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ABSTRACT: Sodium dual-ion batteries (NDIBs) are attracting extensive
attention recently because of their low cost and abundant sodium
resources. However, the low capacity of the carbonaceous anode would
reduce the energy density, and the formation of the solid-electrolyte
interphase (SEI) in the anode during the initial cycles will lead to large
amount consumption of Na' in the electrolyte, which results in low
Coulombic efficiency and inferior stability of the NDIBs. To address these
issues, a phosphorus-doped soft carbon (P-SC) anode combined with a
presodiation process is developed to enhance the performance of the
NDIBs. The phosphorus atom doping could enhance the electric
conductivity and further improve the sodium storage property. On the
other hand, an SEI could preform in the anode during the presodiation
process; thus the anode has no need to consume large amounts of Na* to
form the SEI during the cycling of the NDIBs. Consequently, the NDIBs
with P-SC anode after the presodiation process exhibit high Coulombic efficiency (over 90%) and long cycle stability (81 mA h
g ' at 1000 mA g~ ' after 900 cycles with capacity retention of 81.8%), far more superior to the unsodiated NDIBs. This work
may provide guidance for developing high performance NDIBs in the future.

= NDIBs without pre-sodiation
e NDIBs with pre-sodiation 1%

harge capacity (mAhg’)

Coulombic efficiency (%)

o L I L I o
) 20 40 &0 80 100

Disc
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KEYWORDS: sodium dual ion battery, anodes, pre-sodiation, phosphorus-doped soft carbon

1. INTRODUCTION
Rechargeable batteries, which could promote the shift from

the abundant and low cost graphite resources will further
reduce the cost of the batteries. In addition, these merits have

petrol (gasoline)-powered vehicles to electrically powered
vehicles, have attracted extensive attention for decades.'
However, the further application of traditional lithium-ion
batteries for large-scale electric energy storage systems (EESs)
is hindered by the high cost and limited lithium resources.

Therefore, more and more researchers are working on
alternative rechargeable batteries, such as sodium-ion batteries
(SIBs),”™"" potassium-ion batteries,"*”"* metal—sulfur bat-
teries,”>™'® and dual-ion batteries (DIBs).'”™*' Among the
various rechargeable batteries, DIBs are considered to be the
effective, low cost, and eco-friendly EESs for energy
storage.””***”%* As we know, the energy density of the
whole battery could be improved by improving the voltage of
the cathode or lowering the voltage of the anode. Therefore, it
is important to develop advanced cathode/anode materials to
meet the need of the high-energy SIBs.**7*° It is known that
the anions could insert/desert into/from graphite cathodes at
high voltage in DIBs, which could improve the voltage of the
tull cell, further leading to enhanced energy density. Moreover,

-4 ACS Publications  © 2018 American Chemical Society

made the graphite a promising cathode for DIBs. In contrast to
the traditional rocking-chair batteries, cations together with
anions are contributing to the specific capacities of DIBs during
charge/discharge processes.”” Typically, the anions/cations in
the electrolyte intercalate into cathode/anode materials during
the charge process and deintercalate from cathode/anode back
to the electrolyte during the discharge process.”® In the past,
extensive investigation of electrolytes in DIBs focused on
lithium-based salts and other ionic liquids.””*”**~*" Until
recently, the sodium-based DIBs (NDIBs) have been developed
and attracted much attention because of the abundance and low
cost of sodium resources.””*

It is known that the anodes of SIBs usually suffer from a large
amount of sodium loss because of the solid-electrolyte
interphase (SEI) formation during the initial cycle, and the
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Figure 1. The morphology of the P-SC. (a) SEM, (b) TEM, (c) EDS elemental mapping of P-SC, and (d) geometric structures for Na adsorption
on the C and the P-SC (including P—C, P—-O—C and P—O C) monolayer of top views. (e) Density of states (DOS) for the C and the P-SC

(including P—C, P—-O—C, and P-O C).

initial Coulombic efficiency (ICE) of SIBs mostly is lower than
70%.2¥*7% In the sodium half cells, the influence of this
trouble is unconspicuous because of the far in excess of sodium
in the sodium electrode. As this problem will result in severe
issues in the full cells, including low capacity, inferior cycle
stability, and limited lifespan, it should be treated with caution.
The NDIBs suffer from, not surprisingly, low Coulombic
efficiency and inferior cycle stability as well.*****"7 In
addition, the low capacity of carbonaceous anode and the
sodium depletion in the electrolyte would significantly reduce
the capacity and energy density of NDIBs. Therefore, it is
urgent to develop new anode materials with high capacity and
new methods to offset the initial irreversible loss of sodium
ions.*”**

In this contribution, we synthesized a high capacity
phosphorus-doped soft carbon (P-SC) anode and demon-
strated a valid approach to offset the initial sodium loss via
anode presodiation. As a consequence, the NDIBs with the P-
SC anode after presodiation exhibited improved Coulombic
efficiency (>90%), high discharge capacity (118 mA h g™' at
500 mA g'), excellent rate performance, and long cycle
stability (81 mA h g™ after 900 cycles at 1000 mA g~' with
capacity retention of 81.8%), much superior to the unsodiated
NDIBs (u-NDIBs), which delivers poor Coulombic efficiency

15752

of 75% and inferior cycle stability (44 mA h g™' after 400 cycles
at 1000 mA g~ with a capacity retention of 47.8%).

2. EXPERIMENTAL SECTION

Pyrolysis of perylene tetracarboxylic dianhydride (PTCDA) as a
feasible method to obtain soft carbon (SC) has been reported.*>*>>°
PTCDA was purchased from J&K Scientific, and used as received. The
P-SC and SC were obtained from thermal polymerization of PTCDA
with a slow heating rate. Typically, in order to obtain the P-SC, 2 g
PTCDA and 2 g phosphorus powder were homogeneously mixed and
placed into a quartz boat and then annealed at 600 °C under Ar
atmosphere for 4 h with a heating rate of 2 °C min™". For the synthesis
of SC, 2 g pure PTCDA was annealed at 600 °C under Ar atmosphere
for 4 h with a heating rate of 2 °C min™".

2.1. Material Characterizations. The microstructure morphology
of P-SC and SC was studied via FE-SEM (Hitachi S-4800) equipped
with an X-ray energy-dispersive spectrometer and JEOL JEM-2100F
TEM. X-ray diffraction (XRD; Philips, X'Pert Pro) was conducted
using Cu Ka radiation (4 = 0.154056 nm) over a 26 range of 5°—80°
to investigate the crystalline structure of P-SC and SC. Raman spectra
of P-SC and SC were measured via a Renishaw 2000 system. X-ray
photoelectron spectroscopy (XPS) analysis of P-SC and SC was
conducted via ESCALAB 250Xi. BET surface area measurements were
performed with a Quantachrome instrument (Quabrasorb SI-3MP).
Electronic conductivity measurements were carried out at room
temperature using the four-point method. The sample disk for the
measurement was compacted through a hydraulic system.

