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Silicon has been recognized as one of the most appealing alloying anode materials for lithium/sodium-ion
storage. However, the K-Si alloying reaction is still missing in potassium-ion batteries produced so far, even
though the theoretical phase diagram allows the existence of corresponding products. Herein, we synthesize
crystalline silicene from Zintl phase CaSi; and demonstrate that potassium-ions can be inserted/extracted effi-
ciently in it with enhanced cycle stability (without capacity fading over 3000 cycles in silicene//K battery with

Coulombic efficiency remains above 99.4 %). Contrary to established perceptions of “inert silicon”, the reversible
kinetics-controlled K-Si phase transition occurring in silicene is illustrated by in situ synchrotron X-ray diffrac-
tion, and enables the formation of KSi as the dominant discharged product realizing a reliable reversible
potassiation storage capacity of 180.1 mA h g~ 1. The versatile alloying electrochemistry of silicon observed here
is expected to spur the development of durable potassium-ion batteries.

1. Introduction

The rapidly increasing demand for the renewable energy resources
calls for sustainable energy storage devices and promoted the vigorous
development of alkaline-ion batteries (Li, Na, and K).[1-3] The domi-
nant lithium-ion batteries (LIBs) are pervasive across most types of
consumer electronics such as electric vehicles and portable electronics;
besides, sodium-ion batteries (NIBs) and potassium-ion batteries (KIBs)
provided more cost-effective choices for large-area formats benefiting
from the high abundance of resources, jointly facing the challenge of
investigating suitable electrode materials for boosting facile ion storage.
[4-6] Silicon, which is the main non-gas element in the crust, has
revealed as promising anode candidates for LIBs to replace traditional
graphite electrodes with high theoretical specific capacity, but failed in
KIBs owing to the currently considered inert reactivity.[7] On the one
hand, like silicon suffers from the severe deformation caused by the
intercalation of lithium-ions in LIBs, potassium-ions with larger ionic
radius as 1.38 A will cause more seriously huge distortions of host
electrode materials during the insertion/extraction processes and lead to
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irreversible structural degradation of the electrode upon cycling.[8] On
the other hand, Sultana et al. experimentally confirmed that the
reversible capacity was almost invisible in the commercial crystalline
silicon (c-silicon) powder/graphene anode and demonstrated the
absence of K-Si alloying products in the full-discharged product.[9] To
date, although the reported theoretical calculations illustrated the ex-
istence of possible K-Si alloying products (such as KSi or KSis7s),
reversible electrochemical potassium-ion storage in silicon has not been
activated.[10]

In general, the possible potassiation products of silicon such as KSi
are classified as the so-called Zintl phase, silicon atoms forming isolated
[Sis]*~ tetrahedra and the octet rule is completed by one electron from
the cation.[11] Similarly, the sodiation products of Si such as NaSi and
calciation products such as CaSiy also obeys Zintl-Klemm formalism.
[12] An intuitive idea is, considering the similar robust structure and
abundant reaction sites, the silicene derived from CaSij is expected to be
beneficial to alloying with potassium-ions and ignite the performance of
silicon, especially c-silicon in KIBs.[13] Moreover, as Xu. et al. recently
reported, c-silicon nanoparticles with high specific surface area are used
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as the anode of NIB, activate a reversible Na-Si alloying reaction and
generate Naj_,Si species, which provide 248 mA h g™! at 20 mA g~}
after 100 cycles.[14] The flexible monolayer nanosheet structure of
silicene also possesses increased reaction area with shortened ion
transport pathway, hasten interfacial charge transfer, and is conducive
to maintaining structural integrity and achieving stable cyclability.
Therefore, it is still urgent to exploit compatible silicene electrode and
investigate the corresponding energy storage mechanism in KIBs.

Herein, free-standing crystalline silicene (c-silicene) nanosheets are
synthesized from Zintl phase CaSis and used as the first reversible c-
silicon anode for KIBs with an extended cycle life. In situ synchrotron X-
ray diffraction measurements (SXRD) confirm the reversible kinetics-
controlled K-Si phase transition, and the formation of the KSi as the
dominant discharge alloying product is further illustrated by multiple
characterization techniques. The proposed c-silicene//K battery dem-
onstrates a reliable reversible potassiation storage capacity of 180.1 mA
h g™! at 10 mA g~ suggesting highly reversible reaction. Benefiting
from the monolayer morphology and the robust structure of c-silicene,
cycling stability over 3000 cycles at 500 mA g~ ! with the Coulombic
efficiency remains above 99.4 % is achieved without observable ca-
pacity attenuation, towards the superior silicon anodes with ultra-stable
cycling performance.

