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ABSTRACT

Bi is a promising anode material for potassium-ion batteries (PIBs) due to its high theoretical capacity. However, severe
pulverization upon cycling limits its practical applications. In this work, we propose a new approach of using metastable alloys
with Bi elements. Metastable Bi:Co and Bi:Fe alloys nanodots@carbon anode materials (Bi:Co and Bi:Fe@C) are synthesized for
the first time via simple annealing of their metal-organic frameworks (MOF) precursors. These prepared materials are
demonstrated as ideal hosts for high-rate K-ion storage. Bijg5C015s@C and BiggsFeq7@C electrodes respectively deliver
superior 178 and 253 mAh-g" at 20 A-g™, as well as stable cycling performance at 2 A-g™'. Ex situ scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and transmission electron microscopy (TEM) studies on
Bi:Co@C indicate that the elemental Co separates out during the initial potassiation and stands during the following
discharge/charge cycles. In situ formed Co precipitates can act as (1) “conductive binders” as well as (2) “separators” to prevent
the severe aggregation of adjacent active elemental Bi nanoparticles and (3) accelerate the potassiation/de-potassiation kinetics
in elemental Bi precipitates after initial discharge/charge cycles. This work could inspire the development of metal-type anodes.
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1 Introduction

Potassium-ion batteries (PIBs) are considered as a promising
alternative to lithium-ion batteries (LIBs) owing to the abundant
potassium resources, low costs, and fast ionic conductivity in
electrolyte [1-3]. To achieve full PIBs with good stability,
fabrication of anode materials that can store potassium over a low
potential range (around 0.3 V) to avoid dendrite formation is an
important key [4]. While metals in groups 13-15 of the periodic
table do meet these requirements [5, 6], their severe pulverization
often leads to loss of electrical contact during K-ion
uptake/extraction [6-8]. This problem has been addressed by
using intermetallic compounds of these metallic elements as
anodes [9, 10]. It was observed that the intermetallic compounds
would be decomposed into their constituting metal upon
discharging. The two metallic phases can better accommodate the
volume changes and/or form better electrical conducting
paths [11, 12]. Indeed, improved cycling stability was observed in
intermetallic anodes. However, due to the strong intermetallic
bonds, the separated metals re-alloy and form intermetallic
compounds again upon charging [12-15]. For this reason, the
issue of pulverization in long-term tests is not fully addressed.
Based on these pioneering works, it is natural to ask a question
that, if we can stop the re-alloying process in the intermetallics
upon charging, will the issue of pulverization be much better
addressed? Here, we attempt to answer this question by preparing

metastable alloys anodes which can naturally stop the re-alloying
process upon charging because of their metastable nature. The
main challenge is that due to the metastable nature, it is difficult to
obtain such nanoscaled alloy materials [16-18]. In fact, up till
now, there is no report on metastable alloy anodes for PIBs.

In this work, we prepare metastable Bi:Co and Bi:Fe alloy
anodes for the first time from their metal-organic frameworks
(MOFs) precursors. In the MOF’s microenvironment, the two
types of metal ions are distributed homogenously. Upon annealing
decomposition treatment, they form metastable alloy, instead of
elemental metallic, nanoparticles. These alloy nanodots are
embedded in amorphous carbon stemming from the organic
constituents in the MOFs. To demonstrate the electrochemical
superiority of the metastable alloys, Bi is chosen as the active
alloying element due to its high theoretical capacity [19-23].
Similar to the reported stable intermetallic anodes, the present
metastable alloy anodes will also be decomposed into their
constituting metal elements upon potassiation. However, due to
their metastable nature, the alloys cannot be reformed upon de-
potassiation. Ex situ studies on Bi:Co@C show that the
precipitated elemental active (Bi) and inactive (Co) nanoparticles
are of 10-20 nm diameter and distribute uniformly. The
electrochemically inactive Co nanodots can act as (1) “conductive
binders” as well as (2) “separators” to prevent the severe
aggregation of adjacent Bi precipitates and (3) accelerate the
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potassiation/de-potassiation kinetics in active Bi precipitates
during the discharge/charge cycles. With these effects, the
metastable alloy anodes deliver high rate K-ion storage under high
current density of 20 A.g’ (178 and 253 mAh.g' for the
Biy;Coy,;5@C and BiygFe,,@C electrodes respectively) with
stable cycling performance at 2 A-g". The capacity and cycling
stability of the Bijg;Fe,;,@C anode are among the best comparing
to recently reported PIB anode materials.

