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Abstract:

Potassium-ion batteries (PIBs) are becoming one of the promising alternative
metal-ion battery systems to lithium-ion batteries due to the abundance and low cost
of potassium. Among the anode materials for the metal-ion battery systems,
phosphorus-based materials are attractive due to the low cost and their high
theoretical-specific capacity. Herein, for the first time, we report the selenium
-phosphorous-carbon  (Se-P-C)  amorphous composites prepared by the
plasma-assisted ball milling method as the high-performance anode material for PIBs.
In particular, when the amorphous Se-P composite anode with the molar ratio of 1:2
and the P-milling time of 30 h (Se-2P/C@30h), the associated PIB delivers a high
reversible capacity of 634 mA h g™ at a current density of 0.05 A g™ and excellent rate
capability of 248.6 mA h g™ at a current density of 1 A g*. Furthermore, the
experimental characterization and analysis reveal the reaction mechanisms that K—P
(K2P3) and K—Se (KSe) phases are formed during the potassiation process. The

present work provides a facile approach to achieve a promising anode material for
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K-ion batteries, and the preparation route can be viewed as a reference for the further
development of phosphorous-based anodes with high capacity and long cycle life for
PIBs.

Keywords: Se-P-C composite; promising anode; potassium-ion battery;
plasma-assisted ball milling;

1. Introduction

Nowadays, lithium-ion batteries (LIBs) have been more and more widely utilized in
energy applications, such as hybrid electric vehicles and portable devices, etc.
However, the uneven distribution and limited capacity of Li resources around the
world (0.002 wt. % in the earth crust and 0.18 mg I™* in ocean) [1] are compelling
researches to explore new abundant metallic elements for the development of
alternative battery systems. For example, the abundant metals such as Na [2-3], K [4],
Al [5], Mg [6] and Ca [7-8] are quietly attractive. It seems that the potassium-ion
batteries (PIBs) system possesses relatively low performance among the alkali
metal-based battery systems, due to the lower energy density and large ion radius of K
(685 mA h g and 1.38 A), compared with that of Li (3361 mA h g and 0.68 A) and
Na (1161 mA h g™ and 0.97 A), respectively. Nonetheless, it should be noted that the
standard hydrogen potential of K ( - 2.93 V vs E°) is lower than that of Na ( - 2.71 V
vs E°) and closer to that of Li (- 3.04 V vs E°), indicating that PIBs are actually
promising as the low-cost batteries with the high voltage and energy density.

Moreover, unlike the poor intercalation ability of Na ions (35 mA h g by forming
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NasCss) [9-10] into graphite, K ions show reversible intercalation/de-intercalation into
graphite [11-12], soft/hard carbon [13-14] and graphene [15] as well.

Nonetheless, other anode materials are also being investigated to achieve the higher
capacity, as the reported highest capacity for carbon-based materials is only 273 mA h
g [16]. For example, Zhao et al. [17] reported a rechargeable potassium-sulfur
battery which could deliver a high capacity of 329.3 mA h g™ after 50 cycles,
however, it faced a serious capacity fading due to the production of polysulfides
during cycling. As Se element possesses better electrical conductivity ( =~ 107° S
cm ) and high theoretical specific capacity (678 mA h g %), Liu et al. [18] prepared a
high-performance potassium-selenium (K—Se) battery and it exhibited outstanding
cycle stability. However, pure Se is still subjected to the fast capability fading because
of the dissolution of polyselenide intermediates in electrolytes. Meanwhile, the
alloy-based anode materials started to be investigated. Sultana et al. [19] reported that
Sn/C composite as anode material in PIBs delivered only 150 mA h g™, which is even
worse than carbon material, at a current density of 25 mA g™*. Sultana et al. [20]
synthesized black phosphorous (P) as the anode for potassium battery and it showed
300 mA h g even at a current density of 2 A g™, but the expensive price of black
phosphorus limits its further development. Red phosphorous is treated as a promising
anode for PIBs due to its low price and high theoretical potassium storage capacity
(K3P, 2595 mA h g*). However, the low conductivity and large volume expansion
lead to the poor potassium storage electrochemical performance of red phosphorous.

In order to solve the above problems, elements with higher conductivity can be
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introduced to enhance the overall conductivity of the anode material and restrain the
volume expansion in the potassium storage process. Zhang et al. [21] found that
P-based alloy SnsP4 exhibited better potassium storage performance than Sn and red
phosphorous since the K—Sn and K—P alloy intermediate phase, which act as mutual
buffers to alleviate the volume changes during cycling, were formed in the discharge
process. Compared with Sn, Se shows smaller volume change in potassium storage
process. Interestingly, Se-P phase shows better conductivity, compared with red
phosphorous, and avoids the formation of polyselenide during charge and discharge
process [22]. To the best of our knowledge, however, Se-P composite has not yet been
reported as electrode materials for PIBs.

Actually, selenium phosphide (SexP;-y, 0.2 < x < 1.0), which can be synthesized by
the melt-quenching method or the ball-milling technique, has been widely applied in
electrical switches, display devices, and computer memories, owing to the good
optical and semi-conductive properties [23]. Herein, for the first time, we reported the
electrochemical performance of novel Se-2P/C amorphous composites synthesized via
plasma-assisted ball milling (P-milling) method as anode material for PIBs. The
P-milling method offers a simple, cost-effective and pollution-free method for
preparing nanomaterials. It accelerates mechano-chemical reactions to pave the way
for the future large-scale production of energy storage materials [24-25]. The
structural and electrochemical properties were analyzed by X-ray diffraction (XRD),
Raman spectroscopy, scanning electron microscope (SEM), transition electron

microscope (TEM), and electrochemical measurements. When the amorphous Se-P
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composite anode with the molar ratio of 1:2 and the P-milling time of 30 h
(Se-2P/C@30h), the associated PIB delivered a high reversible capacity of 634 mA h
g™ at a current density of 0.05 A g™ and excellent rate capability of 248.6 mA h g™ at
a current density of 1 A g™. Furthermore, reaction mechanisms were revealed that
K—P (K;P3) and K—Se (KSe) phases are formed during the potassiation process. The
present work provides a facile approach to achieve a promising anode material for

PIBs.

