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The construction of an anode material with a conversion-alloying dual mechanism will facilitate the development
of potassium-ion batteries (PIBs) with high-energy density. Here a Bi,Se; nanosheets coated with nitrogen-doped
carbon and wrapped with reduced graphene oxide (Bi,Se;@NC@rGO) is fabricated to boost K-ion storage. The
Bi,Se; @NC@rGO composite with strong C-O-Bi bonding can provide superior electrode integrity and electro-
chemical kinetics by combining the synergistic effect of carbon encapsulation and graphene confinement. In
situ X-ray diffraction and ex situ transmission electron microscopy analyses demonstrate that K-ion intercala-
tion/deintercalation proceeds via both conversion and alloying/dealloying reactions based on 12-electron trans-
fer per formula unit; the conversion product of K,Se can efficiently suppress the volume expansion during al-
loying/dealloying process to improve its stability. Hence, a high reversible capacity of 612.0 mAh-g~! at 100
mA-g~!; a great rate capability with the capacity of 101.6 mAh-g~! at 5 A-g~!, and an ultra-long cycling life of
over 1000 cycles at 500 mA-g~! is achieved for the Bi,Se; @NC@rGO. The K-ion full cell is also assembled using
K,Ni[Fe(CN),] as the cathode, thereby contributing a high-energy density of 162.9 Wh-kg™! at 10 mA-g~! and a

great cyclability.

1. Introduction

Lithium-ion batteries have been considered one of the most com-
petitive electric energy storage (EES) devices due to their high-energy
density, high power density, and good cycling stability [1,2]. However,
the problem of lithium resource shortage is escalating, thereby necessi-
tating the development of an alternative rechargeable EES technology
using the abundant resources of the earth’s crust. Sodium and potas-
sium, as adjacent family elements of lithium, have attracted extensive
attention due to their rich reserves and low cost [3-5]. Compared to
Na*t/Na (-2.71 V vs. standard hydrogen electrode), the redox poten-
tial of K* /K (—2.93 V) is much closer to Li* /Li (-3.04 V), and a much
lower value for K* /K can be obtained in a propylene-carbonate elec-
trolyte solvent compared to Li* /Li [6-10]. Given this, potassium-ion
batteries (PIBs) can contribute to higher operating voltage and energy
density than sodium-ion batteries. Besides, PIBs can deliver superior
electrochemical kinetics and higher rate capability due to weaker Lewis
acidity of K-ion than Li- and Na-ion in a nonaqueous electrolyte [11,12].
Therefore, investigating the suitability of some electrode materials to ac-
commodate large-sized K-ions (1.38 A) will promote the development
of PIBs as large-scale stationary EES equipment [13,14].

* Corresponding authors.

In recent years, research on cathode materials for PIBs has emerged
in an endless stream. Among them, layered oxides, polyanion com-
pounds, organics, and Prussian blue analogs showed good K-ion stor-
age performances, and their electrochemical reaction mechanism has
been deeply studied [15-17]. For the anode materials, three types of
electrodes were generally studied, and their reactions with potassium
ions including the intercalation process, conversion reaction, and alloy-
ing mechanism [14,18,19]. The intercalated anode materials (such as
graphite, amorphous carbon, etc.) usually have excellent cycling per-
formance; nevertheless, slow diffusion kinetics and the use of a binary
intercalation compound with less potassium have caused poor rate ca-
pability and limited the specific capacity below 300 mAh-g~! [20-22].
In contrast, higher specific capacities can be achieved for conversion
reaction materials. However, high operating voltage will significantly
reduce the energy density of K-ion full cell, as well as poor rate prop-
erty and cycling stability are also obtained due to the low electrical
conductivity and large volume expansion [23-25]. The anode materials
(e.g., Sb, Bi, Sn, P, Pb, and Ge) based on alloying mechanism present
ultra-high specific capacity and low-working voltage [26-28], thereby
contributing high-energy density; whereas, a huge volume change will
cause the electrode to break up and gradually lose its activity upon cy-
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cling. Meanwhile, the inherent electron and ion transport ability also
needs to be further improved to obtain higher power density.

To study the anode materials with outstanding electrochemical
performance and promising commercialization, the electrode with
conversion-alloying dual mechanism has been considered to be promis-
ing [29-32]. This type of anode has a dual capacity contribution of
cationic metal conversion reaction and elemental metal-alloying pro-
cess, thereby presenting a higher specific capacity than a pure alloying
mechanism material. Also, the participation of the alloying reaction en-
sures that the electrode material has a low average working voltage.
Moreover, the conversion reaction product can act as a buffer zone to
accommodate the volume expansion generated by the alloying process
and effectively release the stress of the active material, thus maintaining
the integrity of the electrode material. Therefore, exploring anode mate-
rials using a conversion-alloying dual mechanism is an effective way to
further optimize the electrochemical properties, and this has great the-
oretical significance for understanding the K-ion storage mechanism.