DOI: 10.1021/acsami.8b03648
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2.2. Calculations Method. The first principle was carried out with
the Cambridge Sequential Total Energy Package, and in which
projected-augmented-wave potential was performed. Moreover, the
Perdew—Burke—Ernzerhof and generalized gradient approximation
were carried out in the electronic exchange—correlation energy
calculations. In all the calculations, the results were performed to be
converged, in which the maximum stress was lower than 0.01 GPa, the
maximum force on the atom was lower than 0.01 kcal mol™ A~ and
the maximum displacement was below 1 X 1075 A.

2.3. Electrochemical Measurements. The P-SC or SC/
acetylene black/carboxyl methylated cellulose (7:2:1, w/w/w) was
dissolved into the solution of C,H;OH/H,O (1:2.5, w/w) and stirred
for 8 h. The mixture was pasted onto a thin copper foil and then dried
at 65 °C in a vacuum oven. The weight of the active material was
about 0.8—1.2 mg cm™> The graphite cathode was prepared with a
weight ratio of graphite/acetylene black/carboxyl methylated cellulose
(8:1:1, w/w/w) and casted onto an aluminum foil. Sodium-ion half
cells (SIBs) were assembled with 2032-type coin cell in a glovebox
under Ar (H,0 <0.5 ppm, O, <0.5 ppm) using sodium metal as the
counter electrode. The sodium-based dual-ion full cells (NDIBs) were
assembled with graphite as the cathode; the weight ratio of graphite/P-
SC in NDIBs is around 3:1, which is the optimized cathode/anode
capacity ratio. The electrolyte used for NDIBs was 1 M NaPF, in EC/
DMC (6:4, v/v). The separator membrane used for both SIBs and
NDIBs was Whatman G/A. The amount of the electrolyte for each cell
was around 60 uL for SIBs and 120 uL for NDIBs. The galvanostatic
charge/discharge process was investigated via Arbin Instrument BT
2000 model. For SIBs, the charge/discharge voltage range was 3.0—
0.01 V (vs Na*/Na). Cyclic voltammetry (CV) curves were performed
in the electrochemical workstation at a scan rate of 0.1 mV s~ with a
voltage range from 3.0 to 0.01 V (vs Na*/Na). For the NDIBs and the
graphite cathode in the SIB, the galvanostatic charge/discharge
processes were all investigated with the voltage range of 2.0—4.7 V.
All the capacities were calculated from the weight of the anode
materials. The anode presodiation process was as the following. The P-
SC was assembled for SIBs and cycled for one cycle to allow the
formation of SEI in the anode, and then, the P-SC electrode was taken
out from the SIBs and assembled for NDIBs for the subsequent
measurements.

3. RESULTS AND DISCUSSIONS

It is reported that SC synthesized at a high temperature of 900
°C exhibits high ICE around 80% for SIBs recently, and when
the SC was used as an anode for NDIBs, the battery could
deliver excellent cycle stability and Coulombic efficiency.*
Therefore, in order to acquire high capacity anode with low
ICE (<70%) for sodium storage, SC and P-SC were facilely
synthesized at a relative low temperature of 600 °C. Scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) were conducted to investigate the
morphology of the as prepared P-SC and SC. The SEM
image of P-SC (Figure Sla) clearly revealed that the structure
of P-SC was composed of many microrods, with the diameter
of a single microrod about 1 pm. It was clear that the surface of
the single microrod was quite smooth, which was confirmed via
the SEM and TEM images in Figure la,b. Furthermore, the
transversal striations were observed in both SEM and TEM
images (Figure S1b,c), which could be interpreted as the
oriented crystallite growth of perylene-3,4,9,10-tetracarboxylic
dianhydride (PTCDA) during the pyrolysis process.”’ High-
resolution TEM (HRTEM) was performed to investigate some
selected micro area of the P-SC. As shown in Figure S1d, lattice
fringes with a specific orientation were observed, consistent
with the oriented crystallite growth of PTCDA, indicating the
existence of the localized microcrystalline structure in P-SC. In
order to investigate the element distribution of P-SC, energy-
dispersive spectroscopy (EDS) elemental mapping (Figure 1c)

was performed. The EDS elemental mapping showed the
uniform distribution of carbon, oxygen, and phosphorus,
indicating that the phosphorus atoms had been homogeneously
doped into the carbonaceous substrate. The atomic contents of
C, O and P were 93.68, 5.22 and 1.09%, respectively.

As a comparison, the SEM image of SC (Figure S2a)
revealed that the SC also had a microrod structure with a
diameter of a single microrod about 3—5 pm, which was much
bigger than that of P-SC. The transversal striations could also
be observed in SEM (Figure S2b) and TEM images (Figure
S2c). In addition, unconspicuous lattice fringes were observed
in the HRTEM image (Figure S2d), indicating the disordered
structure of SC. The different morphologies between P-SC and
SC (as observed from the SEM and TEM images) were
probably because of the phosphorus doping in P-SC. For the
nature of the sp*>-bond of carbon, the electron-rich P-SC lattices
could easily lead to “out of plane” bonding configurations,
which may induce curvature and closure of the system during
growth. Hence, the microrod size of P-SC became smaller.>”

To further characterize P-SC and SC, XRD and XPS
measurements were performed. The XRD patterns (Figure
S3a) of P-SC and SC exhibit two major humpy peaks at around
24.8° and 43.2°, corresponding to the (002) and (100) planes
of SC, respectively.52 Moreover, XPS measurements were
carried out to further investigate the chemical structures of P-
SC and SC. Figure S3b shows the full survey XPS of P-SC. Five
peaks at around 18, 135, 192, 285, and 533 eV were assigned to
the O 2s, P 2p, P 2s, C 1s, and O 2, respectively. In addition,
the amount of C, O, and P in P-SC calculated via XPS was
93.15, 5.77, and 1.08% by atomic content, respectively, close to
the values determined by EDS. The high-resolution P 2p XPS
spectrum of P-SC in Figure S3c showed two main peaks at
134.2 and 135.0 eV, corresponding to the bond of P—O and
P—C, respectively.”> The XPS results indicated that the
phosphorus atoms had been successfully and uniformly
incorporated into the P-SC. In contrast, the full survey XPS
curve of SC (Figure S3d) revealed only three peaks at 18, 285,
and 533 eV, attributed to O 2s, C 1s, and O Is, respectively.
The amount of C and O in SC was 98.36 and 1.64% by the
atomic content, respectively. Besides, Raman spectra (Figure
S3e) were used to evaluate the degree of structural formation of
P-SC and SC. There are two distinct peaks located at around
1340 and 1485 cm™, corresponding to the D band and G band,
respectively. Generally, the intensity ratio (Ip/Ig) of D band
and G band could be used for gauge for the amount of structure
defects.”® It is obvious that the I/I increased from 0.971 for
SC to 1.098 for P-SC, and this phenomenon might be due to
the increased content of phosphorus and oxygen functional
groups in P-SC encouraging it to be more disordered. In
addition, the increased functional groups in P-SC are beneficial
for the electrode to obtain high capacity.