2. Experimental

2.1 Materials synthesis

The worm-like expanded graphite (EG) was first obtained by calcining the
expandable graphite (Qindao Xinghua Graphite Products Co., Ltd, = 99%, 100
mesh) at temperature of 1000 °C for 15 min at 5 °C/min under Ar atmosphere. Then,
the raw materials of Se (Aladdin, = 99.9%, 200 mesh), red phosphorus (Aladdin,
= 98.5%), and EG were mixed with the weight ratio of Se: P: C = 44.8: 35.2: 20 (i.e.,
the molar ratio of Se and P is 1:2) and placed in a stainless steel vial to synthesize the
Se-2P/C composite powder via the P-milling method. Stainless steel balls were sealed
with the mixture under Argon atmosphere and the weight ratio of the ball to powder
was 50:1. The synthesis of the Se-P-C composite by P-milling is schematically
illustrated in the Fig. 1. During the P-milling process, the mechanical energy, electron
impact and heating impact are generated and exerted on the powder of Se, P and EG.

Consequently, the amorphous carbon proceeded from the exfoliation and grind of EG
5
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[26] and carbon coated Se-P composite nanoparticles structure can be in-situ formed
in the P-milling process. The more details and mechanism of the P-milling process
were explained and described in our previous paper [27-28]. In the present work, ball
milling cylinder was vibrated with a double amplitude of 7 mm and a frequency of 16
Hz with the voltage of 15 kV, the current of 1.5 A and the discharge frequency of 60
kHz, respectively. Finally, two types of Se-2P/C composites, i.e., Se-2P/C@20h and
Se-2P/C@30h, were achieved by P-milling under above P-milling condition with
process times of 20 h and 30 h, respectively. In addition, the same P-milling condition
with process times of 30 h were also used to synthesize other several types of Se-P
composites, i.e., Se-P/IC@30h (weight ratio of Se: P: C = 57.46: 22.54: 20),
Se-4P/C@30h (weight ratio of Se: P: C = 31.14: 48.86: 20), Se/C@30h (the weight
ratios Se : C = 8: 2), P/C@30h (the weight ratios P: C = 8: 2) and C@30h (pure EG),
respectively, for the purpose of comparison. It should also be noted that the storage
and handling of all samples were performed in glove box (S-IPURE) filled by Argon

atmosphere.
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Fig. 1. Schematic illustration of the Se-P-C composite preparation.

2.2 Material characterization

The crystalline structures and phases constitutes of samples were identified by X-ray
diffractometry (XRD; Mini Flex 600, Rigaku, Tokyo, Japan) with Cu-Ka radiation.
The morphologies were analyzed by scanning electron microscopy (SEM; Carl Zeiss
Supra 40, Baden-Wurttemberg, Oberkochen, Germany). Particularly, more structural
details, including interplanar spacing, were further characterized by transmission
electron microscopy (TEM; JEOL JEM-2100, Tokyo, Japan) at voltage of 200 kV. The
TEM sample preparations were accomplished by dispersing the as-prepared powders
on Cu grids before the TEM observations. Raman spectra were obtained on a

Jobin-Yvon Labor Raman HR-800 system (Villeneuve d'Ascq, France) with a 514.5
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nm Ar-ion laser at 10 m\W.

2.3 Electrochemical measurements

Electrochemical performance was tested with a LANHE CT2001A electrochemical
workstation (Wuhan. China). The working electrodes were first prepared by mixing
the 70 wt.% active material, 20 wt.% Super P carbon black, and 10 wt.% sodium
alginate binder to form slurry. The slurry was then pasted on a copper foil and dried at
temperature of 60 °C for 12 h in vacuum to form the working electrode. At last, this
electrode was punched to the uniform disks with diameter of 12 mm. Each working
electrode was then used to construct a 2025 coin-type cell with potassium metal as the
counter electrode, 0.8 M potassium hexafluorophosphate (KPFg) in ethylene
carbonate (EC) and diethyl carbonate (DEC) (1:1, v/v) as the electrolyte. Glass fiber
membranes (GF/D-125R, Whatman) were used as separators. For comparison, 1 M
difluorosulfonimide potassium (KFSI) in 1,2-Dimethoxyethane (DME) was utilized
as the electrolyte to assemble the coin cells as well. Galvanostatic charge and
discharge tests were carried out in the voltage range 0.01-3 V vs. K'/K. Cyclic
voltammetry (CV) was performed at a scan rate of 0.2 mV s*' using an
electrochemical workstation (Gamry, Warminster, PA, USA). The specific capacity
was calculated based on the weight of active material. The mass loading of active

material was increased to 4 mg cm™ for ex-situ XRD experiments.