2 Results and discussion

The anode materials with metastable Bi:Co and BiFe alloys
nanodots embedded in amorphous carbon are prepared by
annealing MOF precursors (Fig. 1(a)). Bi-Co and Bi-Fe MOFs
particles were first prepared via a solvothermal process with the
corresponding metal cations and trimesic acid (H;BTC) (Fig. S1 in
the Electronic Supplementary Material (ESM)). After annealing
the MOFs in Ar/H, atmosphere at 600 °C, Bi:Co@C and Bi:Fe@C
(Bipg;Fey1,@C) powders were obtained. As shown by their X-ray
diffraction (XRD) patterns (Fig. 1(b)), besides the Bi,,;Co,,,@C
and Bij,Coy3,@C demonstrating some weak signals from phase
impurities, Bi:Co@C materials show similar crystalline phase to
rhombohedral Bi (PDF no. 44-1246) with small peak shifts of ~
0.4° to 0.5°. The shift of diffraction Bi peaks implies the inactive
Co element might be alloyed with the active Bi element. Scanning
electron microscopy (SEM) analysis shows that the Bi:Co@C
samples are micrometer sized particles (Fig.1(c) and Figs.
S2(a)-S2(d) in the ESM). D and G Raman bands of samples
indicate the presence of carbon (Fig. S2(e) in the ESM) [24].
Transmission electron microscopy (TEM) measurement was
employed to analyze microstructures of the Bi:Co@C particles. It
is observed that the synthesized sample composes of loosely
packed nanodots embedded in carbon (Figs. 1(d) and 1(e)). High
magnification TEM images show that the diameter of sphere-like
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nanodots is below ~ 20 nm (Fig. S3(a) in the ESM) and the coated
carbon is of amorphous nature (Fig. S3(b) in the ESM). Elemental
mapping results (Figs. S3(c)-S3(e) in the ESM) confirm the
nanodots are composed of Bi and Co meanwhile the nanodots are
uniformly distributed in the carbon matrix. To get more
information about the nanodots, high-resolution TEM (HRTEM)
studies were conducted. As shown in Fig. 1(f), a metal particle
shows lattice fringe intervals of 0.339 and 0.201 nm with angle of
119.9°. While, these values do not match with those of crystalline
cobalt, they are similar to the lattice spacing of (012) and (006)
planes (corresponding to 0.328 and 0.197 nm, respectively) with
an angle of 122.7° of rhombohedral Bi. Another metal particle
demonstrates lattice fringe intervals of 0.208 and 0.231 nm with
angle of 118.5° (Fig. 1(g)). These values are also similar to the
crystalline parameters of rhombohedral Bi (intervals of 0.202 and
0.227 for (015) and (110) planes, respectively, angle of 116.4°).
These HRTEM results are consistent with the XRD patterns.
During the annealing process, cobalt with small atomic radius can
dissolved into the lattice of rhombohedral Bi particles to form
metastable Bi:Co alloy particles. It is believed that the formation of
alloy instead of elemental metallic nanodots is due to the
microenvironment in the MOFs in which the two types of metal
cations are homogenously distributed [16]. Physical examinations
indicate that the Bi-Fe MOF-derived material also demonstrate
metastable Bi:Fe alloy nanodots@carbon structure (BijgFe,;;@C,
Fig. $4 in the ESM). Diameter of the Bi:Fe alloy nanodots is also
below ~ 20 nm. The Bi MOF-derived material shows Bi
nanodots@carbon structure (Bi@C, Fig. S5 in the ESM).
Electrochemical performances of the Bi:Co@C and the Bi:Fe@C
materials were evaluated in 1 M KPFy/dimethoxyethane (DME)
solutions over a potential window of 0.1-1.5 V in 2032 coin cells
with K foils as the counter electrodes. After activation of the initial
discharge process, the Bi:Co@C electrodes demonstrate a typical
Bi-based K-ion uptake/release profiles (Figs. S6(a) and S6(b) in the
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Figure1 Physical characterization of MOF-derived samples. (a) Schematic illustration of the synthesis process of metastable Bi:Co and Bi:Fe@C materials. (b) XRD
patterns of Bi:Co@C particles. SEM (c), TEM (d) and (e), and HRTEM (f) and (g) images of Bijg;Co,, ;s@C particles.
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ESM) [19-23], implying the main energy storage might be mainly
contributed by elemental Bi nanodots precipitated from the Bi:Co
alloys. Charge/discharge tests under different current densities
show superior specific capacity and rate capability for the
Bi:Co@C electrodes. As demonstrated in Fig. 2(a), along with the
increase of Co molar ratio, rate capability of the Bi:Co@C
electrodes first increases and then decreases with the best
performance in the Biyg;Co,;5@C electrode. The Bigg;Coy;5@C
electrode delivers a specific discharge capacity of 364 and
258 mAh-g" at 0.2 and 5 A-g", which is considerably higher than
those of the Bi@C electrode (301 and 217 mAh-g”, respectively).
Notably, the Bijg;Coy;;@C and Biy;;Co,,,@C electrodes
respectively demonstrate high capacity of 178 and 152 mAh-g" at
a high current density of 20 A-g”, in contrast to the much lower
capacity of 77 mAh-g™ for the Bi@C electrode. The Bij4;Coy;;@C
electrodes with areal mass loadings between 0.7 to 11.2 mg-cm™
exhibit a similar rate capability, confirming the electrochemical
advantages of the Bi:Co@C materials (Fig. 2(b)).