Here, we proposed a novel Bi,Se;-based three-dimensional (3D)
composite anode for PIBs with conversion-alloying dual mechanism,
prepared via solvothermal, in situ polymerization, solution-phase, and
sintering processes as illustrated in Fig. 1a, in which dopamine acted
as N-doped C resource to encapsulate Bi,Se; and graphene oxide was
used for confinement. During these processes, the Bi,Se; nanosheets
were uniformly coated with N-doped carbon and confined by re-
duced graphene oxide (Bi,Se;@NC@rGO). The carbon-coating layer
and graphene do not only act as a buffer area to restrain the strain
from the large volume variation but also boost fast K-ion and electron
transfer, thereby presenting excellent structural stability and good ki-
netic behavior. The results of in situ X-ray diffraction (XRD) and ex
situ transmission electron microscopy (TEM) analyses confirmed that
Bi,Se; @NC@rGO undergoes dual mechanism of conversion-alloying,
thereby allowing 12 mol K-ion diffusion. Finally, a 3.0 V K-ion full bat-
tery displaying a high-energy density of 162.9 Whkg~! at 10 mA-g~!
was fabricated with K,Ni[Fe(CN)g] cathode and Bi,Se; @NC@rGO an-
ode.

2. Experimental section
2.1. Materials

Bismuth (III) nitrate pentahydrate (Bi(NO3)3:5H,0, 99.999%),
selenjium (Se, 99.99%), polyvinylpyrrolidone (PVP) (Mw~55,000),
dopamine hydrochloride, tri (hydroxymethyl) aminomethane (99.8%),
oleic acid (OA, 90%), potassium metal (98%), 1-methyl-2-pyrrolidinone
(NMP, anhydrous, 99.5%), diethyl carbonate (DEC, anhydrous, 99%),
ethylene carbonate (EC, anhydrous, 99%), and potassium hexafluo-
rophosphate (KPFg, 99%) were purchased from Sigma-Aldrich. Nitric
acid (69%-70%) was purchased from J.T. Baker; ethylene glycol (EG,
99%) was purchased from ACROS; graphene oxide (GO, 98%) was pur-
chased from Golden Innovation Business Co., Ltd, and a glass fiber was
purchased from Advantec. Poly(vinylene fluoride), Super P, and a coin-
type cell CR2032 were purchased from Shining Energy.

2.2. Material Synthesis

2.2.1. Synthesis of Bi,Se; nanosheets

Bi,Se; nanosheets were synthesized via a facile hydrothermal
method. 6 mmol of Se powder dissolved into 10 mL nitric acid. Then
2 mmol of Bi(NO3)3'5H,0 and 0.6 g PVP were dissolved into a mixed
solution of 25 mL EG and 35 mL OA under stirring. Both of the above
solutions were mixed and stirred for 20 min. The obtained suspension
was transferred into a Teflon-lined stainless steel autoclave and kept at
180 °C for 24 h. After naturally cooling down to room temperature, the
obtained precipitate was washed with ethanol and deionized water sev-
eral times and collected by centrifugation before drying by rotary evap-
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oration. The prepared pure Bi,Se; was used as a precursor for coated
composites.

2.2.2. Synthesis of Bi,Se3@NC nanosheet composites

To prepare the Bi,Se; @NC composite, 100 mg Bi,Se; was dispersed
in 150 mL 0.01 M Tris-buffer solution (pH=8.5) under sonication. Then,
50-mg dopamine hydrochloride powder was added and continuously
stirred for 16 h. The polydopamine-coated Bi,Se; was obtained by cen-
trifugation, washed with deionized water and ethanol, subjected to a
tube furnace, and then annealed at 500 °C for 3 h with a ramp rate of
5 °C/min under Argon flow to obtain Bi,Se; @NC composites.

2.2.3. Synthesis of Bi,Se;@rGO nanosheet composites

To prepare the Bi,Se; @rGO nanosheet composite, 60-mg Bi,Se; and
20-mg GO nanosheets were dispersed in 20 and 10 mL of deionized
water by sonication, respectively. Then, the mixture of the two resulting
solutions was sonicated for another 2 h and frozen at —50 °C for 36 h.
The Bi,Se;@rGO was prepared by annealing at 500 °C for 3 h with a
ramp rate of 5 °C/min under Argon flow.