3. Result and Discussion
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Fig. 2a shows the XRD patterns of the as-prepared Se-2P/C@30h, Se/C@30h and
P/C@30h powders, which were synthesized through P-milling process for 30 h, as
well as the raw materials of pure Fe, Se and red P. It can be found that the diffraction
peaks exhibiting in the XRD pattern of Se-2P/C@30h are quite different from that in
the commercial Se and P. In particular, there are three sharp peaks located at 44.58°,
64.8 8°, and 82.14°, respectively, in the XRD pattern of Se-2P/C@30h, Se/C@30h
and P/C@30h composites, corresponding to the characteristic peaks of pure Fe. This
might be because little pure Fe dropped from the stainless steel vial and stainless steel
ball to the composites powder during the high-energy P-milling process. In addition,
the XRD patterns of other Se-P-C composites, synthesized with different molar ratios
and different ball milling conditions, are given in Fig. S1 (Supporting Information).
Fig. 2b displays one SEM image of the as-synthesized Se-2P/C@30h sample which
shows the smallest particle size around Se-P-C composite. (Fig. S2 shows the SEM
images of all as-synthesized materials). It is clearly seen from Fig. Sla and Fig. 2b
that the Se-2P/C@30h powder mainly consists of irregular agglomerated nanometer
sized particles. The agglomerated particles consist of many nanoparticles around 10
nm, distributed in the carbon (Fig. 2c). Moreover, high-resolution TEM (HRTEM)
image in Fig. 2d indicates that the Se-2P/C@30h nanoparticle has the amorphous
structure, which can act as a buffer to relieve the volume changes during the
potassiation/depotassiation process [29]. Fig. 2e presents the scanning TEM - energy
dispersive spectroscopy (STEM-EDS) elemental mapping analysis of a Se-2P/C@30h

particle, indicating the well-distributions of Se, P and C, which proves the sufficient
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reaction. Moreover, the EDS analysis demonstrates that the molar ratio of Se/P/C is
close to 1:1.88:2.67, being consistent with the designed composition (Experiment
Section). From the EDS test (Fig. S3-4, Table S1-3, Supporting Information), it is
worth mentioning that Fe contents of the composites prepared by P-milling for 30h
stay in the range of 15 ~ 20 wt.%. According to the HRTEM image of Se-2P/C@20h
composite in the Fig. S5 (Supporting Information), it can be concluded that the
sufficient reaction between Se and P was maintained for the Se-2P/C@30h, which
leading to a better electrochemical performance (as evented by the experimental
results in the next section). Fig. 2f displays the Raman spectrum of the as-synthesized
material, the obscure characteristic peaks for Se-2P/C@30h mainly locate at 320 ~
390 cm ™, being pretty different from the other as-prepared materials while similar to
the Raman-active vibrational modes of the reported Se,P, material [22]. Raman
spectrum proves the sufficient reaction between Se and P in Se-2P/C@30h.
Meanwhile, more or less Se phase should exist in the Se-2P/C@20h, Se-P/C@30h
and Se-4P/C@30h samples because their characteristic peaks locate around 239 — 270
cm™ like Se/C@30h composite. Compared with commercial selenium powder, the
Raman characteristic peak of Se phase in Se/C@30h composites is significantly
broadened and moved to high wavenumber (blue shift). This phenomenon is caused
by a large particle size reduction of Se on the surface of the active material after
P-milling process and the TEM analysis in Fig. S6-7 (Supporting Information) proved
that there are a large number of filamentous amorphous carbon-coated Se nanocrystal
structures on the surface of Se/C@30h composite. Analogously, Se-2P/C@20h,

10
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Se-P/C@30h, Se-4P/C@30h composites also own these similar structures, causing

their Raman characteristic peaks of Se showed “blue shift” as well.
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Fig. 2. Characterization of Se-2P/C@30h powder: (a) XRD patterns, (b) SEM image,
(c) TEM image, (d) HRTEM image, (e) STEM-EDS and element mappings, (f)
Raman spectra.
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Fig. 3. Electrochemical performance of the Se-2P/C@30h electrode with 0.8 M KPFg
in EC and DEC as the electrolyte: (a) CV curves with a scan rate of 0.2 mV s™, (b)
comparison of the cycling performance among Se-2P/C@30h, Se-4P/C@30h,
Se-P/C@30h and Se-2P/C@30h(regular milling), (c) comparison of the cycling
performance among Se-2P/C@30h, Se/C@30h and P/C@30h, (d) galvanostatic

discharge and charge curves at the current density of 100 mA h g, (e) rate
11
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performance at various current densities, (f) galvanostatic discharge and charge
profiles at various current densities.

The electrochemical performance of the as-prepared materials has been
investigated by cyclic voltammetry (CV) and galvanostatic discharge/charge
techniques. Fig. 3a shows the initial 5 cycles CV profiles of the Se-2P/C@30h at a
scan rate of 0.2 mV s™. There are two reduction bands and two oxidation bands during
the first cycle, and then the stable reversible electrochemical behaviors in the
subsequent four cycles with normal overlap curves. In detail, two reduction bands
(0.44 V and 0.03 V) related to the potassiation reaction locate at cathodic scan curve
while 3 oxidation bands (0.55 V, 1.1 V and 1.83 V) caused by the depotassiation
process exist in the anodic scan. The reduction peak appearing at 0.03 V and the
oxidation peak at 0.55 V respectively correspond to the insertion and extraction of K*
ions in carbon materials [30]. The reduction peak at 0.44 V and the oxidation peak at
1.1V are caused by the generation and disappearance of K—P [34]. The disappearance
of K—Se contributes to the relatively weak oxidation band at 1.83 V [18]. Fig. 3b
shows the cycling performances of the Se-2P/C@30h, Se-4P/C@30h, Se-P/C@30h
and Se-2P/C@30h (regular milling) electrodes in PIBs at the current density of 1 A g™,
after an initial three activation cycles at a current density of 100 mA g *. The
discharge capacity of the Se-2P/C@30h electrode (1194 mA h g %) at the first cycle is
higher than those of the Se-4P/C@30h (697 mA hg ™), the Se-P/C@30h (757 mA hg™?)
and the Se-2P/C@30h(regular milling) (841 mA h g ). Although the Se-2P/C@30h
material shows the lowest coulombic efficiency of 41.74% at the first cycle (Fig. S8,