2. Experimental section
2.1. Raw materials

Calcium silicide (CaSiy, tech-95, 95%, powder, Gelest), iodine (I3,
99.99%, Sigma-Aldrich), 1-methyl-2-pyrrolidinone (NMP, anhydrous,
98%, Sigma-Aldrich), and acetonitrile (CH3CN, anhydrous, 99.8%,
Sigma-Aldrich) were obtained and used as received.

2.2. Materials synthesis

Briefly, c-silicene was prepared as follows. First, 575 mg of the CaSiy
precursor and 1524 mg of the I, powder precursor (molar ratio = 1:1)
were immersed and stirred in 160 mL of anhydrous acetonitrile
(CH3CN). The reaction process continued at room temperature for 2
weeks under Ar atmosphere protection. After centrifugation and
washing with anhydrous acetonitrile three times, the precipitate un-
derwent a thermo-enabled expansion process (heated to 380 °C) and was
subsequently immersed in liquid Ny until the liquid Ny completely
gasified (quenched to —196 °C). Finally, the samples were stored in
NMP.

2.3. Materials characterization

The morphology, composition, and structure of c-silicene were
studied by scanning electron microscopy (SEM, Carl Zeiss Gemini SEM
300), X-ray photoelectron spectroscopy (XPS, Kratos Analytical Axis
UltraDLD) and transmission electron microscopy (TEM, JEM-2100 and
JEM-2100F). A Raman spectrometer (RENISHAW inVia Basis; 532 nm)
was used for analyzing the layered structure.| Atomic force microscopy
(AFM, CSPM-5500) was used to assess the height of c-silicene.

2.4. Electrochemical measurements

The electrochemical performance of c-silicene was tested via CR2025
coin-type cells from 0.01 to 3.0 V. The c-silicene electrode was prepared
by mixing c-silicene, carbon black, and carboxymethyl cellulose (CMC)
sodium salt in a mass ratio of 7:2:1. The mixture was uniformly coated
on the copper foil and dried under vacuum overnight. The dried com-
posite electrodes were cut into round pieces with a diameter of 0.6 cm by
a disc cutter machine, typical load is 1-2 mg cm 2. To prepare the
electrolyte (battery grade, Ningbo Shanshan Co., Ltd.) for the KIBs, 3 M
KFSI was prepared in dimethyl ether and used for the potassium
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reaction. The cells were assembled in an argon-filled glove box. In the
full KIB, Prussian blue analogue is used as the cathode. To prepare
Prussian blue, 0.3244 g FeCl3 and 0.3683 g K4Fe(CN)¢ were separately
dissolved in 40.0 and 160.0 mL of deionized water, and two solutions are
slowly mixed evenly. Stir the mixture for two hours and then let it stand
overnight at room temperature. The precipitate in the beaker was
centrifuged and washed thoroughly, and dried at 100 °C in vacuum oven
for 24 h to obtain Prussian blue. In a typical cathode preparation pro-
cess, active material, carbon black (CB), and carboxymethyl cellulose
(CMC) sodium salt were ground and mixed completely in a mass ratio of
8:1:1, and coated on aluminum foil. Then the electrode was dried in a
vacuum oven at 60 °C for more than 24 h. Finally, K 2oFe(Fe(CN)g) was
discharged to 2.0 V in the half-cell to obtain potassium-rich cathode. The
mass ratio of cathode to anode is 6:1, which means that the cathode-to-
anode electrode capacity ratio is approximately 3:1. The electrolyte is
the same as the half-cell, and the c-silicene cathode is pre-activated. The
cycle test voltage range of the full battery is set to 1.2-3.2 V. The cycling
performances of c-silicene were determined at various rates with a
LAND CT2001A battery test system. The cyclic voltammetry (CV) test
was performed with a CHI 760E (Chenhua Instrument Company,
Shanghai, China) electrochemical workstation.