To evaluate the total specific surface area (SSA) of P-SC and
SC, nitrogen adsorption/desorption isotherms measurements
were conducted. As shown in Figure S4a, the SSA of P-SC was
only 1.15 m* g/, with the pore diameters (Figure S4b) of P-SC
around S—14 nm. As a comparison, the SSA of SC is 9.81 m*
g~!, with the pore diameters around 20—60 nm (Figure S4c,d).
The low surface area of P-SC and SC indicated the close
packing of P-SC and SC, which was beneficial for obtaining
high volumetric energy density.

In order to explore the effect of the phosphorus doping,
density functional theory (DFT) calculations were imple-
mented with pristine carbon and different phosphorus-doped

DOI: 10.1021/acsami.8b03648
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Figure 2. (a) The rate performance of P-SC and SC at current densities from 100 to 2000 mA g™". The long cycling of P-SC at a current density of

(b) 100 and (c) 2000 mA g™

carbon chemical structures (Figure 1d). The bonding between
atoms was analyzed from electronic density states. It could be
found that the DOS of the SC (named as C) and P-SC with
possible structures (including C—P, P—-O—C, and P—O C)
(Figure le) elucidates that both the SC and P-SC were metallic,
which is similar to the reported results.>* Besides, remarkable
new peaks nearby the Fermi energy level in the conduction
band were brought by the incorporation of phosphorus and
oxygen atoms into the carbon and forming bonds of C—P, C—
P—O-C, or C—P—O0. In other words, the phosphorus atom or
phosphorus—oxygen bonds incorporated into SC would
improve the metallic behavior and interrupt the polarized
transport degeneracy of the SC, resulting in a transformation of
SC from the intrinsic semiconductor to n-type semiconductor,
which is conducive to the fast sodium storage performance.”>*
We also performed the electronic conductivity of P-SC and SC
to meet the DOS result. The electronic conductivity of P-SC
was 9.79 X 1073 S/cm, which was an order of magnitude larger
than that of SC (7.46 X 10™* S/cm). Finally, the peaks at the
Fermi energy of sodium overlapped with other elements for P-
SC with C—P and C—P-O-C bonds (Figure SSb,c),
indicating interaction between them, while, no peaks at the
Fermi energy of sodium for SC and P-SC with C—P—O bonds
appeared (Figure S5a,d). Furthermore, the Na-adsorption
energies of P-SC with C—P were more negative than that of
SC, which was consistent with the recent ﬁndings.55 Above all,
the DFT calculation further indicated that the phosphorus-
doping could enhance the sodium storage properties.

In order to investigate the Na" storage capacity of P-SC and
SC, half cells were assembled in a glovebox using sodium metal
as the counter electrode. CV curves were performed to
investigate the Na' storage mechanism of P-SC and SC. As
shown in Figure S6a, the CV curves of P-SC exhibited a broad
peak at 1.0—0.3 V in the initial discharge process, which
disappeared in the subsequent cycles. The broad peak was
believed to be mainly due to the formation of the SEL>
Nonetheless, in the subsequent discharge cycles, a sloping
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region located at 0.25—1.0 V was observed, which was
attributed to the Na* reacted with the functional groups in
the P-SC. In addition, the cathode peak at around 0.01 V was
mainly due to the Na* insert into the SC.*° During the charge
processes, only a humpy peak located at 0.1-1.0 V was
observed, which could be interpreted as the deintercalation of
Na* from the SC and the functional groups. As a comparison,
the discharge processes of SC (Figure S6b) only revealed one
peak at around 0.01 V. This could be due to the lack of P atoms
in the SC, leading to less functional group. In addition, this
reason could be used to explain the disappearance of the
humpy sloping region of 0.5—1.0 V during discharge of SC
when compared with P-SC.

Different electrochemical properties between P-SC and SC
could be further confirmed via the charge/discharge profiles
(Figure S7a). According to the initial discharge/charge curves
of P-SC and SC, the discharge/charge capacity of P-SC and SC
were 478/283 mA h g_1 and 323/180 mA h g_l, corresponding
to an ICE of 59.2 and 55.7%, respectively. Again, the large
irreversible sodium loss during the initial cycle was attributed to
the formation of the SEI Besides, the discharge profiles of P-SC
and SC could be divided into two regions. The high voltage
region of P-SC and SC at 1.0—0.25 V could be interpreted as
the Na* reacted with the functional groups in the carbonaceous
substrate and the low voltage platform below 0.25 V was due to
the insertion of Na" into the SC. It was clear that the discharge
capacity of P-SC (312 mA h g™') was higher than that of SC
(196 mA h g™") at the high voltage region (over 0.25 V vs Na*/
Na), which again could be accounted for more functional
groups of P-SC than that of SC. The superior electrochemical
property of P-SC could be further demonstrated by rate
performance (Figure 2a). Apparently, P-SC showed higher
capacity at various current densities than that of SC. The P-SC
(vs SC) delivered a capacity of 256 (vs 195), 24S (vs 162), 220
(vs 140), 204 (vs 126), 193 (vs 115), 180 (vs 108), and 131 (vs
41) mA h g™ at various current densities of 100, 200, 400, 600,
800, 1000, and 2000 mA g, respectively. The corresponding
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Figure 3. Electrochemical performance of the NDIBs with the configuration of unsodiated P-SC (anode)ll M NaPF, (electrolyte)lgraphite
(cathode), named u-NDIBs. (a) Initial charge/discharge profile of the u-NDIBs at the current density of S00 mA g~". (b) Rate property of the u-
NDIBs at various current densities from 500 to 3000 mA g~ from the second cycles. (c) Cycling stability of the u-NDIBs at the current density of
500 mA g~' from the second cycles. (d) Cycling stability of the u-NDIBs at the current density of 1000 mA g

discharge/charge curves of P-SC and SC at various current
densities are shown in Figure S8a,b, respectively. Notably, when
the current density returned back to 100 mA g~ " after 80 cycles
at various current densities, the P-SC (vs SC) could still recover
a reversible capacity of 252 (vs 171) mA h g™/, indicating the
excellent rate recyclability of both P-SC and SC.