Supporting Information), it maintains a highest reversible capacity of 248.6 mA h g™
12
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after 120 cycles at a current density of 1 A g%, as shown in Fig. 3b-c, which is much
better than that of all other electrodes, i.e., Se-4P/C@30h ( ~29 mA h g?),
Se-P/C@30h(~5 mA h g?), Se-2P/C@30h(regular milling) (~72 mA h g?),
Se/C@30h (~17 mA h g™), and P/C@30h(~19 mA h g). The amorphous carbon of
Se-2P/C@30h delivers a reversible capacity of 125 mA h g™ at the current density of
1 A g* (Fig. S9, Supporting Information). Se-2P/C@30h anode shows the best
electrochemical performance because of its smallest particle size, which shorten the
diffusion distance of K* ions, and sufficient reaction between Se and P to form Se-P
amorphous phase, which not only enhances the conductivity of active material but
also avoids the production of polyselenide in discharge/charge process. Fig. 3d
displays the galvanostatic discharge/charge curves of the Se-2P/C@30h electrode in
the potential range of 0.01 V and 3.0 V at current density of 100 mA g*. During the
first and second cycles, it exhibits the irreversible reaction with low coulombic
efficiencies of 41.74% and 68.39%, respectively. However, the coulombic efficiency
increases to ~ 95% in the following cycles because of the reversible
potassiation/depotassiation process. The long-term cycling performance of
Se-2P/C@30h electrode can be seen in the Fig. S10. Moreover, the Se-2P/C@30h
electrode demonstrates the outstanding high-rate capacities ranging from 634 mA h g™*
at 0.05 Agtto 2728 mAh gt at1 Ag? (Fig. 3e, ). Interestingly, when the rate is
changed back to 0.05 A g™, the capacity can be recuperated to 592.6 mA h g*. The
electrochemical capability, especially at high current density, can keep pace with the
other material for PIBs (Table S4, Supporting Information). According to the

13
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electrochemical impedance spectroscopy in Fig. S11, the charge transfer resistance
(Rct) of Se-2P/C@30h electrode is lower than the other composites, indicating that it

has better electron transfer capability.
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Fig. 4. Electrochemical performance of the Se-2P/C@30h composite electrode: (a)
comparison of the cycling performance in different types of electrolyte, (b)
galvanostatic discharge and charge curves at the current density of 100 mA h g™* with
KFSI in DME as electrolyte, (c) potential response and (d) resistance during GITT
measurement.

The KFSI in ethers was used as the electrolyte for potassium battery because it can
efficiently passivate the potassium surface and enable reversible potassium plating and
stripping electrochemistry [31]. The SEI layer formation caused by the KPFg in EC
and DEC electrolyte may lead to the initial low coulombic efficiency [32], but the
KFSI salt can address this problem and promote a uniform, stable SEI layer which

14
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allows the long cyclability for PIBs [33]. Furthermore, DME-based electrolytes offer a
high operational voltage, good rate performance with a negligible solid electrolyte
interface, and a small volume expansion [35-36]. To better understand the
electrochemical behavior of Se-2P/C@30h electrodes, the cells were tested in four
electrolytes at a current density of 100 mA g*. As shown in Fig. 4a-b, the
Se-2P/C@30h electrode with KFSI electrolyte presents a relatively high initial
coulombic efficiency of 52.27% (41.74% for KFPg in EC and DEC, Fig. S6) and stable
cycling performance. With the addition of 5 wt.% FEC to both KPFg in EC/DEC and
KFSI in DME electrolytes, however, the capacity fades quickly and reaches nearly
zero after several cycles. This phenomenon is quite similar to previous research on
phosphides, which should be attributed to the addition of FEC that can increase the SEI

layer and resistance of charge transfer [32].

The kinetic behavior of potassium storage of the Se-2P/C@30h composite was
investigated through galvanostatic intermittent titration technique (GITT). Fig. 4c
shows the potential response of Se-2P/C@30h anodes during GITT measurement
(running at a current density of 200 mA g* for 0.25 h and rest for 4 h in each pulse).
The detail information of single GITT period is illustrated in the Fig. S12. The
overpotential for Se-2P/C@30h anodes in PIBs gradually decreases in the discharge
process (potassiation reaction), while increases in the charge process (depotassiation
reaction). Fig. 4d shows the resistances of Se-2P/C@-30h anodes at different
potassiation/depotassiation levels, which were calculated by dividing the IR drops by

the pulse current density. The resistance of the Se-2P/C@30h electrode in the Fig. 4d
15
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performs a gradual decrease with increase of the potassiation level. This result is
attributed to the volume expansion during potassiation process that improves the
contact between particles, leading to the enhancement of the electrode conductivity.
Owing to the volume shrinkage that worsens the contact between active particles, in
contrast, the resistance of Se-2P/C@30h anodes increases during the depotassiation

process in Fig. 4d.

Fig. 5. The SEM images of Se 2P/C@30h composite electrodes (a c) fresh electrode
(d-f) potassiation state (discharge to 0.01 V), and (g-i) depotassiation state (charge to

3V).