2.5. In situ synchrotron Radiation-Based X-ray diffraction experiment

In situ XRD experiments were performed with an X-ray wavelength
of 0.693 A in beamline BLO2U2 of the Shanghai Synchrotron Radiation
Facility (SSRF). Moreover, the in situ XRD study was carried out using a
special coin cell. There were two observation holes with a radius of ~ 2
mm in the middle of both the cathode and anode sides, guaranteeing
that X-rays could penetrate through the active materials during cycling.
The observation hole of the specially made in situ cell was sealed by
polyimide tape. The electrochemical current density used for the in situ
experiment was 100 mA g’l.

3. Results and discussion

Briefly, c-silicene was formed via the liquid oxidation and exfoliation
of CaSiy (Fig. 1a). CaSiy has alternating stacked (Ca®"), and (Sign)®™
layers; thus, silicene can be expected to peel off when the (Ca?"), layers
are oxidized by I, and dissolved. The as-reacted c-silicene sheet powder
display a high degree of crystallization with X-ray diffraction (XRD), and
all the diffraction peaks of silicene sheets can be well indexed (JCPDS
No. 27-1402) (Fig. 1b).[15] The scanning electron microscopy (SEM)
images of the obtained c-silicene exhibit a stacked layer structure
(Fig. 1c), which indicate that the product is adequately exfoliated
(Fig. Sla). Energy dispersive X-ray spectroscopy (EDS) mapping shows
almost invisible distribution of calcium in c-silicene, confirming the
complete transition from CaSi, to c-silicene. The product was placed in
deionized water for further ultrasonic exfoliation to obtain self-
supported and dispersed ultra-thin silicene nanosheets. The atomic
force microscopy (AFM) observation of dispersed c-silicene shows a
uniform contrast with an average chip size of 3-5 pm and thickness of ~
0.65 nm, i.e., monolayer silicene (Fig. 1d, Fig. S2). The SEM image of c-
silicene (Fig. S1b) provides similar evidence for the lamellar
morphology. Considering its application in potassium-ion energy stor-
age (Fig. 1e), monolayer c-silicene provides sufficient ion storage space
and surface reaction sites and is expected to promote the occurrence of
electrochemical reactions.

To investigate the morphology and detailed structure of c-silicene,
transmission electron microscopy (TEM) was further conducted. Fig. 2a
illustrates that c-silicene possesses a two-dimensional transparent
texture and smooth morphology (Fig. S3), suggesting the integrity of
(Sign)?~ layers upon the I, treatment and stripping process. Moreover, a
weak oxygen response is shown in the element mapping images
compared with the obvious and uniform distribution of silicon, indi-
cating the low degree of oxidation of c-silicene, and the observed oxygen
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Fig. 1. (a) Schematic diagram showing the synthesis process of c-silicene. (b) XRD patterns of c-silicene. (c) SEM image, and corresponding Si and Ca elemental
mappings of c-silicene. The scale bars is 5 pm. (d) AFM image of c-silicene with a monolayer morphology. (e) Schematic diagram of potassium-ion energy storage

assembled with silicene as electrode.
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Fig. 2. (a) TEM images and the corresponding O and Si elemental mapping images of c-silicene. (b) The corresponding SAED pattern and (c) HRTEM images of c-
silicene. (d) EDS spectrum and XPS survey spectrum (inserted) of c-silicene. (e¢) Raman spectrum of c-silicene. (f) Adsorption and desorption curves of c-silicene.