The Bijg;Fe,;@C electrode delivers superior rate capability of
354, 279, and 253 mAh-g™ at 0.2, 5, and 20 A-g”, respectively (Fig.
2(c) and Figs. S7(a) and S7(b) in the ESM). Capacity retention of
the Biyg;Fey;,@C and the Bijg;Coys@C anodes under such high
current densities shows performance comparable to state-of-the-
art metallic, sulfide, carbon, and oxide anodes (Fig.2(d))
[20,22,25-34], indicating their potential for practical PIB
applications. The Bi:Co@C and the Bi:Fe@C materials also
demonstrate significantly enhanced cycling stability. As shown in
Fig.2(e) and Figs. S7(c) in the ESM, they demonstrate stable
cycling performance for approximately 1,000 cycles at a high
current density of 2 A-g™. The maintained discharge capacities of
the BiygsC0y15@C and the Biyg;Fey;,@C electrodes are 218 and
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279 mAh-g" after 1,000 and 975 cycles, respectively. The mass
loading-independent cycling performance of Big;Coy1s@C further
confirms the electrochemical advantages of the metastable
alloy@C materials prepared by the proposed approach (Fig. S6(c)
in the ESM).

K-ion uptake mechanism of the Bi:Co@C electrodes was first
investigated through ex situ XRD studies (Fig. 3(a)). Big;Cog;;@C
material (mixed with 5 wt% of super P and 5 wt% of
polyvinylidene fluoride) was casted on a titanium foil. As
demonstrated in Figs. 3(b) and 3(c), accompanying with the
increase of capacity, the typical Bi-K alloying-based storage
characteristic becomes obvious during the initial four cycles. These
phenomena indicate that there is an electrochemical activation
process occurring in the prepared metastable Bi:Co nanodots. As
shown by ex situ XRD patterns (Fig.3(a)), upon initial
potassiation to 0.1 V, XRD signals of the Bi:Co alloy decrease,
meanwhile the signals assigned to K;Bi and elemental fcc Co
precipitate increase. The fcc Co XRD peak does not disappear
when electrode is charged to 1.5 V, indicating the prepared Bi:Co
alloy does not recover. During the following discharge/charge
cycles, along with the reversible phase changes between Bi and
K;Bi, fcc Co always exists and signals of elemental hcp Co emerge
after 10 discharge/charge cycles. In addition, as shown in ex situ X-
ray photoelectron spectroscopy (XPS) results, during the 4"
discharge/charge cycle, no oxidized Bi signals are observed (Fig.
3(d)), meanwhile the atomic ratio of Co%Co* is high and stable
(Fig. 3(e)). These phenomena confirm that K-ion storage is almost
entirely from the elemental Bi generated from decomposition of
the metastable Bi:Co alloys.