The microstructural evolution accompanying with the potassiation/depotassiation
processes of Se-2P/C@30h electrode was also investigated to understand the
mechanism of volume and structure reversibility. The SME images in Fig. 5 present

the thicknesses and surface morphologies of the Se-2P/C@30h electrodes before
16



OCoO~NOUAWNE

potassiation state (a-c), potassiation state (d-f), and depotassiation state (g-i),
respectively. The thickness of the Se-2P/C@30h composite electrode increases from
10.5 um (Fig. 5a) before potassiation state to 12.3 um (Fig. 5d) after potassiation state
and then slightly recover back to 11.6 um (Fig. 5g) in the depotassiation state. The
associated total volume change rate increases ~ 17.14 % during the potassiation
process and return to ~ 10.4 % during the depotassiation process. This result shows a
quite good volume and structure reversibility of Se-2P/C30h electrodes. Accordingly, it
is clearly seen that the size of active particles of Se-2P/C@30h composite electrode
grow up from unreacted state (Fig. 5b-c) to potassiation state (Fig. 5e-f), and then
slightly reduce to in the depotassiation state, which should be responsible for the
volume change existing on the surface during the potassiation/depotassiation process.
Meanwhile, few micron-scale cracks are found in Fig. 5i in the Se-2P/C@30h
composite electrode after depotassiation process. Furthermore, Fig. S13 displays the
obvious capacity fade of Se-2P/C@30h composite electrode after 180 galvanostatic
discharge/charge cycles, and correspondingly, Fig. S14 give the SEM images of fresh
electrode, the electrode after first potassiation/depotassiation process, and the electrode
after 180 potassiation/depotassiation cycles. On one hand, it is worth noted in Fig.
S9d-f that micron—crack, which worsens the contact between active particles and
material shedding from the electrode, has not grown up obviously after 180
galvanostatic cycles. On the other hand, the growth of active particles of the
Se-2P/C@30h electrode can be easily found after 180 discharge/charge cycles. In other
words, the growth of active particles in the discharge/charge process causes the
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capacity fade of Se-2P/C@30h composite electrode.
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Fig. 6. (a) The ex-situ XRD patterns of Se-2P/C@30h electrodes in pristine,
potassiation state (discharge to 0.01 V) and depotassiation state (charge to 3 V). (b)
HRTEM image and (c) SAED pattern of Se-2P/C@30h in potassiation state. (d)
HRTEM image of Se-2P/C@30h in depotassiation state. (e) A schematic showing the
reaction mechanism during potassiation/depotassiation process in Se-2P/C@30h
electrode.

Except the Se [18] and red P anode materials [34], the potassium storage mechanism
for the Se-P amorphous composite has not yet been investigated. In the present work,
first, ex-situ XRD test was utilized to identify the possible phases change during the
potassiation and depotassiation process. Fig. 6a shows the ex-situ XRD patterns of
Se-2P@30h, electrodes in pristine state, potassiation state (discharge to 0.01 V) and
depotassiation state (charge to 3 V). There is no characteristic peak in the pristine
amorphous electrode. However, when the electrode is discharged to 0.01 V, the peaks
for the KSe (Material ID: mp-1059621) and K,P3; ((Material ID: mp-8262) phases

could be detected. The details for the characteristic peaks, structural parameters, and
18
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atomic position and the calculating powder diffraction parameters of KSe and K,P3
phases are provided in the Fig. S15-18 and Table S5-7 (Supporting Information). , No
characteristic peaks for KSe and K;P3 phases could be detected in the XRD pattern of

the Se-2P@30h electrode once turned back to the depotassiation state.

In addition, the HRTEM observations were further performed to dissect the
potassiation storage mechanism for Se-2P/C@30h amorphous composite. Different
from the amorphous structure (Fig. 2d) in pristine Se-2P/C@30h,the new phases with
nanocrystalline structures appear in the potassiation state, as indicate in Fig. 6b. In
particular, the lattice spacing of one phase is indexed as 0.337 nm, corresponding to the
(200) plane of cubic phase of KSe; while another one with the lattice spacings of
0.320 and 0.721 nm, can be respectively indexed to the (220) and (002) planes of an
orthorhombic phase of K;P3. Besides, the corresponding SAED pattern (Fig. 6¢) can
be indexed to the (311), (222) and (400) planes of KSe and the (220), (311) and (424)
planes of KjP;. When the Se-2P/C@30h electrode is returned back to the
depotassiation state, nanocrystalline structural KSe and K,P3 phases disappear and the
original amorphous structure appears again (Fig. 6d). The results of ex-XRD
measurement together with HRTEM observations reveal that Se-2P/C@30h material
undergo the reversible potassiation/depotassiation reaction in the discharge/charge
process. More specifically, the corresponding potassiation and depotassiation

mechanism for Se-2P/C@30h material can be described by the following equation:

3(Se-2P) + 7K <> 3KSe + 2K,P; (1)
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For the first time, the Se-2P/C material is tested as an anode for PIBs in the present
work. Accordingly, the reaction mechanisms of Se-2P/C@30h anode material with the
formation of KSe and K,P3; phases are little different from the K,.,Se [18] and K3.P
[20, 21, 32, 34] phases that formed in previous anodes (Se, P, and Sn,4P3) for PIBs and
Se4P4 anode for SIBs. However, the potassiation process accompanied with the KSe
and K,P3 phases is incompletely accomplished, so the practical capacity (634 mAh g*,
50 mA g) in the present work is lower than the theoretical capacities of pure Se (675
mA h g*) and pure P (2596 mA h g™). Fig. S19-21 display the EDS maps of the
Se-2P/C@30h electrodes in the first potassiation state, depotassiation state and
depotassiation state after 150th cycles, respectively. In the first potassiation state (Fig.
S19), the Se-2P/C@30h electrode is uniformly distributed by K, Se, P and C. In the
first depotassiation state (Fig. S20, Supporting Information), it is found that the signals
of Se and P elements are overlapped at the same areas, indicating the reversible
potassiation and depotassiation reaction for the potassium storage of Se-2P/C@30h
electrode. Besides, some other signals for P element, which may be indexed to the
formation of SEI film in the discharge process, exist on the other section and overlap
with carbon element. After the depotassiation state of 150th cycle (Fig. S21), the
particles of Se-2P/C@30h material are obvious larger than those in the first
depotassiation state. This result is in accordance with the SEM images (Fig. 5h-i) and

indicates the particles growth in the discharge and charge process.