distribution can be attributed to the absorption behaviour of the silicene
surface. The selective area electron diffraction (SAED) pattern was also
measured (Fig. 2b), further verifying the single crystal morphology of
the inherited silicon framework. As shown in Fig. 2c, the lattice of silicon
atoms with interplanar spaces of ~ 3.4 A for the (100) plane is shown in
the high-resolution TEM (HRTEM) image, which also reveals the well-
crystallized feature of c-silicene. X-ray photoelectron spectroscopy
(XPS) measurements and EDS analysis are shown in Fig. 2d. The XPS
spectrum shows the obvious signals at ~ 103 and ~ 153 eV which can be
attributed to Si 2p and Si 2 s respectively. It can be noted that although
the O 1 s signal from the surface at ~ 532 eV was observed, only a few
oxygen elements are detected in EDS spectrum because of the deeper
detection depth than XPS measurements. Moreover, the elemental
composition analysis of the EDS spectrum declares a silicon content of
up to 92%, as well as a small amount of carbon (5.6%) and oxygen
(1.9%) signals (Table S1). Therefore, the O 1 s peak measured by XPS is
attributed to the adsorption of the broad surface. The fine Si 2p spectrum
can be dissociated into peaks at 99.0 eV and 102.4 eV, which can be
attributed to Si-Si bonding and SiOy/Si-OH species, respectively
(Fig. S4).[16] Raman analysis was used to further determine the struc-
ture of c-silicene. The complete Raman spectrum shown in Fig. 2e agrees

with the typical Raman spectrum of buckled silicene and can be attrib-
uted to the out-of-plane vibrational mode (A1g) and in-plane vibrational
mode (Epg). The vertical buckling is responsible for the A;¢ breathing
mode, which generates the asymmetric shoulder of the peak; the sharp
and intense Epg peak centred at 517 em™! is induced by the symmetric
stretching of sp? Si-Si bonds, confirming the well-maintained structure
of silicene and further indicates complete exfoliation.[17,18] The Bru-
nauer-Emmett-Teller (BET) surface area of c-silicene was evaluated to
be 78.7 m? g~ !, as shown in Fig. 2f, implying abundant reaction sites for
potassium-ion storage given the application of anodes in KIBs.

To this day, crystalline silicon is still considered “inert” to potassium-
ions, which means that Si//K alloys cannot be electrochemically formed
in traditional silicon anode. Therefore, to elucidate the possible ignited
electrochemical potassiation/depotassiation mechanism, a K//c-silicene
cell was assembled and further performed by in situ SXRD. As can be
seen in Fig. 3a-c, the periodic dis/reappearance of diffraction peaks
suggests the occurrence of reversible phase changes in the K//c-silicene
cell. In the stages of potassiation, the peaks located at 32.28° attributed
to d (331) of c-silicene gradually weaken during the discharge process
(Fig. 3b), and a strong peak at 21.28° appears when discharging to ~ 0.3
V, indicating a conversion reaction. This observation demonstrates the
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formation of new species which can be attributed to the Bragg diffrac-
tion of the (630) crystal plane of KSi. Subsequently, when further dis-
charging, the diffraction peaks attributed to silicon continues to weaken,
and strengthens again during the following charging process. In
contrast, the new species generated during the discharge process with
the peak located at 21.28° fades gradually, and further reach the
weakest when charging to ~ 2.2 V, which confirms the existence of
reversible potassiation/depotassiation process within working potential
range. Furthermore, the full-discharge products were further studied to
confirm the alloying process. As shown in Fig. 3d, TEM was used to
check the potassiation products in proposed cell, and the corresponding
elemental mapping indicates the uniform distribution of potassium. It is
worth noting that in the HRTEM analysis of the as-prepared full-dis-
charged products, the lattice fringes of two widths are revealed in Fig. 3e
together, which can be calculated as ~ 0.34 nm and ~ 0.13 nm
respectively. As mentioned above, the lattice with ~ 0.34 nm lattice
spacing is considered to be belong to c-silicene as (100) plane, consis-
tent with original anode. In addition, the emerging lattice with ~ 0.13
nm width is incompatible with existing lattice spacing of c-silicene, and
can be possibly attributed to the (721) plane of KSi (JCPDS No.
89-2863).[19] The SAED pattern of the selected potassiation product
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Fig. 3. In situ SXRD and TEM measurements. (a)
Galvanostatic charge-discharge curves between 0.01
and 3.0 V at 100 mA g~ ! during the in situ observa-
tion. (b) In situ SXRD patterns of c-silicene during the
discharge/charge scan. (c) In situ SXRD patterns of
the discharging product during the discharge/charge
scan. (d) TEM images and the corresponding K and Si
elemental mapping images of c-silicene. (e) Corre-
sponding HRTEM images of c-silicene and KSi. (f)
Corresponding SAED pattern of KSi.
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shown in Fig. 3f is further calculated, and the corresponding facet index
is obtained. The brightest diffraction ring is mapped as d = 0.278 nm,
corresponding to the (421) crystal plane, while the ring of d = 0.238 nm
is also calculated and corresponds to the (432) crystal plane of KSi.
Although affected by contrast and background, other diffraction rings
that can be identified are also marked and corresponding to KSi crystal.
Thus far, the reversible reaction of c-Si electrode was successfully
ignited in KIBs, and the above analysis illustrates the alloying reaction
mechanism of the K//c-silicene battery and the existence of KSi during
the electrochemical processes.