2.2.4. Synthesis of Bi,Se;@NC@rGO nanosheet composites

Polydopamine-coated Bi,Se; was used as a precursor, and the
same procedure for synthesizing Bi,Se;@rGO was repeated to obtain
Bi,Se; @NC@rGO.

2.3. Material characterizations

The morphologies of as-synthesized materials were conducted using
FESEM (HITACHI-SU8010) with EDS (HORIBA, EX-250), TEM (JEOL,
ARM200F). XRD patterns were determined by a D8 ADVANCE X-ray
diffractometer (Bruker) with Cu Ka radiation. Raman spectroscopy
(Tokyo Instruments, Nanofinder 30) with a radiation of 633 nm. TGA
analysis was obtained using a thermogravimetric analyzer (TA, Q50)
from 50 to 700 °C with a heating rate of 10 °C/min in air. The BET sur-
face area and pore distribution plots were measured by a Micromerit-
ics ASAP 2020. The valence states of the samples were tested by high-
resolution X-ray photoelectron spectra (ULVAC-PH PHI Quanterall).
AFM study was performed by BRUKER Dimension Icon.

2.3.1. Electrochemical Measurements

For the preparation of working electrodes, Bi,Se;, Bi,Se;@NC,
Bi,Se;@rGO, and Bi,Se; @NC@rGO were mixed with Super P and PVDF
binder in a weight ratio of 7:2:1 and dispersed in NMP to form a uni-
form slurry to further cast on the Cu foil. The average mass loading of the
active material is ~1.0 mg-cm~2. The electrochemical properties of the
as-prepared electrodes were evaluated by assembling CR 2032-type coin
cells in the argon-filled glovebox. For the half-cell measurement, the in-
vestigated sample, potassium metal foil, and glass fiber were employed
as the working electrode, counter electrode, and separator, respectively.
For the full cell measurement, K,Ni[Fe(CN)¢] and Bi,Se;@NC@rGO
were used as cathode and anode, respectively, and the anode was pre-
discharged to eliminate the large initial irreversible capacity and supple-
ment enough K resource. K,Ni[Fe(CN)¢] was prepared by a previously
reported method [33]. The electrolyte was prepared by dissolving 0.8 M
KPFg in EC/DEC (1:1, v/v). Galvanostatic charge/discharge tests were
conducted on Maccor Series 4000 battery test system. CV and EIS tests
were performed on a Biologic VMP3 electrochemistry workstation. The
operando XRD patterns of Bi,Se; @NC@rGO were collected on a Bruker
D8 ADVANCE diffractometer (Cu Ka) for three cycles. A current density
of 50 mA-g~1 is selected for charging and discharging processes between
0.01-3.0 V (vs. K*/K).
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Fig. 1. Morphology and structure characterization: a) Schematic illustration drawing of the preparation process of triple-layer Bi,Se; @NC@rGO composite; TEM
images of b) Bi,Ses, ¢) Bi,Se;@NC, d) Bi,Se;@rGO and e) Bi,Se; @NC@rGO; f) HRTEM image, g) FESEM image, h) TEM image, i) HRTEM image, j) SAED pattern

and k) EDS elemental mapping images of Bi,Se; @NC@rGO.

3. Results and discussion
3.1. Morphology and structure characterization

The TEM image of pristine Bi,Se;, which was synthesized via a facile
one-step solvothermal method, displays a thin nanosheet morphology as
presented in Fig. 1b and Fig. Sla—d . The high-resolution TEM (HRTEM)
image and selected area electron diffraction (SAED) pattern in Fig. Sle,
h illustrate the single-crystalline nature of Bi,Se;. The atomic force
microscopy (AFM) was employed to measure the thickness of Bi,Ses,
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whose result (Fig. S1f-g) shows that the thickness of Bi,Ses is about
8 nm. The carbon coating was processed through in situ polymerization
and sintering process to fabricate the nitrogen (N)-doped carbon-coated
Bi,Se; nanosheets (Bi,Se3 @NC). As presented in Fig. 1c and Fig. S2a—c
, a uniform carbon-coating layer with a thickness of above 10 nm grows
on the surface of the Bi,Se; nanosheets. A solution-phase assembly strat-
egy, followed by a calcination procedure, was employed to wrap Bi,Se;
using reduced graphene oxide (Bi,Se;@rGO). An ultra-thin graphene-
layer-confined Bi,Se; nanosheet was presented in Fig. 1d and Fig. S3a—
c . Therefore, the Bi,Se;@NC@rGO composite was fabricated via the
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Fig. 2. Structure analysis: a) XRD patterns, b) Raman spectra, c¢) TGA profiles of Bi,Se;, Bi,Se;@NC, Bi,Se;@rGO and Bi,Se; @NC@rGO; d) nitrogen adsorption-
desorption isotherm of Bi,Se; @NC@rGO, inset is the BET specific surface area for all samples; XPS, e) Bi 4f, f) Se 3d, g) C1s,h) N1s, and i) O 1 s fitting spectra

of Bi,Se; @NC@rGO.