In addition to the outstanding rate performance, P-SC also
exhibited preeminent long cycle stability (Figure 2b,c). Figure
2b shows the cycle stability of P-SC at a current density of 100
mA g, A reversible capacity of 242 mA h g~ was obtained
even after 500 times of repeated discharge/charge processes
(with capacity retention of 89.7% or capacity decay of 0.0206%
per cycle, based on the capacity of the second discharge). It was
worth mentioning that when the environment temperature
decreased to 15 °C, a capacity of 220 mA h g_1 could still be
retained (91.6% capacity maintained with respect to the
capacity at 25 °C) at 100 mA g~'. When the environment
temperature rose back to 25 °C, the capacity still could recover
to 240 mA h g~'. For convenience, the discharge/charge curves
of P-SC at different cycles and different temperatures are shown
in Figure S9. There was no obvious difference in the charge/
discharge platform of P-SC after S00 cycles, indicating the
superior cyclability of P-SC. Furthermore, the cycle stability of
SC (Figure S7b) and P-SC (Figure 2c) was further investigated
at a high current density of 2000 mA g~'. Notably, a reversible
capacity of 89 mA h g™' of P-SC still retained even after 3000
cycles, with capacity retention of 68.5% (or capacity decay of
0.010% per cycle) based on the capacity of the second
discharge. However, the capacity of SC is relatively low and
decayed rapidly. The comparison of the P-SC anode with other
carbonaceous anodes reported in previously literatures are
presented in Table S1.
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Besides, the rod structure of the P-SC was maintained even
after sequential discharge/charge processes. Figure S10a—c
shows the SEM, TEM, and HRTEM images of the P-SC after
500 cycles at the current density of 100 mA g, respectively. It
was obvious that the similar rod structure is still retained. As the
rod shape morphology could provide the stable framework and
electron transportation channels, which was responsible for the
superior long cycle stability.”> On the other hand, the
phosphorus doping could significantly reduce the impendence
of the SIBs (agrees well with the DFT calculations), which was
crucial for the P-SC to achieve superior electrochemical
properties (Figure S11).

In view of the superior rate performance and low ICE
(59.2%) of the P-SC, the sodium-based dual-ion full batteries
(NDIBs) were assembled to investigate the importance of
offset the initial sodium loss in NDIBs. The typical charge/
discharge profile of graphite cathode in Na half-cells is
presented in Figure S12a. The NDIBs were assembled with
the configuration of unsodiated P-SC (anode)/NaPF; (electro-
lyte)lgraphite (cathode), named u-NDIBs. It could be seen that
the u-NDIBs delivers an initial charge/discharge capacity of
2673/125 mA ¢!, corresponding to an ICE of 4.69% (Figure
3a). The extremely low ICE of the u-NDIBs was possibly
caused by the large amount of sodium loss in the initial cycle
(due to the formation of SEI in the anode) and was detrimental
for any practical applications. The rate performance of the u-
NDIBs (Figure 3b) showed discharge capacity of 95, 85, 79, 75,
72, and 69 mA h g_1 at the current density of 500, 1000, 1500,
2000, 2500, and 3000 mA g_l, respectively. In addition, the
corresponding charge/discharge profiles of the u-NDIBs at
various current densities are shown in Figure S12b.
Furthermore, the cycling of the u-NDIBs (Figure 3c) exhibited
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Figure 4. The electrochemical performance of the NDIBs with the configuration of presodiated P-SC (anode)ll M NaPF, (electrolyte)lgraphite
(cathode), named p-NDIBs. (a) The initial charge/discharge profile of the p-NDIBs at the current density of 500 mA g™". (b) The cycling stability of
the p-NDIBs at the current density of 500 mA g™". (c) The cycling stability of the p-NDIBs at the current density of 1000 mA g~". (d) The rate
property of the p-NDIBs at various current densities from 500 to 3000 mA g™'.

a reversible capacity of 79 mA h g™' after 100 cycles with a
capacity retention of 73.1% based on the second discharge.
However, the Coulombic efficiency of the u-NDIBs at 500 mA
g' is below 80%. Moreover, when the current density
increased to 1000 mA g~ (Figure 3d), a poor cycling stability
was obtained with a reversible capacity of 44 mA h g™" after 400
cycles, with a capacity retention of only 47.8% based on the
second discharge. The large amount SEI formation in the anode
during the initial charge process can be the one utmost reason
for the inferior electrochemical properties of the u-NDIBs,
further resulting in a poor Coulombic efficiency and inferior
cycling stability of the u-NDIBs.

To resolve the above problem, we proposed an anode
presodiation method prior to assembling the NDIBs. The
detailed anode presodiation process was as the following: the P-
SC anode was assembled into SIBs first and was cycled only
once to allow the formation of the SEI in the P-SC; then, the P-
SC electrode was taken out from the SIBs and assembled the
NDIBs for the subsequent measurements, named p-NDIBs.
The initial charge/discharge profile of the p-NDIBs (Figure 4a)
exhibited a charge/discharge capacity of 309/112 mA h g7,
corresponding to an ICE of 36.2%, which was around 8 times
higher than that of u-NDIBs. The typical CV curve at a scan

15756

rate of 0.5 mV s™" is shown in Figure S13a. Moreover, the cycle
stability of the NDIBs after presodiation was also improved
significantly. It could deliver a reversible capacity over 110 mA
h ¢! after 100 cycles without obvious capacity decay (Figure
4b). The Coulombic efficiency increased to 95% after a few
cycles, much higher than that of u-NDIBs (beneath 80%).
Furthermore, when a high current density of 1000 mA g~ was
applied (Figure 4c), a reversible capacity of 81 mA h g~' was
obtained after 900 cycles with capacity retention of 81.8%,
corresponding to a capacity decay of 0.02% per cycle. It was
worth mentioning that the Coulombic efficiency was up to
98%, except for the initial several cycles.

The p-NDIBs not only presented excellent cycle stability and
high Coulombic efficiency but also exhibited superior rate
performance. The p-NDIBs delivered a discharge capacity of
108, 98, 89, 83, 78, and 73 mA h g_1 at the current density of
500, 1000, 1500, 2000, 2500, and 3000 mA g_l, respectively
(Figure 4d). Furthermore, when the p-NDIBs was stored for 24
h after various cycles, it still delivered excellent cycling stability
and rate performance, with a reversible capacity of 118 mA h
g_1 at 500 mA g_1 even after 200 cycles at various current
densities. In particular, the p-NDIBs exhibited Coulombic
efficiency over 90% after several cycles, which was much higher
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Figure 6. (a) XRD patterns of the graphite cathode at the state of pristine and after one cycle. (b) Proposed mechanism of the u-NDIBs after one
cycle. (c) SEI formation during the presodiation process. (d) Proposed mechanism of the p-NDIBs after one cycle.

than that of u-NDIBs. In addition, when the current density is
increased from 1000 to 3000 mA g~', the Coulombic efficiency
is also improved to 95—99.99%. Again, when the current
density returned back to 500 mA g™/, a relative high Coulombic
efficiency of 95% still could be obtained. The corresponding
charge/discharge profiles of the p-NDIBs at various current
densities are shown in Figure S13b. It should be noted that the
superior electrochemical properties of p-NDIBs are comparable
to the previous work (Table S2). Besides, the cycle perform-
ance of the NDIBs with the SC anode before and after anode
presodiation was also performed. As shown in Figure S14, the
NDIB after presodiation exhibits more stable cycle performance
than that without presodiation, which also further demon-
strated the favorable influence of the anode presodiation
process on the cycle stability of NDIBs.