In addition, the full-discharge products were further studied to
confirm the unique alloying process by SEM-EDS and XPS. The EDS
spectrum of the proposed electrode (Fig. S5) shows that the new spectral
line assigned to K K, appears at E = 3.31 keV, which confirms the sig-
nificant potassiation. SEM analyses were carried out to provide more
intuitive visual evidence, and the cross-section and surface of the elec-
trode are measured and displayed in Fig. 4a and Fig. S6 respectively,
indicating the uniform distribution of potassium on the whole electrode.
XPS was performed to examine the valence changes of silicon and po-
tassium. As shown in Fig. S7, compared with those of the original c-
silicene, the K 2p and K 2 s peaks appear at 293 eV and 377 eV, and can
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further point to K 2ps,» at 292.6 eV and K 2p; 2 at 295.4 eV in the fine K
2p spectrum respectively (Fig. 4b). The fine Si 2p spectrum shows that
the peak located at 99.5 eV, which belongs to Si° (Si-Si), disappears in
the full-discharged product. It is noted that a faint new peak appears at
98.8 eV and can be attributed to Si,, that is, the generation of KSi
(Fig. 4¢).[20,21] As a silicide with negative valence, the surface of KSi
may be unstable in air, so the slightly weaker peak intensity can be
attributed to its extremely easy oxidation, which is similar to CaSiy or
Mg,Si.[22] The further evidence for the formation of KSi is consistent
with the reaction mechanism indicated by SRXRD and TEM, which
confirms the alloying reaction of c-silicene in the proposed KIB.

To further understand the ion transport process of the electro-
chemical reaction, the kinetics behavior of the proposed cell was stud-
ied. The potassium storage properties were examined using cyclic
voltammetry (CV) at a scan rate of 0.2 mV s ! in the potential range of
0.01-3.0 V (vs K'/K). An overlapping shape is observed in the subse-
quent cycles, which proves that highly reversible potassiation/depot-
assiation processes occur in c-silicene (Fig. S8). Two plateau regions
appeared during the first CV scan, and they were greatly weakened
during the following cycle of CV scan, which is attributed to the gen-
eration of the solid electrolyte interphase (SEI) layer on the surface of
the electrode material. Consecutive CV measurements at various scan
rates was also carried out (Fig. 4d). The curves share nearly the same
characteristics from 0.2 to 4 mV s~ !, suggesting the good reversibility of
potassium storage at each scan rate. The peak current (i) response for the
CV measurements at a scan rate (v) follows the equation:

i=aw" (@)

where a and b are variables. Diffusion-controlled behavior dominates
when the b-value calculated from Eq. (1) approaches 0.5, and the
surface-driven behavior dominates when the b-value is nearly 1.0. The
calculated b-values are 0.83, and 0.86 for Peak 1, and Peak 2, respec-
tively (Fig. S9), implying fast capacitive-dominant behavior. According
to Dunn’s method,[23] the surface process contribution at a fixed rate
can be further quantitatively differentiated, separating the specific
contribution from a surface-driven process (k;v) and a diffusion-
controlled process (kzvl/ 2), as shown in the following equation:
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where k; and ko are constants. Fig. 4e displays the separate contri-
butions of the surface and bulk charge processes at scan rates from 0.2
mV s ! to 4 mV s~!, with the calculated capacitive charges increasing
from 51% to 83% of the total charge. The galvanostatic intermittent
titration technique (GITT) was employed to probe the ion diffusion co-
efficient of potassium-ions in c-silicene (Fig. 4f). It can be observed that
Dx.ions decreases slightly and varies from 8.66 x 108 to 7.21 x 107°
em? s7! and 7.59 x 1078 to 1.74 x 107% cm? s! over the entire
discharge/charge progress for insertion and extraction, respectively.
This ion diffusion kinetics proposed here suggest that c-silicene endow
fast ion migration, leading to effective reaction ignition.