TEM examination was further employed to determine the
phase compositions of the Bi:Co@C sample after K-ion
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Figure2 K-ion stroage performance of MOF-derived materials. (a) Rate capability of the Bi:Co@C electrodes with various Bi:Co molar ratios. (b) Rate capability of
the Biy;3C0y,@C electrodes with different mass loadings. (c) Rate capability of the Biyg;Fe,,,@C electrode. (d) Comparison of the rate capability with the reported
anode materials for PIBs. (¢) Cycling performance of the Bi:Co@C electrodes with the various Bi:Co molar ratios.
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Figure3 Determination of K-ion storage mechanism of MOF-derived materials. (a) Ex situ XRD patterns of the BiygCoys@C electrodes recorded during
discharge/charge processes. “D” and “C” are discharge and charge, respectively. Discharge/charge curves (b) and cycling performance (c) of the BijgCoy s@C
electrodes at 0.2 A-g. Ex situ high-resolution Bi 4f (d) and Co 2p (e) XPS spectra of the Bijg;Co,;s@C electrodes during 4" discharge/charge process.

uptake/release kinetics becomes stable. Figure S8(a) in the ESM
shows TEM image of a Bijg;Coy;;@C sample at its fully charged
(ie, de-potassiated) state after 3 discharge/charge cycles. As
shown in the HRTEM image (Fig. S8(b) in the ESM), it finds that
the carbon shell demonstrates high flexibility to accommodate the
volume expansion/shrink from the Bi potassiation/de-potassiation.
Additionally, it can be seen that the cycled Bi:Co@C material
demonstrates a porous characteristic, similar to the freshly
prepared material (i.e., before cycling). A HRTEM image of the
charged sample is shown in Fig. S8(c) in the ESM, demonstrating
that the precipitated elemental Bi nanoparticles are separated by
precipitated Co nanoparticles. Furthermore, as indicated by TEM
and HRTEM images of the fully discharge sample (Figs. S8(d) and
S8(e) in the ESM), it is found that the K-ion uptake in Bi
nanoparticles does not change the porous morphology nor the
intimate contact between two types of precipitated nanoparticles,
indicating the microstructure stability of samples. The uniform C,
Bi, and Co elemental distributions of fully charged Bi;4;Coy;;@C
sample clearly demonstrate the intimate interactions between
precipitated Bi and Co nanoparticles (Fig. S8(f) in the ESM).

In contrast, in Bi@C material, repeated volume
expansion/shrink from potassiation/de-potassiation gives rise to
“dead” Bi and K;Bi with electrochemical inactivity after initial
several cycles, as shown in ex situ XRD patterns (Fig. S9(a) in the
ESM). Furthermore, the repeated volume expansion/shrink also
leads to the severe aggregation of adjacent Bi particles, generating
large particle with long K-ion diffusion distance (Figs. S9(b)-S9(e)
in the ESM). Combining these comparison analysis results of
Bi:Co@C and Bi@C samples, it concludes the precipitated Co
nanoparticles can act as “separators” to prevent the adjacent
precipitated Bi particles from aggregation and thus to ensure short
K-ion diffusion for efficient K-ion uptake/release in each Bi
nanoparticles.

On the other hand, benefiting from intimate contact between
the Bi and the Co nanoparticles, Bi can effectively react with K-
ions with the help of Co nanoparticles which act as conductive
“binder” for ensuring efficient electron transport. Such enhanced
potassiation/de-potassiation kinetics in these metastable materials
can be reflected by electrochemical analysis. Figures 4(a)-4(c)
show cyclic voltammetry (CV) curves of Bi@C, Bijg;Coy;s@C, and
Biyg;Fe,,@C electrodes after initial potassiation/de-potassiation.
With increasing scan rates, the CV curve profiles of Bi@C
electrode change with disappearance of potassiation peak (peak A
in Fig.4(a)) due to relative sluggish K-ion storage kinetics. In

contrast, changes of CV profiles and shift of K-ion uptake/release
peaks are negligible in Bij4;Coy;s@C and Biyg;Fe, ;@C electrodes
(Figs. 4(b) and 4(c)). To better understand the differences of
kinetics in the three electrodes, their apparent K-ion diffusion
coefficients (Dy.o,) are determined from the well-observed de-
potassiation peak (peak B) using the Randles—Sevcik equation [35,
36]