15757

To investigate the mechanism of the significant improvement
in electrochemical performance for NDIBs after presodiation,
SEM and XPS measurements of the P-SC electrode of NDIBs
and SIBs after the initial cycle were conducted (Figure 5). The
SEM images of the P-SC electrode (Figure Sa—c) after the
initial cycle revealed the formation of the SEL In addition, the
XPS measurements (Figure Sd,e) were conducted to confirm
the SEI on the surface of the P-SC electrode. The distinct peaks
of F 1s and Na 1s were observed for the both P-SC electrodes
in the full survey XPS curves, and the atomic ratio of the F/Na
is 20.87%:23.03% and 21.81%:21.31% for the P-SC electrode
after presodiation and after the initial cycle of NDIBs,
respectively. Moreover, the high-resolution F 1s XPS of the
P-SC reflected that the F element for P-SC was from NaF
although there was little PF4™ in the P-SC electrode of NDIBs
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after the initial cycles. In other words, the formation of NaF
during the SEI formation consumed the Na® in the electrolyte,
which might break the balance of the Na* and PF™ in the
electrolyte.

In addition, the XRD measurements for graphite cathode
were conducted after one cycle for the u-NDIBs and p-NDIBs
(Figure 6a) to investigate the influence of the initial sodium
loss which was offset by anode presodiation. It was obvious that
the graphite was almost fully recovered for the p-NDIBs, while
there was still a humpy peak around 26° for the u-NDIBs. The
XRD humpy peak around 26° for the u-NDIBs was probably
due to the PF ™ residues in the graphite cathode. This was
attributed to the SEI formation during the initial charge process
of the u-NDIBs, resulting in large amount of sodium loss and
thus the PF¢™ residues left in the graphite (Figure 6b). On the
other hand, for the p-NDIBs, the SEI had formed during the
presodiation process (Figure 6c), which could avoid the large
amount sodium loss during cycling. Consequently, most of the
PF4~ in p-NDIBs could be deserted from the graphite cathode
during discharge process, and the graphite would recover more
readily (Figure 6d).

4. CONCLUSION

In summary, we have synthesized a high capacity P-SC anode
and demonstrated a valid approach to offset the initial sodium
loss via anode presodiation for high performance sodium-based
DIBs. The NDIBs with the pre-sodiation process deliver high
discharge capacity, excellent rate performance, superior
Coulombic efficiency (p-NDIBs vs u-NDIBs: 95 vs 75% after
a few cycles at 500 mA h g™'), and long-term cycling stability
(p-NDIBs vs u-NDIBs: 81 mA h g~' at 1000 mA g™" after 900
cycles with capacity retention of 81.8% vs 44 mA h g™' after
400 cycles at 1000 mA g~' with a capacity retention of 47.8%).
This work provided a facile method to improve the anode
capacity by phosphorus doping and also demonstrated an
efficient way to offset the initial sodium loss.
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Potassium-sulfur (K-S) battery represents one of the most promising electrochemical energy storage
devices because of the low cost and abundance of potassium and sulfur resources, but the inferior cycle
stability and high operating temperature seriously impede its applications. Herein, a high energy and
stable room temperature K-S battery was developed with a confined ad covalent sulfur cathode, which
could deliver an energy density as high as ~445 Wh Kg~', a Coulombic efficiency close to 100%, and a

superior cycle stability with a capacity retention of 86.3% over 300 cycles at a voltage cut-off of 0.8—3.0 V.
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This work displayed a basic study on the rechargeable potassium-sulfur batteries and may pave the way
for designing sulfur based electrode materials for potassium based ion batteries.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium ion batteries have been commercialized for decades
since their first launch by Sony in the early 1990s and are becoming
more and more popular in our daily life. However, the limited
lithium resources and high cost of lithium ion batteries have
aroused severe concerns over their long-term development [1].
Therefore, tremendous efforts have been dedicated to exploring
alternative rechargeable metal ion batteries, including potassium
ion batteries (PIBs) [2—27], sodium ion batteries (SIBs) [28—33],
magnesium ion batteries (MIBs) [34], and aluminum ion batteries
(AIBs) [35]. Among them, PIBs are considered one of the most
promising rechargeable batteries, not only due to the plenty and
low cost of potassium resources, but also the benefits coming from
the lower standard electrode potential of K (—-2.93V wvs. E%
compared with Na (—2.71V vs. E®), Mg (—2.37V vs. E°), and Al
(—1.66 V vs. E%), implying that the PIBs may possess a higher energy
density and a higher discharge voltage in comparison to SIBs, MIBs
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and AlIBs. In addition, sulfur, one of the most efficient cathode
materials due to its high capacity and inexpensiveness, has been
vigorously investigated in lithium-sulfur (Li-S) batteries and
sodium-sulfur (Na-S) batteries [36—49]. Despite of that, the study
on potassium-sulfur (K-S) batteries is still in the infancy stage.
Therefore, investigation and development of potassium-sulfur (K-
S) batteries through incorporating the sulfur electrode into potas-
sium batteries are highly demanded.

K-S batteries are facing the same problem as Li-S and Na-S
batteries, the infamous shuttle effect (the transport of soluble
polysulfides between cathode and anode), which leads to an infe-
rior Coulombic efficiency and a rapid capacity decay. Besides, the
radius of potassium ion (133 pm) is much larger than that of lithium
ion (76 pm) and sodium ion (102 pm), causing a huge volume
expansion during potassiation/depotassiation processes and
possibly destroying the electrode materials, which further de-
teriorates the electrochemical performance. Even though K-S bat-
teries have been reported by Chen group and Lu group, their poor
cycle stability and high operating temperature remain the big
challenges [50,51]. Therefore, it is urgent to develop K-S batteries
which have a better cycle stability and are able to work at room
temperature. Besides, the sulfur in the previously K-S batteries are
main Sg or K5S,, which will result in serious shuttle effect just like
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Li-S and Na-S batteries, and the performance will be restricted
[50,52]. Drawing on the experience of Li-S and Na-S batteries, the
performance of metal-sulfur batteries could be significantly
enhanced by confining sulfur in carbon materials or choosing co-
valent sulfur as the sulfur host materials [40,53—55]. Therefore,
covalent sulfur confined in the host was employed to improve the
electrochemical performance of K-S batteries.

Herein, we reported a stable room temperature K-S battery,
which  was  assembled using 1M  potassium  tri-
fluoromethanesulfonate (KSO3CF3) in ethylene carbonate: diether
carbonate (EC:DEC, 1:1 v/v) as the electrolyte, confined and cova-
lent sulfur cathode (CCS, 39.25% sulfur content) as the sulfur host
material, and potassium foil as the anode. Most excitingly, no
shuttle effect was observed in the K-S batteries, benefiting from the
covalent and confined sulfur in the CCS as well as the carbonate
electrolyte. Besides, with a cut-off voltage range from 3.0V to 0.8 V,
the morphology of CCS was well maintained. Hence, the K-S bat-
teries, as expected, delivered a high reversible capacity of
343 mAhg ! (calculated based on the total weight of CCS cathode),
a high energy density of ~455 Wh Kg~!, a stable cyclability over 300
cycles, a superior capacity retention of 86.3%, and a high Coulombic
efficiency around 100%.