4. Conclusion
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For the first time, the Se-P amorphous composites were prepared by
P-milling-method and tested as an anode for PIB in the present work. When the molar
ratio of Se to P is 1:2 and the ideal P-milling time is 30 h, the corresponding
Se-2P/C@30h amorphous composite anode shows the best electrochemical
performance. It is attributed to the smallest particle size, which shorten the diffusion
distance of K* ions, and sufficient reaction between Se and P to form Se-P amorphous
phase which not only enhances the conductivity of active material but also avoids the
production of polyselenide in discharge/charge process. As a result, the Se-2P/C@30h
composite delivers a high reversible capacity (634 mA h g™ at 0.05 A g™) and cycling
stability (248.6 mA h gt at 1 A g* after 120 cycles). The gradually growth of the
active particles should be responsible for the capacity fade of the electrode, leading to
the loss of nanoparticles function. Moreover, the reaction mechanisms of the Se-2P/C
have been revealed as the formation of new K—P (K;P3) and K—Se (KSe) phases
during the potassiation process. Besides, it should be mentioned that the potassiation
process accompanied with the KSe and K,P; phases is incompletely accomplished,
since the practical capacity (634 mA h g, 50 mA g) in the present work is lower than
the theoretical capacities of pure Se (675 mA h g™) and pure P (2596 mA h g*). The
findings in the present work may help in the development of a safe and
high-energy-density, rechargeable K-ion battery for the large-scale energy storage

applications.
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Fig. S1. (a) XRD patterns of the Se-P-C composites with different molar ratios. (b) XRD patterns

of the Se-P-C composites under different ball milling conditions.

In Fig. Sla, it can be known that the samples (molar ratio of Se: P = 1:1, 1:2 and
1:4 respectively) after 30 hours P-milling process show the peaks at 44.58°, 64.88°
and 82.14°, which are referred to the commercial Fe in Fig. la. It indicates that the
sufficient reaction between Se and P. The XRD patterns of Se-2P/C composites
prepared under different ball milling conditions (P-milling for 20 hours, P-milling for
30 hours and milling for 30 hours) are shown in the Fig. S1b. Unlike the samples
which were prepared by P-milling and milling for 30 hours, a small peak at the 29.70°

can be found in the pattern of Se-2P/C@20h sample and it can attribute to raw



material.

Fig. S2. SEM images of (a) commercial selenium powder, (b) commercial red phosphorous, (c)

Se-2P/C@30h, (d) Se-2P/C@30h(regular milling), (e) Se-2P/C@20h, (f) Se-P/C@30h, (g)
Se-4P/C@30h, (h) Se/C@30h and (i) P/C@30h.

According to the Fig. S2a-b, the commercial selenium powder and red phosphorus
without milling process have large particle with micron size. It can be found in Fig.
S2c-d that the particle sizes of Se-2P/C@30h and Se-2P/C@30h(regular milling)
composites decreased to nanometer size through ball-milling treatment. Since
P-milling method provides more energy than ordinary ball milling, the size of the
particles without significant agglomeration of Se-2P/C@30h (30-40 nm) is lower than
that of Se-2P/C@30h(regular milling) (50-70 nm). It can be observed from Fig. S2e
that the particles size of Se-2P/C@20h is substantially on the order of micrometers,

indicating that the 20-hour P-milling process did not decrease particle size of Se-2P/C



into nano-scale. In Fig. S2f, it can be seen that Se-P/C(@30h composite contains more
micron-sized particles, and the average size of small particles which did not
significantly agglomerated is 80-60 nm. Se-4P/C@30h composite in Fig. S2g shows
overall lower particle size and the average size of small particles which did not
significantly agglomerated is only 40-60 nm. In the same P-milling time of 30 h,
Se/C@30h (Fig. S2h) and P/C@30h (Fig. S2i) composites show larger particle size
than the other as-prepared composites. Moreover, Se is proved more difficult to
reduce its particle size in P-milling process than Red phosphorous as Se/C@30h
shows huger particle size. The similar situation also occurs in the P-milling process of
Se powder, red phosphorus and expanded graphite. The particle size of Se-P/C@30h
composite with higher Se content is significantly larger than those of Se-2P/C@30h

and Se-4P/C@30h composites.

Table. S1. Element content of Se-2P/C@30h.

Element Mass Ratio (%) Atom Ratio (%)
Se 39.04 15.39
P 26.68 26.81
C 19.04 49.32
Fe 15.24 8.49
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Fig. S3 EDS of Se-P/C@30h.



Table. S2. Element content of Se-P/C@30h.