i=12.69x10° X A X n** X Dyon”? X Cy X V2

where, i, Dy ., and v stand for the peak current, the apparent K-
ion diffusion coefficient, and the potential scan rate, respectively.
A, n, and C represent the effective surface area of the electrode,
the number of electrons transferred in a unit reaction, and the
concentration of the diffusion species, respectively. By plotting i vs.
v (insets of Figs. 4(a)-4(c)), the Dy, of Bi@C, BijgCoy;s@C,
and Biyg;Fe,,@C electrodes are 7.9 x 10", 3.1 x 10™, and 5.6 x
10" cm*s”, respectively. These again confirm that the alloy
electrodes have much faster K-ion diffusion kinetics. The
importance of inactive metallic precipitates is also shown from
electrochemical impedance spectroscopy (EIS). Figures 4(d)-4(f)
are EIS spectra of half PIBs employing Bi@C, Bi,;Co,;s@C, and
Biyg;Fe,;,@C anodes respectively after different discharge/charge
cycles. Upon cycling, the charge transfer resistance (diameter of
the semicircle at low Z’) of the Bi@C increases along with the
cycling numbers, gradually increasing from approximately 15 to
60 Q after 30 cycles (Fig.4(d)). Interestingly, the situations are
much improved after alloying with Co or Fe. In particular, the
resistance of the Bijg;Fe,,@C anode is stabilized after 10 cycles
(Fig. 4(D)).

Based on above results, the phase and morphology changes of
metastable Bi:Co@C structure are illustrated in Fig.4(g). The
precipitated elemental Co nanoparticles play key roles as “binders”
and “separators” to ensure fast and reversible K-ion storage in the
precipitated Bi nanoparticles from Bi:Co metastable alloy. Even
more attractive is that the performance enhancement is obtained
with a significant cost reduction when expensive Bi (~ 10,300
USD/ton) is partially replaced with a much cheaper metal such as Fe
(~93 USD/ton).

To further investigating application potential of the prepared
alloy anodes, full PIBs with a polymer cathode (PTCDA-0C, a
polymer with 3,4,9,10-perylene-tetracarboxylic acid-dianhydride
and hydrazine), a pre-potassiated Bi4;Co,,s@C anode, and a 1 M
KPE¢/DME electrolyte were assembled. PTCDA-0C is an organic
cathode with good rate capability, as demonstrated in our previous
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works (Fig. S10 in the ESM) [37]. Typically, K-ions are inserted
into the Big;Coy;5@C anode and extracted from the PTCDA-0C
cathode during charging in full battery, and vice versa during
discharging (Fig. 5(a)).

The assembled full cell exhibits excellent electrochemical
performance at various current densities (Figs. 5(b) and 5(c)).
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energy and power densities (170.18 and 133.6 Whkg™ at 167 and
1,670 W-kg™, respectively). The cycle stability of the full PIB is
further investigated (Fig.5(d)). After the first 5 cycles for
activation at 0.1 A-g”, the assembled PIB exhibits good cycle
stability over 100 cycles with a capacity retention of 86%
(80 mAh-g") at0.5 A-g™.

3 Conclusions

In summary, we proposed and fabricated, for the first time, Bi:Fe
and Bi:Co metastable alloy nanodots@carbon structures via a
facile MOF-assistant annealing method. Comparing with the
Bi@C electrode, the Bi:Co@C and the Bi:Fe@C electrodes
demonstrate significantly improved mass loading-independent
rate and cycling performance with high K-ion uptake/release
kinetics. Under high current density of 20 A-g™, Bi4;Co,;;:@C and
Biyg;Fey;,@C electrodes respectively deliver superior 178 and
253 mAh-g", meanwhile only 77 mAh-g' is obtained in Bi@C
electrode. Ex situ SEM, XPS, XRD, and TEM studies on the
Bi:Co@C material indicate that inactive elemental Co
nanoparticles separate out during the potassiation process, acting
as efficient electron transport pathways, preventing the adjacent
precipitated Bi nanoparticles from aggregation, and accelerating
the potassiation/de-potassiation kinetics during the following
cycles. The prepared Bi:Co and Bi:Fe alloy nanodots@carbon
structures can be promising anode materials for PIBs.
Furthermore, the proposed metastable alloy types and material
synthesis method could provide new insights on the high-
performance metal anodes for batteries.
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