2. Experimental section
2.1. Material synthesis

2.1.1. Synthesis of confined and covalent sulfur (CCS)

All chemicals were used as received without further purifica-
tion. Polyacrylonitrile (M,:150000) was purchased from Sigma-
Aldrich. KSO3CF3, ethyl carbonate, and diethyl carbonate were
purchased from BASF. The CCS materials was synthesized according
to a previously described method [48]. Typically, annealing the
polyacrylonitrile and sulfur (weight ratio of 1:3) at 350°C, 450°C
and 550 °C for 10 h with a heating rate of 5°C min~! under Ar. For
comparison purposes, CCS based carbonaceous materials were
prepared by annealing the polyacrylonitrile at 350 °C, 450°C or
550 °C for 10 h with a heating rate of 5°C min~! under Ar.

2.1.2. Preparation of electrolyte

The electrolyte was prepared by dissolving KSO3;CF3 (0.75 g) in
the solvents of 2 ml ethyl carbonate (EC) and 2 ml diethyl carbonate
(DEC) (1:1, v/v), and then stirred for over 6 h before usage. The ether
based electrolyte was prepared by dissolving 0.75 g KSO3CF3 in 4 ml
DME.

2.2. Material characterizations

The morphology of the CCS was characterized by Titan G2 60-
300 TEM and Hitachi S-4800 SEM. XRD patterns were recorded by
Philips, X'pert pro with a Cu Ko =0.154056 nm. Raman spectra
were measured with Renishaw 2000. XPS measurements were
investigated by ESCALAB 250Xi. BET surface area measurements
were performed with a Micromeritics ASAP 2020 surface area and
porosity analyzer.

2.3. Electrochemical measurements

The CCS electrode was fabricated as follows: CCS based carbo-
naceous materials, carbon black, and carboxyl methyl cellulose
with a weight ratio of 8:1:1 were dissolved into the solution of
C,H50H and deionized water (1:3, w/w), and stirred for over 8 h
before spreading them onto an aluminum foil. Then let it dry at
80°C in oven for over 24 h (as the sulfur is covalent and confined,
the 80 °C drying process will not lead to obvious sulfur loss). The

average areal weight loading of the CCS materials was about
1.0-1.5mgcm™2. All the potassium-sulfur 2032 type coin cells
were assembled in glovebox under Ar with CCS as the cathode,
potassium foil as the anode, 1M KSO3CF3 in EC:DEC (1:1, v/v)or 1M
KSO3CF3 in DME as the electrolyte, and Whatman glass fiber as the
separator. The dosage of electrolyte for each coin cell is around
120 pl. The galvanostatic charge/discharge and rate performance of
the K-S batteries were performed by Arbin Instrument BT 2000
model. Electrochemical workstation was used to investigate the
cyclic voltammograms (CV) of the K-S batteries with a scan rate of
0.2mV s~ ! and a voltage range of 3.0—0.1 V.

To test the cycled electrodes, the K-S batteries were dis-
assembled followed by washing the electrodes with DEC for twice
to remove the potassium salt. All the operations were conducted in
the glove box.

Calculation of the theoretical capacity of the K-S batteries with
CCS annealed at 450 as cathodes with 0.8—3.0V: it could be found
that the capacity of the carbon derived from pure polyacrylonitrile is
negligible when the discharge cut—off is over 0.5V (Fig. S6). There-
fore, we calculated the theoretical capacity of CCS annealed at 450 °C
based on the sulfur content (39.25%). Assumption that the S could be
fully reduced to S?>~ and formation of K,S, the theoretical capacity is
Cthe = 1675 mAh g~ ! x 39.25% =657 mA h g~ . Assumption that the
S could be reduced to S3~ and formation of K»S,, the theoretical ca-
pacity is Cphe=1675mAhg ! x 05 x 39.25%=3285mAhg .
Assumption that the S could be reduced to S3~ and formation
of K5Ss, the theoretical capacity is
Cihe = 1675mAh g1 x 03333 x 39.25% = 219.1 mAhg~". Nonethe-
less, the theoretical capacity is 2191 mAhg™! < Cjpe < 657 mAh g~!
when the final production is the mixture of K3S, K»S», and K3Ss. The
energy density values E (W h kg~!) were calculated as: E = Cq*Vg,
where Cq represents for the discharge capacity, Vq represents for the
medium discharge voltage.

3. Results and discussion

The confined and covalent sulfur (CCS) was prepared by ther-
mally annealing the polyacrylonitrile and sulfur at 350°C, 450 °C
and 550°C for 10 h. Fig. 1 exhibits the characteristics of the CCS. It
can be seen that CCS@ 450 °C (Fig. 1a and b) is mainly comprised of
spherical nanoparticles. There is no apparent lattice fringe in the
high-resolution transmission electron microscope (HRTEM) image
(Fig. 1¢), indicating that the CCS@ 450 °C is polycrystalline, which is
further confirmed by the rings observed in the SAED pattern (Fig. 1c
inset). Besides, the elemental mappings (Fig. 1d) exhibit a homog-
enous distribution of sulfur, carbon, and nitrogen in the nano-
spherical particles. Moreover, the sulfur content calculated from
the elemental mapping is 38.6%, consistent with the element
analysis (39.25%), suggesting a homogenous distribution of sulfur
in the CCS.

To evaluate the total specific surface area (SSA) of CCS at
different temperature, nitrogen adsorption/desorption isotherms
measurements were conducted. The specific surface area of CCS@
450°C was 142744m’g !, with the pore diameters
(Supplementary Fig. S1d) of 2—7 nm. As comparison, the specific
surface area of CCS@ 350°C and CCS@ 550 °C was 13.8796 m? g !
and 5.6779 m? g~ !, with the pore diameters around 2-5 nm and 10-
50 nm (Supplementary Fig. S1b and S1f). The low surface area of
CCSs indicated the close packing of CCS, which was beneficial for
obtaining high volumetric energy density.

The Fourier transform infrared spectroscopy (FTIR) spectra
(Fig. 1e) of the three composites display similar characteristic
peaks, except for the gradually weakened peaks of S-S bond
(933 cm~! and 510 cm~ ") with the rising of annealing temperature
[55]. In addition, the existence of C-S bond (661 cm™') along with S-
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Fig. 1. Morphology and structure characterization of the sulfur cathode. a) SEM image. b) TEM image. c¢) HRTEM image. inset: SAED pattern. d) Elemental mapping. e) FTIR spectra. f)
Raman spectra. g) XRD patterns. h) Cycle performance of CCS annealed at different temperature.