afore-stated approaches. The TEM and HRTEM images of the compos-
ite reveal distinct triple-layered architecture constructed by encapsulat-
ing Bi,Se; nanosheets with a N-doped carbon-coating layer and flexible
graphene outer shell (Fig. 1e—f). Moreover, field emission scanning elec-
tron microscopy (FESEM) and TEM images further indicate that both
carbon coating and graphene confined the Bi,Se; completely and uni-
formly in a large area in Fig. 1g-h and Fig. S5. The HRTEM image of
Bi,Se;@NC@rGO in Fig. 1i shows that the clear lattice fringe with the
interplanar spacing of 3.07 A that is assigned to the (0 1 5) plane of the
Bi,Ses structure. The SAED pattern in Fig. 1j is ascribed to (1 0 4), (0 0
15), (1 25), (300) and (0 1 23) planes of the layered Bi,Se; phase. The
scanning TEM (STEM) and energy-dispersive X-ray spectrometry (EDS)
mapping images displayed in Fig. 1k suggest successful construction of a
triple-layered structure of Bi,Se; @NC@rGO with a homogenous distri-
bution of Bi, Se, C, and N elements. The HRTEM images, SAED patterns,
and EDS results also verify the structure and elemental composition of
Bi,Ses, Bi,Se;@NC, and Bi,Se;@rGO as presented in Fig. S1h-i, Fig.
S2d-f, and Fig. S3d-f, respectively.

Fig. 2a presents the XRD patterns of all samples, in which all diffrac-
tion peaks can be well indexed to the layered Bi,Se; phase [34,35].
Raman spectra of Bi,Se;@NC, Bi,Se;@rGO, and Bi,Se; @NC@rGO in
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Fig. 2b display two peaks at 1345 and 1590 cm~! attributed to the char-
acteristic peaks of sp3-hybridized disordered carbon (D-band) and sp?-
hybridized graphitic carbon (G-band), respectively [23,36,37]. More-
over, the high Ij,/I; values confirmed the existence of carbon-coating
layer and graphene with amorphous nature [38 39]. According to
the thermogravimetric (TGA) result in Fig. 2c, the exact carbon and
graphene content for Bi,Se; @NC, Bi,Se; @rGO, and Bi,Se; @NC@rGO
could be calculated as 7.4%, 5.0%, and 18.1%, respectively. As shown in
Fig. 2d and Fig. S6 , the N, adsorption/desorption isotherms exhibit typ-
ical type-IV curves with H4 hysteresis loops, thereby indicating a meso-
porous structure, which is further demonstrated by the size distribution
profiles (Fig. S7). The Bi,Se;@NC@rGO shows the highest Brunauer—
Emmett-Teller (BET) specific surface area of 31.7 m2-g~! than that of
BiySe; (10.3 m?-g~1), Bi,Se; @NC (17.4 m?-g~1), and Bi,Se; @rGO (16.3
m2-g~1) in the inset of Fig. 2d. This relatively high surface area can sig-
nificantly contribute to efficient electrochemical kinetic behavior and
provide a buffer area for mitigating volume expansion during the K-ion
storage process.

The surface chemical composition and electronic structural infor-
mation of the samples were investigated via X-ray photoelectron spec-
troscopy (XPS). In the high resolution of Bi 4f-fitting spectra (Fig. S8a,



K.-T. Chen, S. Chong, L. Yuan et al.

