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The potassium-ion batteries (PIBs) have become the promising energy storage devices due to their
relatively moderate cost and plenteous potassium resources. Whereas, the main drawback of PIBs is
unsatisfactory electrochemical performance induced by the larger ionic radius of potassium ion. Herein,
we report a well-designed, uniform-dispersed, and morphology-controllable zinc sulfide (ZnS) quantum
dots loading on graphene as an anode in the PIBs. The directed uniform dispersion of the in-situ growing
ZnS quantum dots (~2.8 nm in size) on graphene can mitigate the volume effect during the insertion-
extraction process and shorten the migration path of potassium ions. As a result, the battery exhibits
superior cycling stability (350.4 mAh/g over 200 cycles at 0.1 A/g) and rate performance (98.8 mAh/g at
2.0 A/g). We believe the design of active material with quantum dot-minimized size provides a novel
route into PIBs and contributes to eliminating the major electrode failure issues of the system.
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Recently, PIBs have been widely researched as an extremely
ascendant energy technology resulted from the moderate price
and abundant potassium resources [1]. Whereas, the sluggish
electrochemical reaction dynamics and electrode pulverization
caused by the bigger radius of potassium-ion (r(K") =1.38 A) have
severely hindered its development [1-4]. Up to now, only a few
materials including carbon-based [5-8], alloying/conversion-type
[9-13] and organic composite [14] anodes have been reported for
PIBs. Thus, the accelerated research of anode materials with small
volume change and excellent cycle stability is urgent.

Metal sulfides, with the features of non-toxic, low cost, high
theoretical capacity, are a kind of materials commonly used as the
anode in lithium/sodium-ion batteries [15-18]. However, their
stupendous volume variations and intrinsic insulation have
resulted in structural disruptions and poor electrochemical
performance. Especially, when using metal sulfides as anode for
PIBs, the electrode deterioration caused by the tardiness of K*
migration will be amplified [19,20]. Minimizing the size of metal
sulfides could be a possible way towards these problems.
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Considering that the bitty diameter (< 10 nm) of quantum dots
is beneficial to the electron/ion migration, it will be helpful to
obtain excellent potassium ion storage performance [21,22].

As a proof-of-concept, the uniform-dispersed ZnS quantum
dots loading on reduced graphene oxide (ZnS QDs-rGO) composite
was successfully prepared in this work [23-27]. ZnS quantum dots
with the average diameter as small as 2.8 nm were in situ formed
on rGO nanosheets. The design of minimized-dots loading on the
conductive matrix can combine the advantages of quantum dots
and graphene showing shorter potassium ions diffusion channels,
smaller volume expansion, and higher electrode conductivity. On
this basis, the electrochemical performance and reaction mecha-
nism of ZnS QDs-rGO anode were studied. Eventually, the anode
delivers an outstanding capacity of 122 mAh/g at 1.0 A/g over 500
cycles.

The ZnS QDs-rGO composite was prepared through a solvo-
thermal method (Fig.1a). In the ethylene glycol solvent, the surface
of graphene oxide shows a negative charge state due to its rich
oxygen-containing groups [28,29]. During solvothermal processes,
the graphene oxide adsorbs the positively charged zinc ions at first.
Then, the zinc ions in situ react with sulfur ions to form anchored
ZnS quantum dots. Meanwhile, the graphene oxide was reduced in
the process [29,30]. Although these oxygen-containing groups
promote the uniform growth of quantum dots, the limited active
sites may cause quantum dots to aggregate. To solve this problem,
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Fig. 1. (a) Schematic illustration of the synthesis of the ZnS QDs-rGO. (b) SEM image and elemental mappings of ZnS QDs-rGO.

the surfactant PAA with rich carboxylic acid functional groups, was () = oo, B
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morphology and elemental mappings of the composite show that 2 g4
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ZnS quantum dots on the rGO sheets (Fig. 1b). g

The morphology of ZnS QDs-rGO was characterized by E
transmission electron microscopy (TEM). Obviously, the ultra-

small black spots separated from each other indicate that the 5% B8 @b, =0 46 I 150 300 450 600 750
active materials are dispersed homogeneously on the rGO 20 (degree) Temperature (°C)
nanosheets. No aggregated nanoclusters are observed (Fig. 2b). Zn2p (d)
The statistical graph of particle size indicates that the size of
quantum dots is concentrated around 2.8 nm (Fig. S1 in the
Supporting information). Inset of high-resolution TEM (HRTEM)
shows that the quantum dots have good crystallinity (Fig. 2c). The
characteristic lattice plane (111) is distinctly performed, and its
representative lattice spacing is 0.31 nm, which is well indexed to
the ZnS [32]. l\_/leanwl_lile, th_e sele_cted area elect_ron d?ffrac_tion 1200 1000 300 600 400 200 0 2%0 284 288 292 296
pattern (SAED) is a series of rings (Fig. 2d). These diffraction rings, Binding Energy (eV) Binding Energy (eV)
from the innermost, are ascribed to (111), (220) and (311) planes of
ZnS. Thus, ZnS QDs-rGO has been successfully prepared.