S bond offers a strong evidence to prove that the sulfur element
forms covalent bonds in the CCS. Furthermore, the Raman spectra
(Fig. 1f) also demonstrate the existence of S-S bonds (470 cm™~! and
926 cm™!) in the CCS materials. The XRD patterns in Fig. 1g display
one peak at around 25.5°, which could be assigned to the (0 0 2)
plane of the disordered carbon. Meanwhile, two sharp peaks
located at 26.7° and 55.2° are observed in CCS@ 350 °C, corre-
sponding to (3 11) and (2 6 8) facets of sulfur (Sg: PDF#74-1465).
These results indicate that the sulfur in the CCS is confined and
covalent, which is beneficial to the electrochemical performance.
Electrochemical performance of the three sulfur containing
composites was evaluated. Fig. 1Th presents the cycle performance

(starting from the second one) of the three composites at
150 mA g~ ! with a voltage cut-off of 0.1—3.0 V using 1M KSO3CFs in
EC: DEC (1:1 v/v) as electrolyte (the capacity is calculated based on
the total weight of active materials). It is clear that the capacity of
the CCS annealed at 350 °C is relatively low and its cycle stability is
inferior because of the high sulfur content and low conductivity;
while for the CCS treated at 550°C, the stability is impressive
whereas the capacity is still relatively low, possibly due to the low
sulfur content. Interestingly, the CCS annealed at 450 °C delivers
the highest capacity, possibly due to the suitable sulfur content and
high conductivity (Supplementary Fig. S2). Besides, the batteries
with 1M KSO3CF3 in DME electrolyte were also assembled as a



194

comparison (Supplementary Fig. S3), and the capacity is decreased
rapidly compared with the carbonate electrolyte (Fig. 1Th) due to the
shuttle effect in the DME electrolyte. Therefore, the CCS@ 450 °C
and the carbonate electrolyte was used in the following
investigations.

Fig. 2a exhibits the charge-discharge profiles at 150 mA g~ with
a voltage range of 0.1-3.0V. It could deliver a discharge/charge
capacity of 867/632mAhg-!, corresponding to an initial
Coulombic efficiency of 72.9%. To investigate the products of the
battery during discharge, ex-situ Raman, FTIR and XPS were per-
formed. As illustrated in the ex-situ Raman spectra (Fig. 2b), the
amount of S-S bond (470 cm™!) varied during the discharge/charge
process. Specially, the peak around 474 cm~! was broadened when
the battery was discharged to 1.0V, and two broad peaks around
364 cm! and 565 cm~! appeared, which might be on account of
the reduction of sulfur and formation of K;S, (2 <n<8) [51,56].
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When the battery was further discharged to 0.5V, the peaks at
474cm~!, 364cm™! and 565cm™! disappeared and an obvious
peak at around 449 cm~! emerged, which is probably from K,Sy;
moreover, a tiny peak located at 526cm~! showed up, likely
ascribed to the K,S [51]. When the electrode was discharged to
0.1V, there was no more change in the Raman spectra, indicating
that the main sulfur reduction should be accomplished above 0.5V
and the reduction products of the electrode are mixtures of K,S and
K>S;. More importantly, the S-S bond recovered when the electrode
was charged to 3.0V, implying a superior reversibility of S-S bond.
Thereafter, the ex-situ FTIR also confirmed the reversibility of S-S
bond (Supplementary Fig. S4), which may yield an excellent elec-
trochemical performance. And the high reversible S-S bonds is
might be due to the sulfur in the CCS is covalent and confined [40].
In addition, according to the full survey XPS in Supplementary
Fig. S5 and Fig. 2c, three distinct peaks at around ~165 eV, 293 eV,
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377 eV and 688 eV were observed when the battery was discharged
to 0.1V, assigning of these peaks to S2p, K2p, K2s and Fis,
respectively. Moreover, the intensity of K2p and K2s peaks
decreased dramatically when the battery was charged to 3.0 V. For
the purpose of understanding the reaction mechanism between S
and K, the evolution of S chemical bond was analyzed. There are
four peaks observed at 162.1 eV, 163.9eV, 165.3 eV and 169eV in
the pristine state (Fig. 2d), corresponding to the bonds of HSxC-, S
2p 3/2, S 2p 1/2, and sulphate species, respectively [55]. The S2p
peak shifted to the lower energy when the battery was discharged
to 0.1 V (Fig. 2e), standing for the reduction of S. Specially, the peaks
at 159.9 eV and 161.3 eV represented for the S?~ derived from the
K>S product. In addition, three distinct peaks at around 162.6 eV,
163.1 eV and 163.5 eV are likely belonging to K3S,. The S2p shifted
to the higher value with the battery being charged to 3.0V (Fig. 2f),
corresponding to the oxidation of sulfur species. The ex-situ S2p
XPS spectra demonstrated the reversibility of sulfur species during
potassiation/de-potassiation process, in agreement with the ex-situ
Raman spectra.

Besides, transmission electron microscopy (TEM) elemental
mapping and high resolution TEM (HRTEM) were conducted for a
more intuitive understanding of the transformation of CCS during
potassiation/de-potassiation process. Fig. 3a presents the pristine
state of the CCS electrode. It is found that the distribution of C, S and
N is uniform. But the content of K increased significantly when the
electrode was discharged to 0.1 V (Fig. 3b). Considering the atomic
ratio of S:K 1:1.43 at this stage, it tells that only a certain amount of
S has been turned into K3S, while the others exist in a higher
oxidation state (K,S;). Additionally, the distribution of S and K el-
ements in the electrode is almost identical, revealing that the ca-
pacity is primarily from the sulfur which reacts with K. As expected,
the content of potassium was reduced considerably and the atomic
ratio of S: K was enlarged to 1:0.22 when the battery was charged
to 3.0V (Fig. 3c), indicating the successful depotassiation during
charge process. In a word, the ex-situ TEM elemental mappings
have verified the reversibility of potassiation/de-potassiation pro-
cess of the CCS cathode. The corresponding elemental compositions
of the electrode calculated from TEM elemental mappings at
different states during the initial cycle are shown in Supplementary
Fig. S6. Moreover, HRTEM was used to probe the products of the
CCS after the batteries were discharged to 0.1V (Fig. 3d, e). Two
types of highly ordered nanocrystalline with lattice distances of
0.300 nm and 0.368 nm were identified, indexed to the (-2 -2 2) and
(2 0 0) planes of K,S; (Fig. 3d). Besides, another nanocrystalline
with a lattice spacing of 0.370 nm was also detected, corresponding
to the (2 0 0) plane of K3S (Fig. 3e). HRTEM has validated that the
products of the battery discharged to 0.1 V are mixtures of K5S and
K>Sy, consistent with the XPS measurements and TEM elemental
mapping analysis.

Fig. 4a presents the cyclic voltammetry (CV) curves of the CCS
electrode with a scan rate of 0.2 mV s~ . A primary peak located at
0.81 V is observed during the initial discharge process, which could
be assigned to the reaction between sulfur species and K*; besides,
a small peak appears at 0.01V, corresponding to the interaction
between K* and carbon. During the charge process, a prominent
peak at 1.84 V and a small peak at 2.41 V could be noticed, which is
related to the de-potassiation process and formation of sulfur
species. Specially, the peak at 1.84V could be ascribed to the for-
mation of long-chain potassium polysulfides from short-chain po-
tassium sulfides, and the peak at 2.41 V is assigned to the oxidation
of potassium polysulfides into element sulfur. Besides, it can be
perceived that the CV curve of the initial discharge process is very
different from the subsequent cycles, which could be attributed the
formation of solid electrolyte interphase (SEI) during the initial
discharge process. During the subsequent cycles, there is a

downward sloping curve between 2.3V and 1.2V as well as a peak
located at 0.83 V in the discharge process, which is attributed to the
different reactions between sulfur and K*. The downward sloping
curve between 2.3 Vand 1.2 V is probably due to the transition from
elemental sulfur to potassium polysulfides (K;Sp, 2 < n < 6) and the
peak located at 0.83V is likely attributable to the formation of K5S
by further potassiation of the potassium polysulfide (K3Sp,
2 <n<3). Moreover, no obvious difference is found in the CV
curves between the second and fifth cycles, displaying a superior
reversibility during charge/discharge process.

