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ABSTRACT: New anode materials with large capacity and long cyclability
for next-generation potassium-ion batteries (PIBs) are required. PIBs are in
the initial stage of investigation and only a few anode materials have been
explored. In this study, for the first time, an SnP;/C nanocomposite with
superior cyclability and rate performance was evaluated as an anode for PIBs.
The SnP;/C nanocomposite was synthesized by a facile and cost-effective
high-energy ball-milling technique. The SnP;/C electrode delivered a first
reversible capacity of 410 mAh g~' and maintained 408 mAh g after SO
cycles at a specific current of SO mA g~'. After 80 cycles at a high specific
current of 500 mA g~', a high capacity of 225 mAh g~' remained. From a
crystallographic analysis, it was suggested that the SnP;/C nanocomposite
underwent a sequential and reversible conversion and alloying reactions. The
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excellent cycling stability and rate capability of the SnP;/C electrode were attributed to the nanosized SnP; particles and carbon
buffer layer, which supplied channels for the migration of K-ions and mitigated the stress induced by a large volume change
during potassiation/depotassiation. In addition, a full cell composed of the SnP;/C nanocomposite anode and potassium
Prussian blue cathode exhibited a reversible capacity of 305 mAh g~' at a specific current of 30 mA g~' and retained 71.7% of
the original capacity after 30 cycles. These results are important for understanding the electrochemical process of the SnP;/C

nanocomposite and using the SnP;/C as an anode for PIBs.

KEYWORDS: potassium-ion batteries, SnP; nanocomposites, cyclability, rate performance, full cells

B INTRODUCTION

Recently, potassium-ion batteries (PIBs) are drawing much
attention in the research community as a promising alternative
to conventional lithium-ion batteries for large-scale energy
storage systems (ESSs) owing to their inexpensive and
abundant resources.' " As compared to sodium-ion batteries
(SIBs), PIBs could provide a higher cell potential and faster
kinetics owing to the lower redox potential of K*/K and the
weaker solvation effect of K, respectively.‘q”5 In particular,
scientific research on PIB electrode materials is less limited
than that on SIBs. However, because of the larger radius of the
K* (1.38 A) than that of Na* (1.02 A) and Li* (0.76 A),
suitable electrode materials that enable repeated potassiation
and depotassiation to achieve high cycling stability are difficult
to develop.”” Therefore, the design and fabrication of suitable
PIB electrode havin% higher capacity and cyclability is of
immense importance.

Over the past several years, studies have focused mainly on
the development of electrode materials for PIBs. For the
cathode materials, Prussian blue and analogues,g_ll
KVOPO,,"* FeSO,F,"* K,;MnO,,"* K,Co0,," K;¢Co00,,"°
K;V,(PO,);,"” amorphous FePO,,"* K, 4FeosMng0,,"” and
organic perylene—tetracarboxylic acid—dianhydride™ have
been investigated. For the anode materials, recent studies
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have focused on carbonaceous materials due to their low cost
and high electrical conductivity.”' Nevertheless, the capacities
of carbonaceous materials (<273 mAh g™') cannot satisfy the
requirements for practical applications, such as ESSs. Recently,
alloy-type anode materials look impressive because of their
appropriate electrode potentials and high theoretical-specific
capacities.”> The binary-phase diagram reveals that potassium
can be alloyed with some metallic elements at room
temperature that form intermetallic compounds.””** A few
studies on alloy-type anode materials, such as phosphorus-
based composites,”*® Sn-based composites,”**” and porous
Bi-** and Sb-based composites,” have been reported for PIB
applications. The Sn/C composite displayed a first discharge
capacity of approximately 290 mAh g~' and maintained a
reversible capacity of 110 mAh g~ " after 30 cycles at a specific
current of 25 mA g_1.27 Furthermore, the three-dimensional
(3D) Sn/C composite suggested by Ju et al. exhibited a first
discharge capacity of 848 mAh g™' and maintained a high
reversible capacity of 276.4 mAh g™' at a specific current of SO
mA g~! after 100 cycles.”* Qian et al. prepared an Sb/graphene
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Scheme 1. Schematic of the Synthesis Process for the SnP;/C Nanocomposite
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Figure 1. (a) XRD patterns and (b) Raman spectra of the SnP;/C nanocomposite and pristine SnP;.