Element Mass Ratio (%) Atom Ratio (%)
Se 45.77 19.15
P 18.85 20.12
C 18.41 50.71
Fe 16.96 10.01
~ cps/eV.
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Fig. S4 EDS of Se-4P/C@30h.
Table. S3. Element content of Se-4P/C@30h.
Element Mass Ratio (%) Atom Ratio (%)
Se 22.44 7.70
P 34.51 30.19
C 23.28 52.55
Fe 19.76 9.56

The Fe content of Se-2P/C@30h, Se-P/C@30h and Se-4P/C@30h are shown in
Table S1-3, respectively. From these tables, it is known that the Fe content of
Se-2P/C@30h, Se-P/C@30h and Se-4P/C@30h are 15.24 wt.%, 16.96 wt.% and
19.76 wt.%, respectively. As the Fe contents of the samples stay in the range of 15 ~
20%, the influence factors for Se-P-C composites on potassium storage should be the

particle size and the combination level of Se and P, instead of Fe content.
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Fig. S5. Characterization of Se-2P/C@20h powder: (a) HRTEM image, (b-d) element mappings.

Graphite layer can be found in Fig. S5a, indicating that the carbon morphology of
Se-2P/C@?20h is quite different from the amorphous carbon of Se-2P/C@30h in Fig.
2d. In addition, unlike the material prepared by P-milling method for 30 h (Fig. 2e),
the red outlines in the Fig. S3b-d indicate that the insufficient reaction between Se and

P.



Fig. S6. (a) STEM image, (b) TEM image, (c) SAED pattern and (d) HRTEM image of
Se/C@30h composite.

Fig. S6a shows the STEM image of the Se/C@30h composite. It can be observed
that a lot of filamentous substances appear on the surface of a large bulk. According
to the TEM image (Fig. S6b), it is found that there are many small particles (3-10 nm)
inside the filamentous substance, indicating that the Se nanoparticles (the darker
portion) are surrounded by the filamentous carbon matrix (the brighter portion). Fig.
S6c displays the SAED image of the filamentous substance. Many weak irregular
diffraction spots and a diffraction ring can also be observed in the Fig. Séc, indicating
the presence of single crystal and amorphous structures inside the filamentous

substance. It can be seen from Fig. S6d (HRTEM image of filamentous substances of



Se/C@30h composite) that the lattice spacing of the darker nanoparticles is 3.02 A

which corresponds with the lattice distance of the Se (101) crystal plane, further

demonstrating that Se single crystals exist inside the filamentous substances.

Fig. S7 (a) STEM image and (b-c) Element mapping image of Se/C@30h composite.

Fig. S7a and S7b-c display STEM image and element mapping images of
Se/C@30h, respectively. According to Fig. S7, it is found that the elemental signals
of Se and C not only coincide with each other but also substantially accord with the
filamentous substance, further demonstrating that the filamentous substance consist of

Se and C.
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Fig. S8. Discharge/charge profiles for the first 3 cycles of (a) Se-2P/C@30h, (b) Se-4P/C @30h,

(c) Se-P/C@?30h, (d) Se-2P/C@30h(regular milling), (¢) Se/C-@30h, (f) P/C @30h.

It is clearly known that the first coulombic efficiencies for the materials
Se-2P/C@30h, Se-4P/C@30h, Se-P/C@30h, Se-2P/C@30h(regular milling),
Se/C@30h and P/C@30h are 41.74%, 42.69%, 50.48%, 47.48%, 56.92% and 29.64%

respectively.
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Fig. S9. Cycling performance of the C@30h electrode in PIBs at a current density of 1 A g\,
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Fig. S10. Long-term cycling performance of the Se-2P/C@30h electrode in PIBs at a current

density of 50 mA g

Table S4. The potassium storage performances of Se-2P/C@30h and other anode materials.

Cycle Number

Coulombic Efficiency (%)

Sample Capacity Current Density Reference
Se-2P/C@30h 248.6mA hg! 1Ag! This work
GePs 230mA hg'! 1Ag! [1]
SnaP3@carbon fiber 233.8mAhg! 1Ag! [2]
SnsPs 221.9mAhg! 1Ag! [3]
Sn/C 150 mA hg'! 25mA gt [4]
3D Sn/C 150 mA h g’ 500 mA g [5]
Bi/rGO 235mAhg’ 500 mA g 6]
MosS: 65mAh g’ 20mA g [7]
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Fig. S11. Nyquist plots of Se-P/C@30h, Se-2P/C@30h and Se-4P/C@30h electrodes after first

cycle in potassium ion batteries (the inset figure is corresponding to equivalent circuit).
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Fig. S12. Voltage-Time diagram for the Se-2P/C@30h electrode on potassium storage in the

GITT process.

According to Fig. S12, when the cell started from rest to discharge, instantaneous



voltage drop happened and this instantaneous voltage drop should be IR drop. In the
case of calculating resistances, the IR drops were divided by the pulse current density

(100 mA g!) and the resistances could be achieved.
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Fig. S13. Long-term cycling performance of the Se-2P/C@30h electrode in PIBs at a current

density of 1 A gl



Fig. S14. The SEM images of Se-2P/C@30h electrodes: (a-b) fresh electrode, (c-d) the electrode
after first potassiation/depotassiation  process, (e-f) the electrode after 180

potassiation/depotassiation cycles.
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Fig. S15. XRD pattern of cycled Se-2P/C@30h electrode after it was discharged to 0.01 V: (a-b)

comparison with KSe mp-105961; (c-d) comparison with KoP3 mp-8262.

In Fig. S15a-b, it is observed that the peaks located at 26.13° and 37.47° are

corresponded to the characteristic peaks (200) and (220) of KSe (Material ID:

mp-105961). Fig. S15c-d shows that the peak at 30.71° is corresponded to the

characteristic peak (222) of KoP3 (Material ID: mp-8262). These KSe and K2P3 phase

can be found on the Material Project, which could be searched on the science website

[8].
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Fig. S16. XRD pattern of cycled Se-2P/C@30h electrode after it was discharged to 0.01 V: (a)
comparison with K>Se (JCPDS 00-023-0470); (b) comparison with KSe (JCPDS 01-081-1763); (¢)

comparison with KP (JCPDS 01-071-1844); (d) comparison with KsP (JCPDS 01-074-0128).