To explore the morphology controllability of the ZnS QDs-rGO
composite, comparative experiments have been conducted. A
series of composites were synthesized by adjusting the proportion
of PAA and other experimental parameters remained unchanged.
The detailed preparation process is shown in the experimental
section of Supporting information. The final products were 1015 1022 1029 1036 1043 1050 159 162 165 168 171 174
characterized by scanning electron microscopy (SEM) and TEM Binding Energy (eV) Binding Energy (¢V)

Fig. 3. (a) XRD pattern and (b) TGA curve of ZnS QDs-rGO. (c) XPS survey spectrum
of ZnS QDs-rGO and the high-resolution spectra of (d) C 1s, (e) Zn 2p and (f) S 2p.

Intensity (a.u.)

—_—
o
—
—_—
=

Zn2p S2p

Intensity (a.u.)
Intensity (a.u.)

(Figs. S2 and S3 in Supporting information). When the weight of
PAA is halved, the ZnS nanoclusters (around 35—-50 nm) composed
of 3 nm primary particles are evenly distributed on the rGO sheets
(ZnS NCs-rGO). When no PAA is added, the irregular ZnS
agglomerates are formed (ZnS-rGO). These results fully prove
the key role of PAA in increasing the active site of nucleation and
inhibiting the growth of ZnS. On the basis of these results, a
morphology-controllable preparation of ZnS quantum dots can be
achieved.

The phase composition and crystal structure of composite was
characterized by X-ray diffraction (XRD), as shown in Fig. 3a. All
main and sharp peaks are point to the face-centered cubic ZnS
(JCPDS No. 65-1691) [32]. Another broad peak at 26.5° is indexed to

Fig. 2. (a,b) TEM images, (c) HRTEM image and (d) SAED pattern of ZnS QDs-rGO. the characteristic lattice plane (002) of rGO [29]. As a comparison,
The inset of the Fig. 2¢ is the enlarged view of a single ZnS quantum dot.
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the XRD pattern of graphene oxide is displayed in Fig. S5
(Supporting information). The Fourier-transform infrared (FT-IR)
spectra of composites are shown in Fig. S6 (Supporting informa-
tion). These results further indicate that the GO has been reduced.

The content percentage of ZnS in composite was quantified by
thermo-gravimetric analysis (TGA), as shown in Fig. 3b. According
to the transformation process of ZnS in the air, the weight loss
below 150 °C could be related to the evaporation of water while the
loss from 250 °C to 560 °C is interrelated to the oxidation of ZnS
(ZnS +3/20,=7Zn0 +S03) and C (C+ 0O, = CO3) [32,33]. We can infer
that the ZnS QDs-rGO consists of 45.22 wt% ZnS and the ZnS NCs-
rGO contains 48.79 wt% ZnS (Fig. S7 in Supporting information).
The loading amount of ZnS in composite can be further increased to
51.17 wt%, as shown in Figs. S8 and S9 (Supporting information).

The chemical composition and elemental status of the ZnS QDs-
rGO were determined by X-ray photoelectron spectroscopy (XPS)
analysis. The XPS survey spectrum demonstrates the chemical
composition of C, Zn, and S in the composite (Fig. 3c). Four peaks in
C 1s spectrum (Fig. 3d) can be indexed to C=C (284.2eV), C-0
(285.1eV), C=0 (286.3eV) and O-C=0 (288.1eV). Two Zn 2p
peaks (Fig. 3e) at 1044.8 eV and 1021.7 eV can be associated with
the typical peaks of Zn 2pq,; and Zn 2ps,, orbit peaks in ZnS QDs-
rGO. The S 2p spectrum (Fig. 3f) shows two peaks at 162.9 eV (S
2p1,2) and 161.7 eV (S 2p32) which further validates the presence of
ZnS [34].

To evaluate the electrochemical performance, cyclic voltam-
metry (CV) curves were tested with a scan rate of 0.05mV/s
(Fig. 4a). In the first cycle, a broad cathodic peak less than 1.0 V can
be viewed, which can be attributed to the irreversible formed solid
electrolyte interphase (SEI) film [4,35]. In the next cathodic cycles,
two clear slop changes can be seen at 0.75V and 0.15V, which is
contributed to the conversion reaction of ZnS & K* and the alloying
reaction of Zn & K, respectively [18]. For anodic cycles,
correspondingly two anodic peaks at 1.0V and 0.4V can be seen.
As a result, the reaction process between ZnS and K* is inferred as
the following equations: ZnS + 2K* + 2e~ — Zn+K,S (1); Zn + xK* +
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Fig. 4. Electrochemical performances of ZnS QDs-rGO and ZnS NCs-rGO anode in
PIBs. (a) The CV curves of ZnS QDs-rGO. (b) Galvanostatic charge-discharge curves of
ZnS QDs-rGO at 0.1 A/g. (c) Galvanostatic cycle performances at 0.1 A/g. (d) Rate
performances at 0.05, 0.1, 0.2, 0.5, 1 and 2 A/g. (e) long-term cycle performance of
ZnS QDs-rGO at 1 A/g.