composite via a molten-salt route, which delivered the initial
discharge capacity of approximately 610 mAh g~' and
maintained a reversible capacity of 210 mAh g~' at S00 mA
g after 200 cycles.”” Among several alloy-type materials, Sn—
P compounds are potential candidates because they have the
highest theoretical capacity among the reported anodes.
Recently, Guo et al. synthesized an Sn,P;/C composite via a
ball-milling technique.”* The Sn,P;/C composite delivered the
first discharge capacity of 588 mAh g™' and retained a
reversible capacity of 384.8 mAh g™' after 50 cycles at a
specific current of 50 mA g~

Various routes for the synthesis of Sn—P compounds, such
as high-energy ball rnilling,30 hydrothermal route,”’ and solid-
state route,” have been reported. Tin phosphide synthesized
via a hydrothermal route delivered an excellent electrochemical
performance.”’ However, the complicated synthesis process
along with the presence of impure phases confronts several
questions on the industrial visibility of this process. High-
temperature processing, via solid-state synthesis, inevitably
makes white phosphorus, which is chemically unstable at room
temperature and restrain its viability.>> In contrast, the ball-
milling technique is most impressive in terms of the mass
production of high-purity Sn—P-based materials. Therefore, in
this study, SnP; and SnP;/C were synthesized via a facile,
scalable, and cost-effective high-energy ball-milling (HEBM)
technique.

This study shed light for the first time on the use of SnP; as
a potential anode for PIBs. The electrochemical performance
of pure SnP; is unacceptable owing to the degradation of the
electrodes caused by a large volume change during the
potassiation and depotassiation processes. The use of the
SnP;/C composite is the easiest way to address this issue. The
nanostructure of SnP; with a particle size of approximately 20
nm enclosed by an amorphous carbon could improve the
performance of SnP;. Herein, the cyclability and low
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Coulombic efficiency of the SnP; electrode induced by the
pulverization and contact loss during the discharge—charge
process have been successfully addressed.

B RESULTS AND DISCUSSION

SnP; nanoparticles interconnected by an amorphous carbon
were made using a simple and cost-effective high-energy ball-
milling (HEBM) technique, as shown in Scheme 1. The
process was composed of a two-step ball milling: (1) the
metallic Sn reacted with red phosphorus for 7 h to form the
SnP; nanoparticles and then (2) 20 wt % super P was mixed
with the SnP; nanoparticles for 3 h to form the SnP;/C
nanocomposite. The amorphous carbon was adhered to the
SnP; nanoparticles after ball milling, enabling facile electron
transfer and stabilizing the solid electrolyte interphase (SEI)
layer on the surface. For a comparison, pristine SnP; was also
prepared without the second ball-milling step. The X-ray
diffraction (XRD) peaks of the synthesized SnP;/C composite
and pristine SnP; are shown in Figure la. All of the
characteristic peaks of the SnP;/C and SnP; samples could
be assigned to the pure SnP; phase (JCPDS#72-0853, space
group, R3m) with the rhombohedral crystal structure. In both
samples, peaks associated with the impurity phases were not
observed. After the second ball-milling step for the synthesis of
SnP;/C, a little broadening in the diffraction peaks was found,
indicating the nanocrystalline nature of the SnP;/C composite.
The calculated lattice parameters were a = 7.365 A, b = 7.365
A, ¢ =10502 A, a = f =90° and y = 120° for the SnP,/C
nanocomposite. The average crystallite sizes of the SnP;/C
nanocomposite and pristine SnP; were approximately 20 and
35 nm, respectively, using the Scherrer equation for an
estimation. In addition, from the Raman spectrum (Figure 1b),
the appearance of two peaks at ~1344 and 1586 cm™' is
ascribed to the disorder-induced D band and graphitic G band
of carbon, respectively. The I/Ig ratio was 1.08, indicating the
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Figure 2. (a) Low- and (b) high-magnification SEM images and the corresponding (c) EDS spectra of the SnP;/C nanocomposite. Images (d) and
(e) show the low- and high-magnification SEM images, respectively, and the corresponding (f) EDS spectra of pristine SnP;.