The cycle performance of the CCS was investigated at a current
density of 150 mA g~! with various discharge cut-off voltages. As
shown in Fig. 4b,c, the battery could deliver a reversible capacity of
574mAhg-! when the cut-off voltage was 0.1V; but it only
delivered a reversible capacity of 117mAhg! after 200 cycles,
equivalent to a capacity retention of 20.4% and 0.398% decay per
cycle. The severe capacity decay of the CCS might be caused by the
large volume expansion during the potassiation process, resulting
in the structure destruction and pulverization and then leading to
inferior cycle stability. Since the volume expansion is in proportion
to the degree of potassiation of the CCS electrode, we assume that
this issue can be addressed through modulating the potassiation
level of the CCS electrode, which could be straightforwardly ach-
ieved by controlling the discharge cut-off voltage. Therefore, a
higher discharge cut-off voltage of 0.4V was applied to acquire a
better cycle stability, obtaining a higher reversible capacity
154mA h g™, corresponding to a capacity retention of 35% (0.325%
decay per cycle), whereas the capacity was depressed to
440 mA h g~ The cycle stability was further improved as a higher
discharge cut-off voltage of 0.6V was employed, reaching a
reversible capacity of 151 mAhg~! after 200 cycles, in correspon-
dence to a capacity retention of 47.2% (0.264% decay per cycle),
accompanied by a reversible capacity of 320 mA h g~ . Motivated by
these results, a higher discharge cut-off voltage of 0.8V was per-
formed. It is obvious that the cycle stability is significantly
enhanced and the battery delivered a reversible capacity of
293mAhg~!; and it could exhibit a reversible capacity of
253 mAh g~ ! even after 300 cycles, showing a capacity retention of
86.3% (0.045% decay per cycle). The corresponding charge-
discharge profiles are shown in Supplementary Fig. S7.

The rate performance of the CCS cathode was investigated with
a discharge cut-off voltage of 0.8 V (Fig. 4d). At a low current den-
sity of 100 mA g, the battery could exhibit a medium discharge
voltage of 1.3V and a reversible discharge capacity of 343 mAhg~},
corresponding to a high energy density of ~445 Wh Kg~!, which is
comparable to other cathode materials of  PIBs
[4-6,8—11,15,19,50,57—66]. Besides, the battery still could deliver a
reversible capacity of 275, 206, 150, 115, and 94 mAh g™, respec-
tively, even though the higher current densities of 200, 400, 600,
800 and 1000 mA g~ ! were applied. Moreover, the capacity could
recover to 307mAhg~! when the current density returned to
100mAg~!, and it still could deliver a reversible capacity of
290mAhg! after 100 cycles at various current densities,
expressing a superior recovery capability at large current densities.
Besides, when a low current density of 70mAg~! was applied
(Supplementary Fig. S8), the battery could deliver a high reversible
capacity of 325mAhg~'. For comparison purposes, the pure
polyacrylonitrile annealed at the same condition was also prepared.
Supplementary Fig. S9 exhibits the electrochemical performance of
pure polyacrylonitrile annealed at 350 °C, 450 °C and 550 °C. The
charge/discharge profiles show that the capacity of the pure poly-
acrylonitrile was pretty low compared with the CCS, and the main
capacity of the pure polyacrylonitrile is below 0.5 V, pointing to that
the main capacity of the CCS with the voltage cut-off of 0.8—3.0V is
from the sulfur in the CCS.
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Fig. 3. The TEM elemental mappings of the electrodes at different states during the initial cycle. a) Pristine state. b) Potassiation state (discharged to 0.1 V). c) De-potassiation state
(charged to 3.0V). d) and e) The high-resolution TEM image of the electrode at potassiation state (discharged to 0.1V).

In order further understand the evolution of S in this system
with a discharge voltage cut-off of 0.8V, ex-situ XRD was con-
ducted during the second cycle (Supplementary Fig. S10). Obvi-
ously, the peaks of K,S3, K2S5 and K»Sg could be found when the
battery discharged to 1.6V; and a new compound of K;S4 was
presented when the battery discharged to 1.2 V; while K;S, K;S;
and K3S3 could be found when the battery discharged to 0.8 V.
Nonetheless, peaks of K;S3 and K;S4 could be observed when the
battery charged to 1.8 V; and new compound of K;Sg could be found
when the battery charged to 2.4 V; finally, only two compounds of
K5Ss5 and K3Sg could be observed when the battery charged to 3.0 V.
The ex-situ XRD demonstrated that the evolution of S in the elec-
trode: the long-chain polysulfides will be accept K™ and formation

of short-chain sulfides during discharge process; to the contrary,
the short-chain sulfides will become long-chain polysulfides during
charge process.

Furthermore, the morphology evolution was investigated to
understand the structure stability of the CCS with various cut-off
voltages. With the discharge cut-off voltage of 0.8V (Fig. 4e), the
morphology of CCS remained intact after 10 cycles, and it still
maintained, to a great extent, even after 50 cycles. The stable
structure might be responsible for the superior cycle stability with
the cut-off voltage range of 3.0—0.8 V. However, CCS was gradually
pulverized during cycling with a lower discharge cut-off voltage of
0.1V (Fig. 4f), indicating that an excessive amount of K reacting
with the CCS will result in a huge volume expansion and give rise to
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Fig. 4. The electrochemical performance and morphology evolution of the cathode. a) CV curves with a scan rate of 0.2mVs~'. b) The typical charge/discharge profiles at
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the structure pulverization and rapid capacity decay. Therefore, a
sufficient volume space is required in designing electrode materials
for KIBs in order to accommodate the large volume expansion
during potassiation process. The excellent electrochemical perfor-
mance of the CCS for K-S batteries is due to not only the covalent
and confined sulfur in the CCS but also the well maintained
morphology of CCS.

4. Conclusion

A room temperature potassium-sulfur battery was successfully
developed. No shuttle effect was observed in the K-S batteries
benefiting from the covalent and confined sulfur in the CCS as well
as the carbonate electrolyte. As a result, with a voltage range of
0.8—3.0V, the K-S battery could deliver a high energy density of
~445Wh Kg~!, a high Coulombic efficiency around 100%, and a
superior cycle stability with a capacity retention of 86.3% over 300
cycles. This work displayed the basic study on rechargeable
potassium-sulfur batteries and may provide a guidance for
designing sulfur based electrode materials for potassium based ion
batteries.
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