cycles, the discharge capacity was 572.8 mA h g™,
with a capacity retention rate of 79.1%. The cycle test at 0.2C
shows that the rGO@ZnO QDs/S-G self-supporting composite
electrode has good cycle stability.

Based on all the above analysis, we can see that rGO@ZnO
QDs/S showed superb electrochemical performance, which
could be attributed to three key factors, as shown in Fig. 6. First,
ZnO QDs could catalyze the transition between Sg and Li,S,/
Li,S, resulting in the enhanced reaction kinetics. The catalytic
effect of ZnO QDs may be derived from the abundant edge sites
of the ZnO quantum dots, which are believed to possess higher
electrochemical catalytic activity because of their under-
coordinated atomic structures.*”**** As reported by Zhang et al.,
reducing the particle size to the quantum dot level could
significantly improve the exposed edge density, which would
improve the catalytic effect.”” A similar opinion was also

This journal is © The Royal Society of Chemistry 2020
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expressed by Zhou et al.* Second, due to the reduced size of
ZnO to quantum dots, rGO@ZnO QDs could realize lower
surface impedance than rGO@ZnO with sub-micro sized ZnO
when being used in lithium-sulfur cathodes. Third, with more
exposed surfaces and active sites, ZnO QDs were able to adsorb
polysulfides efficiently, suppressing the shuttle effect and
improving the cycling performance.

4. Conclusion

In conclusion, rGO loaded with ZnO QDs was successfully
prepared and first introduced into lithium-sulfur cathodes.
Benefitting from the unique characteristics of ZnO QDs, the
conversion between Sg and Li,S,/Li,S was catalyzed, and the
reaction kinetics was improved significantly. In addition, the
reduced loading of the non-conductive, inactive ZnO decreased
the surface impedance, resulting in lower polarization. The ZnO
QDs could also adsorb soluble polysulfides efficiently,
restraining the shuttle effect. Owing to the advantages of the
rGO@ZnO QDs, excellent rate capacity and cyclic performance
were realized. Our research provides new concepts for intro-
ducing quantum dots into the cathodes of lithium-sulfur
batteries, which has been proven to have broad research pros-
pects. We believe that based on our research ideas, a variety of
quantum dots can be obtained and introduced into lithium-
sulfur cathodes to achieve better catalytic effects and
outstanding electrochemical performances.
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