highly disordered nature of carbon in the SnP;/C nano-
composite.

Scanning electron microscopy (SEM) is used to investigate
the morphologies of the SnP;/C nanocomposite and pristine
SnP;, as displayed in Figure 2. The SnP;/C consisted of
irregular agglomerated nanosized particles, as shown in Figure
2a,b. Each agglomerated SnP;/C particle was composed of
numerous crystalline nanoparticles with a size of approximately
10—20 nm. The pristine SnP; sample exhibited a similar
irregular morphology as that of the SnP;/C nanocomposite.
However, the average size of the pristine SnP; particles was
larger, which could be attributed to the shorter ball-milling
time. From the energy-dispersive X-ray spectroscopy (EDS)
analysis, the molar ratio of Sn to P was approximately 1:3 close
to the designed composition in the SnP;/C and SnP; samples.
Further, after combining with super P carbon by the second
HEBM, there was a significant morphology change in the
SnP;/C composite, as evidenced by the SEM and transmission
electron microscopy (TEM) micrographs. These changes in
the morphology are advantageous in two ways. First, compared
with pristine SnP;, the primary particle size of SnP;/C further
decreased to nanometer range and the primary particles were
densely aggregated into microsized particles (Figure 3a) due to
the high surface energy of nanoparticles. This unique change in
the morphology can facilitate electrolyte infiltration, shorten
the diffusion distance of K-ions, and reduce structural stress.
Second, the presence of carbon in the composite not only
minimizes the agglomerations but also buffers the volume
expansion. This also facilitates the electron transfer and
stabilizes the solid electrolyte interphase (SEI) layer on the
surface compared with those of pristine SnP;. As a result, there
is not only an increase in the electrode tap density leading to
the increase in the volumetric energy density but also an
enhancement in the initial cycle Coulombic efficiency by
reducing the side reactions at the electrode/electrolyte
interface.

The microstructure of the SnP;/C composite was further
examined by transmission electron microscopy (TEM), as
shown in Figure 3. The SnP; nanoparticles were homoge-
neously enclosed by the amorphous carbon matrix (Figure
3a,b), which could improve the ionic and electronic
conductivities. The amorphous carbon coating can provide a
buffer layer to accommodate the volume change and
mechanical stress induced during potassiation and depot-

(b)

Figure 3. TEM analyses of the prepared SnP;/C nanocomposite: (a)
TEM images, (b) high-resolution (HR)-TEM image with yellow
outlines indicating the SnP; nanoparticles, (c) selected area electron
diffraction pattern, (d) scanning TEM image, and the corresponding
EDS elemental mappings of (e) Sn, (f) P, and (g) C.

assiation. High-resolution TEM was used to analyze the
microstructure of SnP; nanoparticles. The lattice spacing of
0.405 and 0.367 nm corresponding to the (012) and (110)
planes, respectively, was measured (Figure 3b). The selected
area diffraction pattern (Figure 3c) showed the well-crystal-
lized SnP;, where the ring patterns were assigned to the (110),
(012), (101), and (003) planes of SnP;. Figure 3d—g shows
the EDS elemental mapping of the SnP; nanoparticles,
confirming the homogeneous distributions of Sn, phosphorus,
and carbon.