Fig. S9a, Fig. S10a and Fig. 2e), two obvious peaks located at 163.4 and
158.1 eV correlated with Bi 4f5,, and Bi 4f,,, of Bi,Se; [26,35]; this
can also be observed for bare Bi,Ses, Bi,Se;@NC, Bi,Se;@rGO, and
Bi,Se; @NC@rGO. Furthermore, the other two fitting peaks appear at
164.4 and 159.2 eV for all samples except Bi,Se;, which correspond
to Bi 4f;,, and Bi 4f;,, of Bi,O3 [35], thereby showing that the sur-
face of Bi,Se; can be oxidized during the carbon coating and graphene
wrapping process. There are couples of Se 3d;,» and Se 3ds,, peaks lo-
cated at 56.2 and 53.9 eV (Fig. S8b, Fig. S9b, Fig. S10b, and Fig. 2f),
signifying that the Se-ion is a negative bivalent [40], and the Se3d-
fitting results further revealed the formation of SeO, for all composites
[41]. The appearance of both Bi,O; and SeO, demonstrates that the
surface of the Bi,Se; is tightly bound to the carbon-coating layer and
graphene through an oxygen atom. Moreover, the Cls fitting spectra
indicates three kinds of peaks attributed to C-C/C=C, C-O/C-N, and
C=0 [40,42], respectively, thereby suggesting the successful introduc-
tion of carbon coating and graphene (Fig. S9c, Fig. S10c, and Fig. 2g).
As presented in Fig. S9d and Fig. 2h, the N 1 s spectra for Bi,Se; @NC
and Bi,Se;@NC@rGO can be deconvoluted into three types of peaks
at 402.5, 400.5, and 398.4 eV attributed to oxidized N, pyrrolic N,
and pyridinic N [28,30,43]. Fig. 2i presents the O 1 s spectrum for
Bi,Se; @NC@rGO, in which two fitting peaks with binding energies of
533.5 and 530.1 eV are assigned to C-O and Bi-O, respectively [35].
Furthermore, a strong split peak at 531.5 eV is assigned to the chemical
bonding of C-O-Bi [35]; this contributes to fast charge transfer between
Bi,Se; and carbon and for excellent electrode stability in buffering the
volume expansion upon cycling.

3.2. Electrochemical performances

The electrochemical properties of all electrodes were tested from
0.01 V to 3.0 V. The cyclic voltammetry (CV) was measured to clarify
the redox behavior as shown in Fig. 3a. The two voltammetric reduction
peaks of 0.86 V corresponding to the conversion reaction of Bi,Se; and
K to Bi and K,Se can be observed for Bi,Se; @NC@rGO electrode dur-
ing the first cathodic process. Also, there are distinct reduction peaks
at 0.57 and 0.22 V, which could be attributed to the alloying process
between Bi and K3Bi [28,44]. In the initial anodic scan, the reversible
dealloying peaks appear at 0.62, 0.87 and 1.23 V [28,44], whereas the
oxidation peaks at 1.47, and 1.90 V are attributed to the reversed con-
version process. Similar redox processes for K-ion storage can be ob-
tained for the other three electrode materials, as presented in Fig. S11a,
Fig. S12a, and Fig. S13a. Fig. 3b presents the charge/discharge curves
of the initial five cycles at 100 mA-g~! for Bi,Se; @NC@rGO composite.
The curves display obvious slopes and plateaus, which is consistent with
the redox behavior from the CV result. The CV and charge/discharge
profiles overlapping upon the subsequent scanning, thereby suggesting
superior electrochemical reversibility. Bi,Se;@NC@rGO delivers the
highest first discharge/charge capacity of 931.5/612.0 mAh-g~! com-
pared to those of 757.0/508.9 mAh-g~! for bare Bi,Se; (Fig. S11b),
751.4/528.3 mAh-g~! for Bi,Se;@NC (Fig. S12b), and 754.3/509.4
mAh-g~! for Bi,Se;@rGO (Fig. S13b). The large initial irreversible ca-
pacity of Bi,Se;@NC@rGO is due to the formation of SEI film and the
electrolyte decomposition.

As presented in Fig. 3c, Bi,Se;@NC@rGO displays the best cycling
stability at 100 mA-g~! than other electrodes, thereby maintaining a re-
versible capacity of 272.5 mAh-g~! after 300 cycles higher than that of
BiySe; (1.4 mAh-g~1), Bi,Se;@NC (156.8 mAh-g~1), and Bi,Se; @rGO
(104.2 mAh-g™!). The rate capability presented in Fig. 3d further high-
lights the advantage of the triple-layered architecture. The highest spe-
cific capacities of 504.7, 345.0, 281.1, 241.1, and 101.6 mAh-g~! was
achieved for Bi,Se;@NC@rGO at 200, 500, 1000, 2000, and 5000
mA-g~1, respectively. Fig. 3e displays the long-term cycling performance
for the electrodes at 500 mA-g~!, and Bi,Se; @NC@rGO presents great
cyclability with a capacity retention value of 113.5 mAh-g~! over 1000
cycles, while the other three electrodes show severe capacity decay
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with retention values of 0.1, 46.1, and 22.9 mAh-g~1, respectively. The
charge/discharge curves of the 50th,100th, 200th and 300th cycles at
100 mA-g~! and the 200th, 400th, 600th, 800th and 1000th cycles at
500 mA-g~! for Bi,Se;@NC@rGO are displayed in Fig. S14. It can be
observed that the electrode exhibits highly reversible electrochemical
process upon long cycles.