In Fig.S16a-b, the KSe (JCPDS: 00-023-0470), KSe (JCPDS: 01-081-1763), KP
(JCPDS: 01-071-1844) and KsP (JCPDS: 01-074-0128) do not match with the peaks
existing on the Se-2P/C@30h electrode after it was discharged to 0.01 V.



Fig. S17. A schematic of the crystal structure for KSe (Material ID: mp-1059621).

Table S5. Structural parameters and atomic position of KSe (Material ID: mp-1059621).

Atom Site X y z Occ B
K 4a 0.000000 0.000000 0.000000 1 1
Se 4b 0.000000 0.000000 0.500000 1 1

Space group Fm-3m
a(h) 6.7454

Cell Volume (A%) 306.922




Table S6. The calculating powder diffraction parameters of KSe (Material ID: mp-1059621).

h k 1 d(A) 20 I

1 1 1 3.804473 2281577  16.13366
1 1 1 3.894473 2287177 8.0312
2 0 0 3.372713 26.4047 100

2 0 0 3372713 2646981  49.75117
2 2 0 2384868  37.68809  71.46987
2 2 0 2384868  37.78282  35.54625
3 1 1 2.033822 4451172 8.17225
3 1 1 2033822 44.62531 4.06589
2 2 2 1947237  46.60486  24.03528
2 2 2 1947237 4672442 11.95131
4 0 0 1.686356 5435924  10.63216
4 0 0 1.686356 5450179 5.28604
3 3 1 1.547507  59.70464 342111
3 3 1 1.547507  59.86398 1.70178
4 2 0 1.508323 6142058  27.59441
4 2 0 1.508323 61.5855 13.71962
4 2 2 1376904 68.03428  19.18602
4 2 2 1.376904 6822169 9.54143
3 3 3 1.298158  72.79399 0.60563
5 1 1 1298158 72.79399 1.8169
3 3 3 1298158 72.99871 030146
5 1 1 1298158  72.99871 0.90438
4 4 0 1.192434  80.47939 5.45834
4 4 0 1.192434  80.71445 27182
5 3 1 1.140185  84.99982 2.24812
5 3 1 1140185  85.25438 1.12115
4 4 2 1124238 86.49832 8.84496
6 0 0 1.124238  86.49832 221124
4 4 2 1.124238  86.75966 4.4099
6 0 0 1.124238  86.75966 1.10248




Fig. S18. A schematic of the crystal structure for KoP3 (Material ID: mp-8262).

Table S7. Structural parameters and atomic position of K,P3 (Material ID: mp-8262).

Atom Site X y z Occ B
Ki 8h 0.000000 0.228497 0.000000 1 1
Ko 8f 0.250000 0.250000 0.250000 1 1
P 16n 0.215724 0.000000 0.424809 1 1
P2 8i 0.000000 0.000000 0.348797 1 1

Space group Fmmm
a(A) 8.69801
b(A) 9.45838

c(A) 14.42978

Cell Volume (A?) 1187.1249




Table S8. The calculating powder diffraction parameters of K,P3 (Material ID: mp-8262).

h k 1 d (&) 20 I

0 0 2 7.214892 12.25771 12.49462
0 0 2 7.214892 12.28751 6.21728
1 1 1 5.852204 15.12701 26.51961
1 1 1 5.852204 15.16386 13.19582
0 2 0 4729188 18.74836 1.50484
0 2 0 4729188 18.79417 0.74923
2 0 0 4.349006 20.40412 331056
2 0 0 4.349006 20.45407 1.64711

0 2 2 3.955232 22.46068 6.12773
0 2 2 3.955232 2251579 3.04859
1 1 3 3.845594 23.10974 16.09839
1 1 3 3.845594 23.16648 8.00887
2 0 2 3.724663 23.87092 9.56737
2 0 2 3.724663 23.92958 475887
0 0 4 3.607446 24.65855 4.1987

0 0 4 3.607446 2471921 2.08841
2 2 0 3.201191 27.84722 245126
2 2 0 3.201191 27.91603 1.21938
2 2 2 2.926102 30.52599 100

2 2 2 2.926102 30.60173 4973781
1 3 1 2.903457 30.76994 13.52069
1 3 1 2.903457 30.84631 6.72505
0 2 4 2.868233 31.15736 47.74556
0 2 4 2.868233 31.23474 23.74718
2 0 4 2.776561 3221355 0.13014
2 0 4 2.776561 32.29369 0.06473
3 1 1 2.722249 32.87429 224318
3 1 1 2.722249 32.95617 1.11568
1 1 5 2.631014 34.04838 0.88958
1 1 5 2.631014 34.13337 0.44243
1 3 3 2.523417 35.54753 0.53088
1 3 3 2.523417 35.6365 0.26408
0 0 6 2.404964 37.36146 0.95886
3 1 3 2.401722 37.41377 5.80258
0 0 6 2.404964 37.4553 0.47685
3 1 3 2401722 3750775 2.88566
2 2 4 2.394388 37.53263 0.0982

2 2 4 2.394388 37.62694 0.04884
0 4 0 2.364594 38.02357 23.61925
0 4 0 2.364594 38.11921 11.74536
0 4 2 2.246994 40.09657 0.5772
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Fig. S21. EDS maps of the Se-2P/C@30h electrode in the depotassiation state after 150 cycles.
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