X-ray photoelectron spectroscopy (XPS) was used to
examine the surface chemical state of the SnP;/C nano-
composite, as shown in Figure 4. The XPS survey spectra of
the SnP;/C nanocomposite displayed distinct peaks corre-
sponding to P 2p, C 1s, Sn 3ds,,, Sn 3d;/,, and O 1s centered
at 137.7, 284.1, 487.8, 495.6, and 532.5 eV, respectively
(Figure 4a). The high-resolution XPS core spectrum of Sn 3d
showed four deconvoluted peaks corresponding to Sn 3d;), at
485.5 and 487.8 €V and Sn 3d;, at 494 and 496.1 eV (Figure
4b). The smaller peaks at 485.5 and 494 eV corresponded to
Sn*". The larger peaks at 487.2 and 496.1 eV originated from
the oxidized Sn*" on the surface of the nanoparticles.”> High
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Figure 4. XPS analysis of the SnP;/C nanocomposite: (a) XPS survey spectrum and XPS core spectra corresponding to (b) Sn 3d, (c) P 2p, and

(d) C 1s.

oxidation occurred owing to the P surface termination, creating
a higher Sn oxidation state. Some surface oxidation may be
unavoidable, which is consistent with the peaks corresponding
to the P—O bonds in the P 2p spectrum. This phenomenon
was also confirmed in previous studies on other Sn—P
compounds.”®*> The P—O-C bond was present in the
SnP;/C nanocomposite, which was induced by strong
mechanical milling, as shown in Figure 4c. This was also
shown in other phosphorus/or metal phosphide/carbon
systems.”?” The peak observed at 130.1 €V corresponded to
elemental phosphorus, and another peak at 133.6 eV could be
assigned to the oxidized P species.”> The C Is XPS core
spectrum of the SnP;/C nanocomposite is shown in Figure 4d.
The spectra of the C 1s peak could be fitted into three
components, centered at 284.6, 285.8, and 288.4 eV,
corresponding to C—C, C—0O—-C, and C—-C=O, respec-
tively, 243539

To measure the specific surface area of the synthesized
SnP;/C and SnP;, N, adsorption—desorption isotherms of
SnP;/C and SnP; were performed, as shown in Figure SI.
Using the Brunauer—Emmett—Teller (BET) and Barrett—
Joyner—Halenda methods, the surface area, average pore
diameter, and pore volume of the SnP;/C sample were
calculated to be 3.5 m® g_l, 35 nm, and 0.026 cm® g_l,
respectively. Conversely, the pristine SnP; sample has a specific
area of 2.1 m? g_l, an average pore diameter of 39 nm, and a
pore volume of 0.019 cm® ¢!, demonstrating a smaller surface
area and porosity than those of the SnP;/C sample.

The electrochemical properties of the SnP;/C electrode
were investigated using a 2032 coin-type cell, in which the
SnP;/C electrode was the working electrode and K-metal was
the counter/reference electrode. Figure Sa shows the cyclic
voltammograms for the SnP;/C electrode, measured for the
first five cycles in a potential range of 0.01-2 V vs K'/K at a
scan rate of 0.1 mV s~ The SnP;/C electrode exhibited low
potentials for potassiation and depotassiation, below approx-
imately 0.8 V vs K*/K. A large cathodic current was observed
owing to the conversion followed by alloying reactions and the
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SEI formation in the first cathodic scan. One oxidation peak
corresponding to depotassiation was centered at approximately
0.88 V vs K*/K. The cyclic voltammograms for the electrode
nearly overlapped from the second cycle to the following
cycles. This suggested that the potassiation/depotassiation
behavior was stable and reversible for the SnP;/C nano-
composite electrode.