3.3. Electrochemical kinetics

Several techniques were used to investigate the electrochemical ki-
netics behavior of the electrodes. Excellent response capability can be
achieved for the fast scan rate of Bi,Se;@NC@rGO from the CV pro-
files with analog shapes at different sweep rates (Fig. 4a); however, the
other three electrodes exhibit poor response ability (Fig. S16, Fig. S17,
and Fig. S18), most especially for the bare Bi,Se;. The equation i = a
v can describe the relationship between the measured current (i) and
scanning rate (v), where the value of b can be determined from the slope
of the linear fitting result of log (i) vs. log (v) [42,43]. The b values of
0.5 and 1 connote K-ion diffusion and surface capacitance contribution,
respectively [45,46]. It can be seen from the fitting curves in Fig. 4b that
the b values were calculated to be 0.803 and 0.745 during the oxidation
process, thereby indicating that the capacity of Bi,Se; @NC@rGO is con-
trolled by both diffusion and capacitive process. The exact quantitative
result of both effects can be further determined via the equation i = k;
v +k, v1/2[23,47] Hence, the pseudocapacitive effect (k; v) and ions dif-
fusion insertion process (k; ¥/?) can be calculated by ascertaining the
constants of k; and k, based on the simplified equation of i/v!/? = k,
v1/2 + k,. As displayed in Fig. 4c, the total capacity is dominant by
the ion diffusion effect with the ratio of 56% at 0.1 mV-s~1. With an
increase in the sweep rates, the percentage of capacitive-controlled be-
havior gradually rises and finally reached 70% at 1.0 mV-s~!; this shows
that pseudo-capacitance plays an important role in K-ion storage at high
scan rates, thus resulting in admirable rate property and cycling sta-
bility. The solid-state diffusion kinetics of K-ion for Bi,Se; @NC@rGO
composite were investigated using galvanostatic intermittent titration
technique (GITT) tested at 100 mA~g‘1 (Fig. 4e). The K-ion diffusion
coefficient (Dg™) in Bi,Se;@NC@rGO electrode can be determined by
according to the following Eq. (1): [48]

() (52) (=5

where my is electrode active mass, My is the molar mass of the elec-
trode material for Bi,Ses, V) is the molar volume of Bi,Ses, 7 is the
current pulse time (s), S is the geometric area of the electrode, AEg is
the deviation of each equilibrium voltage, AE, is the deviation voltage
during the current pulse (Fig. S19a), and L is the average thickness of
electrode. Moreover, the calculated potassium ion diffusion coefficient
(Dg 1) of Bi,Se3 @NC@rGO remains almost the same order of magnitude
(Fig. 4e), and the fluctuation is relatively stable compared with pure
Bi,Se; during charging (Fig. S19b), a high Dg* in the range of 1078 to
1072 ecm?-s~! for discharge process and 10~ to 10710 em?s~! for charge
process can be achieved, thereby demonstrating fast K-ion transport ca-
pability. In Electrochemical Impedance Spectrometry (EIS) spectra (Fig.
$20), the values of charge-transfer resistance (R.;) of Bi,Se;@NC@rGO
are consistently lower than those of Bi,Se; before cycling and after 10
cycles, indicating that the Bi,Se; @NC@rGO possesses a greater electro-
chemical kinetics behavior due to the inherent excellent characteristics
of NC and rGO as well as the electron transfer contribution of C-O-Bi
bond.

mgVy
MgS

-4

T

AEg
AE,

D+ (1)

3.4. K-Ion storage mechanism

In situ XRD was employed to study the phase transformation behav-
ior of Bi,Se;@rGO@NC and investigate the electrochemical mechanism
during the K-ion insertion/extraction process (Fig. 5a-b). Upon the K-
ion insertion into the Bi,Ses host, then discharging to approximately
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Fig. 3. K-ion storage performances: a) CV profiles of the initial five cycles at 0.1 mV-s~! and b) galvanostatic charge/discharge curves at 100 mA-g~! for
Bi,Se; @NC@rGO; c) cyclic performance at 100 mA-g~!, d) rate property between 100 and 5000 mA-g~! and e) long-term cycling curves at 500 mA-g~! for the

electrodes.