Furthermore, the electrochemical performance of c-silicene in
potassium-ion battery is evaluated in coin cells using potassium metal as
the counter electrode (Fig. S10). The initial cycling behavior of the K//c-
silicene battery is shown in Fig. 5a, and the first three charge/discharge
curves at a current density of 50 mA g~ maintain a similar profile
without obvious plateau regions. The c-silicene anode possesses an
initial discharge capacity of 617.5 mA h g~* and cycle for more than 50
cycles with reversible capacity of ~ 110 mA h g~! (Fig. 5b). The irre-
versible capacity in the first cycle results in an initial Coulombic effi-
ciency (CE) of 33% and rapidly grows to ~ 98% during the following
cycles, suggesting a highly reversible potassiation/depotassiation pro-
cess. It is generally accepted that the initial irreversible capacity can be
ascribed to the formation of SEI layers and may be facilitated by the high
specific surface area of silicene.[24] The rate capability was also
measured to check the abuse tolerance at various current densities. As
shown in Fig. 5c, the c-silicene anode showed a stable capacity of 180.1
mA h g1 at 10 mA g%, and further demonstrated an adequate dis-
charging capacity suchas 105mAhg ' at50mA g ' and 60 mAh g ! at
500 mA g1, and the corresponding charge/discharge profiles maintain
the same shape (Fig. S11b). The ultra-thin lamellar morphology of c-
silicene probably avoids deeper ion diffusion, thereby decreasing the
transport distance and accelerating the potassiation/depotassiation ki-
netics although this is originally difficult to react.[14]

Subsequently, the long-term cycling tolerance of c-silicene, which is
an intractable problem for silicon-based anodes, was further examined.
As shown in Fig. 5d, an enhanced cycle stability is achieved after 3000
cycles at a current density of 500 mA g~! without visible capacity fading
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increased capacity with the number of cycles can be ascribed to the
gradual activation process of electrode along with the continuous
perfection of the SEI layer after long cycles. The two-dimensional gra-
phene-like structure also alleviates the pulverization of the electrode,
implying enhanced cycling stability of c-silicene with superior self-
recoverability. For comparison, the electrode without c-silicene was
also measured in a KIB to eliminate the contribution of the carbon black
additive, and the obtained no-silicene capacity contribution is normal-
ized as ~ 11 mA h g~! (Fig. S12), further specifying the authenticity of
the capacity of c-silicene. As proof of the suitable anode application of
KIBs, a full c-silicene//Prussian blue analogue (PBA) KIB was assembled.
As shown in the Fig. 5e, PBA as discharged K 22Fe(Fe(CN)g) is used as
the cathode to increase the operating voltage range of the proposed
battery. GCD curves show that the full battery can stably operate be-
tween 1.2 V and 3.2 V (Fig. 5f). The full KIB further delivers a reversible
capacity of 107 mA h g~} after cycling up to more than 50 cycles at 50
mA h g~! (Fig. 5g, calculation based on silicene loading), indicating
remarkable cycling stability and the compatibility application of c-sili-
cene in potassium-ions alloying storage.

4. Conclusions

In summary, we report a c-silicene anode that shows highly revers-
ible insertion/exaction process and enhanced electrochemical stability
in KIBs. The large specific surface area and expanded interplanar spacing
provide abundant space for potassium-ions storage, and the ultra-thin
monatomic lamellar morphology shortens the diffusion distance of
ions and indicates fast kinetics. The in situ SRXRD demonstrates the
effective insertion/extraction behavior of potassium-ions, and the TEM
and SEM-EDS measurements further confirmed that KSi formed in the
discharge process. The c-silicene anode presented an adequate capacity
of 180.1 mA h g™}, high Coulombic efficiency (greater than 99.4%) and
stability (greater than 3000 cycles). Given the long-standing viewpoint
of the inertia of silicon anodes in potassium-ion storage, this encour-
aging result may open up a new way for the development of silicon
electrodes as a promising energy storage technology for KIBs.
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