Figure 5b shows the galvanostatic discharge—charge curves
of the SnP;/C electrode, measured in a potential range of
0.01-2.0 V vs K'/K at a specific current of 50 mA g~'. The
first discharge and charge capacities of the SnP;/C electrode
were 697 and 410 mAh g, respectively, corresponding to an
initial Coulombic efficiency of $8.8%. Based on previous
studies, the initial large irreversible capacity was due to the
formation of the SEI layer on the electrode surface.*”*' The
Coulombic efficiency became higher with an increase in the
cycle number, indicating stabilization of the SEI layer while
cycling. The Coulombic efficiency sharply increased to >93%
in the second cycle. After 50 cycles, the SnP;/C electrode
maintained a capacity of 408 mAh g~', corresponding to the
Coulombic efficiency close to 100%. For comparison, the
discharge and charge profiles of pristine SnP; without a carbon
coating are shown in Figure S2. The first discharge capacity
and charge capacity of the pristine SnP; electrode were 906.8
and 402.9 mAh g_l, respectively, corresponding to an initial
Coulombic efficiency of 44.4%, which is less than that of the
SnP;/C electrode (58.8%).

In addition, the SnP;/C and SnPj electrodes are shown in
Figure Sc. A highly stable cycling performance was observed
for the SnP;/C electrode, while dramatic capacity fading was
found for the pristine SnP; electrode. The capacity of the
SnP;/C electrode increased gradually to the 34th cycle and
then decreased gradually. To determine the reason for this
capacity fading, the change in the surface morphology of the
electrode with the cycle was monitored using SEM, as shown
in Figure S3. Several thin cracks were found on the surface of
the electrode after 35 cycles, and the cracks were thickened
after 50 cycles. These surface cracks were because of fatigue
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Figure 5. (a) Cyclic voltammograms of SnP;/C corresponding to the first five cycles at a scan rate of 0.1 mV s™. (b) Selected discharge—charge
potential profiles of SnP;/C at a specific current of 50 mA g~'. (c) Cycling performance of SnP;/C and SnPs. (d) Electrochemical impedance
spectra (EIS) of SnP;/C and SnP; measured before the cycling tests; the inset is the equivalent circuit used. (e) Comparison of SnP;/C with the

materials used in previous studies in terms of capacity and cyclability.

induced by the repeated volume change resulting from
repeated potassiation/depotassiation. However, the SnP;/C
electrode maintained a reversible capacity of 408 mAh g~" after
50 cycles. The improved capacity and cyclability of the SnP;/C
electrode were attributed to the presence of the carbon buffer
layer, which provided a conductive network throughout the
electrode and accommodated for the stress induced by the
large volume change. Electrochemical impedance spectroscopy
(EIS) curves of the SnP;/C and SnP; electrodes before the
cycling tests were compared, as shown in Figure 5d. The EIS
curves could be well fitted using a simple Randles circuit. The
EIS curves showed that the charge-transfer resistance (R) of
the SnP;/C electrode was smaller than that of the SnP,
electrode. This result indicated that the 20 wt % carbon was
tightly bonded to the SnP; nanoparticles after ball milling,
facilitating the electron transfer between the electrode and
electrolyte. The initial reversible capacity and cyclability of the
SnP;/C electrode were compared with the previously reported
anode materials, as shown in Figure Se. This SnP;/C
nanocomposite showed the best electrochemical properties
among the reported anode materials.
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In addition to the cycling performance, the SnP;/C
electrode exhibited an excellent rate capability. The corre-
sponding initial discharge—charge potential profile of SnP;/C
at various specific currents is shown in Figure 6a. The
reversible initial charge capacities of 410, 405, 370, 324, 288,
248, and 212 mAh g_l were observed at specific currents of 50,
100, 200, 300, 500, 800, and 1200 mA g_l, respectively. As
shown in Figure 6b, the discharge capacity decreased from
453.7 to 221.8 mAh g~' when a specific current increased 24
times from 50 to 1200 mA g~'. At the high specific current of
500 mA g~', the SnP;/C electrode provided a reversible
capacity of approximately 225 mAh g~ even after 80 cycles,
representing the best-reported data for PIB anode materials
(Figure 6¢). Furthermore, selected discharge—charge potential
profiles and long-term cycling performance of SnP;/C
nanocomposite electrode for 200 cycles at a high specific
capacity of 500 mAh g™ are presented in Figure S4. However,
the reversible capacity gradually decreased with further
increase in the cycle at such a high specific capacity, indicating
the gradual degradation of the electrode due to the limitation
of interfacial kinetics. In Figure 6d, the rate capability of the
SnP;/C electrode was compared with that of other reported