1.0 V (stage i — stage ii), the obvious diffraction peaks at 27.3°, 38.0°,
and 39.8° were attributed to (0 1 2), (1 0 4), and (1 1 0) planes of Bi,
while the peaks at 19.8° correspond to (1 1 1) facet of K,Se, thus eluci-
dating that the conversion reaction happens from Bi,Se; and K to Bi and
K,Se. It is worth mentioning that the unique peaks at 25.4°, 28.5°, and
41.2° during the conversion process were assigned to (2 2 0), (31 0),
and (0 2 4) facets of K3BiSes, thereby suggesting that this conversion
behavior was conducted in two successive steps with an intermediate
product of K;BiSe;. After further discharging to approximately 0.6 V
(stage ii — stage iii), the characteristic peaks of the KBi, phase occur at
a position of 31.2° and 32.5° along with the disappearance of Bi struc-
ture, which reveals that Bi can be alloyed with K to form KBi,. With
the continuity of the K-ion insertion process between 0.01—-0.6 V (stage
iii — stage iv), KBi, gradually transform into K3Bi, whose diffraction
peaks at 18°, 29.4°, and 34.5° were assigned to (1 0 1), (1 0 3), and (2 0
1) planes [49,50]. Furthermore, K3Bi stably exists at a fully discharged
state, thus signifying that the alloying process reacts completely. Dur-
ing the initial charge process, the multistep dealloying reaction initially
proceeds from K3Bi to KBi, (stage iv — stage v). It then transforms into
Bi (stage v — stage vi), and the reversible two-step conversion behav-
ior with the reaction process of Bi + 3 K,Se — K3BiSe; + 3 K* and
Bi + K3BiSe; — Bi,Se; + 3 K* are presented in the reactions in stage
(vi) to stage (vii). At the K-ion full extraction state (vii), the peaks lo-
cated at 18.5°, 29.3°, 40.2°, and 42.9° were attributed to (0 0 6), (0 1 5),
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(1010), and (0 1 11) facets of Bi,Ses structure, thereby indicating high
electrochemical reversibility. Except for the Bi,Se; phase, K3BiSe; and
Bi do not completely disappear after charging at 3 V, thus indicating
the absence of a thorough reversed conversion reaction. The in situ XRD
line spots of the first, second and third cycles are shown in Fig. S21. It
should be noted that during the second and third charge/discharge cy-
cles, the K-ion storage process exhibits the same process as the first cycle,
thus presenting a highly reversible potassiation/depotassiation behavior
based on conversion-alloying dual mechanism. Hence, it can be found
that the conversion product of K,Se consistently exists during the al-
loying/dealloying reaction, thus signifying that K,Se can act as a buffer
zone to accommodate the volume expansion generated by the alloying
process; this will also effectively release the stress, thereby maintaining
great electrode integrity during cycling. Fig. 5c describes the specific
electrochemical reaction process, where Bi,Se; @NC@rGO experiences
reversible multistep conversion reaction of Bi,Se; + Kt < K3BiSe; + Bi
< K,Se + Bi and multistep alloying/dealloying process of Bi + K* <
KBi, < K3Bi. The ex situ TEM and FESEM images indicate that the mor-
phology of the Bi,Se; @NC@rGO composite was efficiently preserved
after 10 and 40 cycles (Fig. S22 and Fig. S23), thus signifying great
structural stability of the triple-layered architecture upon the repeated
K-ion insertion/extraction process.

An ex situ TEM analysis was conducted at different states of the first
charge/discharge process to analyze the microstructure and investigate
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the detailed products of K-ion insertion/extraction for Bi,Se; @NC@rGO
composite. The TEM image in the discharge state of 0.6 V (Fig. 6a) dis-
plays uniform nanosheet morphology tightly wrapped with graphene via
a chemical bond of C-O-Bi, thereby presenting excellent structural sta-
bility for the triple-layered architecture. The corresponding SAED pat-
tern (Fig. 6b) can be assigned to (4 2 2) and (3 3 1) facets of K,Se phase
and (4 2 2), (4 4 0), and (2 2 0) facets of KBi, phase, which agrees with
the in situ XRD result. Furthermore, the presence of K,Se further veri-
fies that the conversion product plays an important part in buffering the
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large volume change during the alloying reaction. Fig. 6¢ presents an
HRTEM image with a large area, thus showing noticeable lattice fringes
with the distance of 2.75 10\, 2.37 f\, 1.76 10\, and 2.32 10\, which are as-
signed to (2 2 2) and (4 0 0) planes of KBi, as well as (33 1) and (31 1)
planes of K, Se, respectively. The EDS-mapping images demonstrate that
K, Bi, Se, C, and N elements are homogeneously distributed throughout
the triple-layered architecture (Fig. 6d). Even at the full K-ion inser-
tion state, the robust 3D structure can still be maintained, as shown in
Fig. 6e, thus highlighting the superiority of the composite. It can be ob-
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served from the SAED pattern (Fig. 6f) and HRTEM image (Fig. 6g) that Multistep conversion reaction:

the final alloying product can be determined as K3Bi. After charging to

3.0 V, the nanosheets were firmly confined into the graphene (Fig. 6h), Bi,Se; + 3K* + 3e” < Bi + K;BiSeg (la)
thereby revealing that chemical bonding contributes to the electrode’s

outstanding stability. As displayed in Fig. 6i, the SAED pattern exhibits K;BiSe; + 3K* + 3e~ < Bi + 3K,Se %))
the (2 0 2) plane of Bi, (1 0 10) plane of Bi,Se, and (3 1 0) plane of

K;3BiSes; this is consistent with the HRTEM (Fig. 6j) and in situ XRD Multistep alloying/dealloying reaction:

results. According to the in situ XRD and ex situ TEM analysis, the dual

mechanisms of the conversion-alloying process were confirmed to affect : + - ;

the K-ion storage using a 12-electron transfer. The specific electrochem- LK+ e o KB, @
ical process is summarized as follows: KBi, + 5K* + 5e~ < 2K;Bi @)
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Fig. 6. Electrochemical reaction mechanism: a) TEM image, b) SAED pattern, c) HRTEM images, and d) EDS mapping images when discharging to 0.6 V during the
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3.5. Full cell performances

The K-ion full batteries were assembled using K,Ni[Fe(CN)¢] cath-
ode to confirm the actual availability of the triple-layered composite
of Bi,Se; @NC@rGO, and the schematic drawing is revealed in Fig. 7a.
The charge/discharge profiles of the first five cycles of the full cell ex-
hibit clear redox plateaus (Fig. 7b), thus showing an initial reversible

247

specific capacity of 54.3 mAh-g~! with an operating voltage of 3.0 V
and an energy density of 162.9 Wh'kg~! at 10 mA-g~!. Furthermore, a
high specific capacity of 52.8 mAh-g~! with a retention of 97.2% af-
ter 50 cycles were achieved (Fig. 7c), thus demonstrating exceptional
cyclability. Fig. 7d presents the rate property and the specific capaci-
ties of 51.1, 46.3, 40.7, 37.6, and 23.8 mAh-g~! at 20, 50, 100, 200,
and 500 mA-g~!, respectively. When the current density returns to 10
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mA-g~1, a reversible capacity of 52.4 mAh-g~! was recovered. Even at a
high rate of 100 mA-g~!, the full battery delivers a high first capacity of
48.3 mAh-g~! and admirable long-term cycling stability with a capacity
retention of 39.5 mAh-g~! over 250 cycles in Fig. 7e. Furthermore, the
Coulombic efficiencies are close to 100% during cycling, thereby rep-
resenting highly reversible K-ion intercalation/deintercalation behavior
between the cathode and anode.

4. Conclusions

In summary, a comprehensive study on the Bi,Se;@NC@rGO com-
posite as an anode based on the conversion-alloying dual mechanism
was reported for PIBs. The resultant Bi,Se; @NC@rGO presents supe-
rior electrochemical performance, including a high first capacity of
612.0 mAh-g~!, admirable cyclability with a capacity retention of 272.5
mAh-g~! over 300 cycles at 100 mA-g~!, good rate property with ca-
pacities of 241.1 mAh-g~! (2 A.g”!) and 101.6 mAh-g~! (5 A-.g™1), and
long lifespan with a retention of 113.5 mAh-g~! over 1000 cycles at 500
mA-g~!1. The outstanding K-ion storage properties can be attributed to
the synergistic effect of the dual mechanism and the novel triple-layered
composite with efficient K-ion diffusion and electron-transport capabil-
ity, high-electrochemical reversibility, and extraordinary morphology
stability, which is verified by the results of kinetics and ex situ tech-
niques. In addition, the K-ion full battery using K,Ni[Fe(CN)g] cathode
was assembled to display a reversible capacity of 54.3 mAh-g~! with an
energy density of 162.9 Wh-kg~!. Therefore, this study not only scientif-
ically clarifies the conversion-alloying dual mechanism but also brings
guidance in studying a new-type anode for high-performance PIBs.
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