xe~ — KyZn (2). The subsequent CV curves are depicted in Fig. S10
(Supporting information). It can be observed that the redox pair at
a 0.15V is markedly deviation to a lower potential. This can be
attributed to the volume change of ZnS during the potassium ions
insertion [36-39].

Fig. 4b exhibits the galvanostatic charge-discharge profiles of
the ZnS QDs-rGO anode in 1°¢, 20", 100™" and 200" cycles at 0.1
A/g. With the voltage drops to 1.0 V, the slope of the curve suddenly
decreases in the first discharge process. The incipient discharge
capacity of ZnS QDs-rGO is 720 mAh/g and the initial coulombic
efficiency is 63%. The low coulombic efficiency should be attributed
to the establishing process of irreversible SEI film [35]. The obvious
two slope transitions at 0.4 V and 1.0 V during the charging process
and two clear slope transitions at 0.75 V and 0.15 V in the discharge
curves can be founded. After 200 cycles, the discharge capacity
maintains 350.4 mAh/g and the coulombic efficiency keeps at
99.8%. As a comparison, the charge-discharge curves of ZnS NCs-
rGO electrode were characterized (Fig. S11 in Supporting
information). The coulombic efficiency is only 53.0% in the first
cycle. In addition, the voltage platform is not conspicuous,
indicating that the sluggish electrochemical reaction kinetics of
ZnS NCs-rGO due to the agglomeration of ZnS quantum dots.

In order to prove the key effect of uniformly dispersed quantum
dots with the smallest volume change on improved performance of
PIBs. The galvanostatic cycle performances of these anodes were
tested at 0.1 A/g. The pure rGO anode as the benchmark was also
tested (Fig. S12 in Supporting information). The capacity of ZnS
QDs-rGO anode maintains 350.4 mAh/g and the coulombic
efficiency reaches to 99.8% (Fig. 4c). On the contrary, the capacity
of the ZnS NCs-rGO anode decreased significantly in the first 100
cycles and only 200 mAh/g can be obtained after 200 cycles
(Fig. 4c). The capacity of ZnS-rGO anode continued to decline in all
200 cycles (Fig. S14 in Supporting information). The rate perform-
ances were also examined at different current densities from 0.05
A/g to 2.0 A/g (Fig. 4d). The ZnS QDs-rGO anode delivers excellent
reversible capacities of 340.9, 265.6, 224.4, 168.8, 132.2 and
98.8 mAh/g at the constant current density of 0.05, 0.1, 0.2, 0.5, 1.0
and 2.0 A/g, respectively. The discharge capacity of 266 mAh/g can
be restored when the current density is reduced to 0.05 Afg.
Conversely, the rate performances of ZnS NCs-rGO and ZnS-rGO are
worse (Fig. S15 in Supporting information). The capacity is nearly
zero when the current density is 2.0 A/g. The comparative results
confirm the structural advantages of ZnS QDs-rGO once again.

Furthermore, the long-term cycling stability of ZnS QDs-rGO
anode was tested at 1.0 A/g (Fig. 4e). The discharge capacity
maintains at 122 mAh/g even after 500 cycles. Compared with the
electrochemical performances of other reported sulfide anodes in
PIBs, as shown in Table S1 (Supporting information), ZnS QDs-rGO
shows extremely high cycle stability. It is worth mentioning that
the active material in this work has the smallest size compared to
other nanoparticles in PIBs [38-41]. Several structural advantages
of ZnS QDs-rGO have been summarized as follows: a) 2D materials
as the template and buffer can alleviate the accumulation and
volume expansion of quantum dots. b) The volume expansion
effect can be infinitely weakened at the benefit of well-dispersed
minimized quantum dots. ¢) The shortened potassium ions
diffusion channels combined with highly conductive 2D materials
can significantly improve the electrochemical performance of the
composite.

In summary, uniform-dispersed ZnS QDs-rGO composite has
been synthesized and investigated as an anode for PIBs. The ZnS
QDs-rGO anode exhibits an unprecedented capacity of 122 mAh/g
at 1.0 A/g over 500 cycles. Thus, ZnS QDs-rGO anode for PIBs has
superior electrochemical performance, and the uniform-dispersed
quantum dots-graphene structure has particular reference value
for developing other electrode materials.
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