DOI: 10.1021/acsami.9b08088
ACS Appl. Mater. Interfaces 2019, 11, 26976—26984


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b08088/suppl_file/am9b08088_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b08088

ACS Applied Materials & Interfaces

Research Article

(@) >
g
= 2.0 Charge
N4
L1s
Z S0mAg' ——100mA g"
=10 ——200mA g' ——300mA g'
'«g . ——500mA g' ——800 mA g
5} ——1200mA g"
2
& 0.5
Discharge
0.0

T T T T
400 500 600 700

0 100

200 300 800

Specific Capacity (mAh g"')

S
g 200 ~@-Discharge  [-50
8 150 @ Charge L 40
k30
= 100
£ L 20
D
g 50 10
2
0 T T T T T T T 0
0 10 20 30 40 50 60 70 80

Cycle Number

_,\700-0 Q@ Charge
) @ Discharge
= 600
E
500 .
4 100 S50mA g
-‘5400-$ 200
g 3
-9 @333 500
= 3004 @3339 800
Q Q3339 1200
< 2004 QI
L=
2 1004
-9
)
0 T T T
0 10 20 30 40
Cycle number
_~ 45019 ® Ref.[19], A Ref.[36l, v Ref.[37],
"o0 400 a9 @ Ref[21], <« Ref[38], » Ref.[39],
= ® Ref.[40], @ Ref.(41]
< 350
£
z L S
S 250 ... This work
3 N g
2200 v A A
< * N
O 150 > ®
= >
5 100 < < [t
@
2 50 L]
20 ¢

Coulombic Efficiency (%)

T T T T T
400 800 1200 1600 2000

Specific Current (mA g)
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anode materials, such as Sn,P;/C,”> N-doped porous carbon
nanosheets,"”” N-doped porous carbon,” 3D hierarchically
porous carbon/Sn composites,”* N- doped carbon nanotubes,**
N-doped cup-stacked carbon nanotubes, S- and O-codoped
porous hard carbon mlcrospheres, K,TigOy,," etc. Figure 6d
shows that the rate capability of the SnP;/C electrode was
superior to that of the reported anode materials.

To further understand the possible reaction mechanisms
during the first discharge processes, the first discharged
electrode was analyzed using XRD, as shown in Figure SS.
After the first discharge to 0.01 V vs K*/K, K,Sn,; (JCPDS no.
065-3351), KSn (JCPDS no. 065-7670), and Sn (JCPDS no.
001-0926) phases were observed. The appearance of these
phases indicated a conversion reaction followed by an alloying
process. The suggested potassiation and depotassiation
processes are as follows.”

SnB, 4+ 9K' + 9¢~ < Sn + 3K;P (1)
23Sn + 4K + 4e” © K,Sny; )
K,Sny; + 19K" + 19¢” < 23KSn (3)

Scheme 2 shows the overall reaction stages for potassiation and
depotassiation of the SnP;/C nanocomposite. In the beginning
stage of potassiation, a conversion reaction occurred, where the
SnP; structure was converted into metallic Sn particles and a
K;P matrix (reaction 1). During the potassiation process, K* is
alloyed with Sn to form the K,Sn,; phase (reaction 2) followed
by the formation of the KSn phase (reaction 3). During the
depotassiation process, KSn is dealloyed into Sn and K*, and
then the Sn reacts with K;P to convert to the original SnP;.
However, the K;P phase could not be detected by ex situ XRD
owing to the amorphous phase.””** The K;P phase formed
after the conversion reaction could act as a kind of buffer
material to mltlgate the stress by the volume change during the
cycling process.””** In addition, the amorphous carbon matrix
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Scheme 2. Potassiation and Depotassiation Processes in the
SnP;/C Nanocomposite Electrode
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provided an additional buffering effect against the volume
changes during potassiation and depotassiation. These
buffering effects could maintain the integrity of the electrode,
thus improving the cycling stability of the electrode.
Furthermore, the formation of the K,Sn,; and K;P phases
was ascertained by identifying their unique spacing in high-
resolution HR-TEM images shown in Figure S6. The interlayer
spacings of 0.24S and 0.284 nm are related to (422) and (110)
planes of K,Sn,; (JCPDS no. 065-3351) and K;P phases
(JCPDS no. 074-0128), respectively.

The potassiation and depotassiation mechanisms were also
confirmed using XPS, as depicted in Figure S7. Figure S7a
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Figure 7. (a) Charge—discharge profiles and (b) cyclability of the full cell composed of the SnP;/C anode and potassium Prussian blue cathode,

measured at a specific current of 30 mA g™

shows the full-survey spectrum of the SnP;/C nanocomposite
electrode after the first discharge to 0.01 V, which was
composed of Sn, P, C, K, and O spectra. The high-resolution
XPS spectrum of Sn 3d (Figure S7b) showed two
deconvoluted peaks related to Sn 3d;/, and Sn 3d;,, at the
binding energies of 494.5 and 485.8 eV, respectively, which
corresponded to metallic Sn®.** The spectrum of K 2p (Figure
S7c) was characterized by two peaks with energy levels of K
2p3;, and K 2p,,, at 292.6 and 295.3 eV, respectively. In
addition, in the P 2p spectrum, two types of phosphorus
(Figure S7d) were revealed by XPS spectra. The peaks
observed at 136.2 and 132.3 eV correspond to the phosphate
species and phosphide, respectively.

Based on the advantages of the SnP;/C nanocomposite
discussed above, a full cell employing the SnP;/C nano-
composite as an anode and potassium Prussian blue
(KFe,(CNg)) as a cathode was produced and tested to
demonstrate the applicability of the SnP;/C nanocomposite
anode in PIBs. The potassium Prussian blue was prepared
according to a previous study.” Figure S8 depicts the XPD
pattern of the potassium Prussian blue. The full cell was cyclic-
tested at a specific current of 30 mA g ' in a cell potential
range of 0.5—3.8 V. Before the cell assembly, the Sn;P/C
anode was prepotassiated separately by coupling with K-metal
to make a stable SEI layer and remove the side reaction effect.
This strategy can minimize charge loss during the subsequent
cycle and improve the Coulombic efficiency of the cell.”” The
first-cycle charge and discharge capacities of the full cell are
425 and 394 mAh g~' with an impressive Coulombic efficiency
of 92.7%, as depicted in Figure 7a. These capacities were
smaller than those recorded from the half-cell, owing to the
capacity balance issues between the anode and cathode and the
system optimization. The cyclic performance of the cell is
shown in Figure 7b. After 30 cycles, the reversible capacity of
305 mAh ¢! was maintained with a Coulombic efficiency of
approximately 98%. The Coulombic efficiency and cyclability
of the full cell should be improved further through a more
detailed study of the whole system, including the cathode and
electrolyte.

B CONCLUSIONS

For the first time, the electrochemical properties of an SnP;/C
nanocomposite anode for PIBs were evaluated. The SnP;/C
nanocomposite was synthesized by a facile high-energy ball-
milling technique. The SnP;/C nanocomposite could rever-
sibly react with K* through conversion and alloying reactions.
The SnP;/C nanocomposite exhibited a high initial reversible
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capacity of 410 mAh g™ and retained 408 mAh g™ after 50
cycles at SO mA g~'. A superior cyclability was demonstrated.
At a high specific current of 500 mA g, the electrode
maintained a capacity of 225 mAh g~' after 80 cycles, which
was higher than carbon-based materials. In addition, the SnP;/
C electrode displayed an excellent rate capability by
maintaining a specific capacity of 212 mAh ¢! at a high
specific current of 1200 mA g~'. The excellent electrochemical
performance of the SnP;/C electrode was attributed to the
contributions of the nanosized SnP; particles and carbon buffer
layer, which supplied channels for the migration of K-ions and
mitigated the stress induced by the large volume change during
the discharge—charge process. Furthermore, a full cell
composed of the SnP;/C nanocomposite anode and potassium
Prussian blue cathode maintained a superior reversible capacity
of 305 mAh g, which corresponds to a capacity retention of
71.7% after 30 cycles at a specific current of 30 mAh g™'. The
SnP;/C nanocomposite could be a promising anode for next-
generation PIBs, based on its excellent K-ion storage
characteristics.

B EXPERIMENTAL SECTION

Material Synthesis. Pristine SnP; powder was synthesized using a
high-energy ball-milling technique under an Ar atmosphere.
Stoichiometric amounts of Sn metal (Sigma-Aldrich 99.99%) powders
were mixed with red phosphorus (Alfa Aesar 98.99%) and ground for
15 min. The obtained mixture was placed in a stainless steel jar along
with stainless steel balls, in which the ball-to-powder ratio was 30:1 in
weight. The mixture was ball-milled for 7 h to form SnP;. For the
synthesis of the SnP;/C composite, additional ball milling for 3 h was
carried out using the mixture of the synthesized SnP; powder and
amorphous carbon (Super P, Timcal) in a weight ratio of 80:20.

Material Characterization. The crystal structures of the
synthesized SnP; and SnP;/C nanocomposites were characterized
using XRD (D/MAX Ultima III, Rigaku) with a Cu Ka source (2 kW,
max 60 kV, and 5SS mA). The surface morphology and microstructure
of the sample were obtained using SEM (S-4700/EX-200, Hitachi) at
an acceleration voltage of 10 kV and TEM (JEM-2100F, JEOL). The
presence of carbon in the SnP;/C nanocomposite was identified by
Raman spectroscopy (NRS-5100, JASCO). The N, adsorption—
desorption isotherm for the synthesized materials was analyzed using
a BET analyzer (ASAP 2020, Micromerities). In addition, the surface
chemical structure of the materials was characterized by XPS
(Multilab 2000, VG).

Electrochemical Characterization. The synthesized pristine
SnP; and SnP;/C-active material were mixed with Super C6S carbon
as a conductive agent and polyacrylate as a binder in a weight ratio of
7:2:1 and 8:1:1, respectively. N-methyl-2-pyrrolidone solvent was
used to create a homogeneous slurry. Then, the slurry was cast onto a
Cu foil, followed by drying at 85 °C overnight in a vacuum oven. The
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electrodes were punched into 14 mm diameter disks. Using a 2032
type coin cell, the pristine SnP; or SnP;/C working electrode was
assembled with K-metal as a counter/reference electrode and a glass
fiber separator (Whatman) soaked with 0.75 M KPF, in ethylene
carbonate and diethyl carbonate (1:1, by volume), in an Ar-filled
glovebox. The mass loading of the electrode was controlled at
approximately 0.6—1.0 mg cm™ The working electrode was
discharged and charged in the potential range of 0.01-2 V vs K'/K
using the battery cycler (WonATech-WBCS 3000). In addition, the
full cell was composed of an SnP;/C anode, a potassium Prussian blue
(KFe,(CNg)) cathode, and the same electrolyte, in which the
cathode-to-anode mass loading ratio was 4:1. Galvanostatic charge
and discharge tests were carried out in a cell potential range of 0.5—
3.8 V. In addition, the EIS of the half cells was measured through
potentiostat/EIS (Gamry-PC750) at a frequency range of 10 mHz to
100 kHz.
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