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Progress and Potential

A significant improvement in the

reversible capacity was achieved

for nanostructured alloy anodes.

However, even though a large

amount of nanostructured alloy

anodes were applied in rocking-

chair batteries, due to the

limitation of lab-based

techniques, the origin of their

improved reversible capacity

remains unclear. Here, we

combine operando synchrotron-

based X-ray powder diffraction

with high temporal resolution and
SUMMARY

Nanostructured alloy anodes have been successfully used in several kinds of

rocking-chair batteries. However, a full picture of the origin of their improved

reversible capacity remains elusive. Here, we combine operando synchrotron-

based X-ray powder diffraction and ex situ X-ray absorption near-edge struc-

ture spectroscopy to study the double-shell structured bismuth boxes as anodes

in potassium-ion batteries to reveal the origin of their improved capacity. The

nanostructured bismuth anode offers an enhanced capability to tolerate the

volume expansion under a low current density of 0.2 C, resulting in a more

complete alloy reaction. Additionally, under a high current density of 2 C, nano-

structured bismuth anode with larger surface area offers more sites to electro-

chemically alloy with potassium and results in a lower average oxidation state

of bismuth. These findings offer guidance for the rational design and engineer-

ing of electrode materials according to the current density for rocking-chair

batteries.
ex situ X-ray absorption near-

edge structure spectroscopy to

study the double-shell

nanostructured bismuth boxes as

alloy anodes for potassium-ion

batteries to reveal the origin of

their improved reversible

capacity. Our results reveal that

the origin under low current

density is the change of

electrochemical path while the

one under high current density is

the promotion of the surface-

driven electrochemical reactions.

These findings have the potential

to serve as guidance for the

rational design and engineering

of nanostructured alloy anodes.
INTRODUCTION

Rocking-chair batteries, such as lithium-, sodium-, potassium-, and calcium-ion bat-

teries, are widely applied as electrical energy-storage devices for portable electronic

devices and electrical vehicles. On their anode side, alloy anodes with much higher

theoretical capacity than the conventional intercalation anodes are considered as a

superior choice.1–12 Nonetheless, these alloy anodes often suffer larger volume

expansion and, consequently, capacity fading.5–7,9 Therefore, various nanostruc-

tured alloy anodes have been developed.3,4,9 Although a significant improvement

in their reversible capacity has been achieved, its origin remains still unclear.6,7

Various approaches have been explored to reveal the origin of the improved capac-

ity. Themost common approach involves X-ray powder diffraction (XRPD) to observe

the electrochemical alloying process. In particular, the previous studies involving the

XRPD monitoring of the alloying process of silicon anodes in lithium-ion batteries

suggest that the reduction of the particle size or film thickness leads to suppression

of the Li15Si4 phase, which results in a change in electrochemical reaction and in-

creases the reversible capacity of the final product.7,13,14 Additionally, the final prod-

uct of the alloying reaction of bismuth, another alloy anode, in sodium-ion batteries

is affected by varying the particle size. The final product derived from nanosized bis-

muth and sodium is cubic Na3Bi, while the one originating from microsized bismuth

is hexagonal Na3Bi.
15 The change in the electrochemical reaction path due to

nanosizing the alloy anodes could be the reason for the improved reversible
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capacity.7,15,16 However, most of the reported results refer to the electrochemical re-

action paths under small current density. The difference in the behavior of nanostruc-

tured and bulky alloy anodes under high current density remains elusive due to the

poor temporal resolution of lab-sourced XRPD, which might require a relatively long

acquisition time for obtaining proper crystallographic information.17–20 To resolve

this issue, electrochemical characterization approaches with high temporal resolu-

tion have been applied. Several reports about anodes that contain alloy elements

suggest that the origins of higher reversible capacity are the enhanced pseudocapa-

citive response or fast ion kinetics.21–25 However, the characterization of electro-

chemical reactions is based mainly on the electrical signals while the information

about chemical properties, such as the phase evolution or the oxidation states, is

lacking. More importantly, the conclusion about the enhanced pseudocapacitive

contribution is in contradiction with the suppression of certain electrochemical reac-

tions observed by XRPD. At present, most of the reports are devoted to either the

phase evolution under low current density or the electrochemical response under

high current density. Therefore, due to the rarely reported phase evolution of nano-

structured alloy anodes under high current density and the lack of chemical proper-

ties from electrochemical characterization, a full picture of the origin of increasing

reversible capacity of nanostructured alloy anodes remains unclear.

Among several kinds of rocking-chair batteries, due to the abundance of potassium

and its more negative voltage than that of sodium, potassium-ion batteries are

considered as alternatives with higher energy density than that of sodium-ion batte-

ries but smaller cost compared with lithium-ion batteries.12,26,27 However, the first-

principles density functional theory (DFT) study indicates larger volume expansion

upon alloying with potassium than that upon alloying with sodium and lithium.26

Development and application of nanostructured alloy anodes for potassium-ion bat-

teries and their better understanding are more urgent issues than is the case for

lithium- and sodium-ion batteries.

Herein, we report the first synthesis of double-shell structured bismuth boxes. Their

electrochemical process as an anode for potassium-ion batteries is studied by

combining an operando synchrotron-based XRPD with high temporal resolution

and ex situ X-ray absorption near-edge structure (XANES).17,19,20 By employing

this nanostructured bismuth material and comparing its electrochemical behavior

with that of microsized bismuth, a full picture of the origin of the improved reversible

capacity of nanostructured alloy anodes is revealed. The improved reversible capac-

ity of nanostructured bismuth under low current density originates from numerous

internal voids able to accommodate the large volume expansion, while that under

high current density originates from a large number of electrochemical active sites

associated with high surface area. This study points out that the origins of the

improved reversible capacities under various current densities are different, and

demonstrates the key role of the nanostructure in improving the reversible capacity

of alloy anodes. These findings offer guidance for the future rational design and en-

gineering of nanostructured alloy anodes for rocking-chair batteries.
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RESULTS AND DISCUSSION

The complete synthesis route of nanostructured bismuth anodes is illustrated in Fig-

ure 1A. As shown in Figures 1A and S1, the uniform ZIF-8 (zeolitic imidazolate frame-

work-8) cubes with a size of around 500 nm were selected as the initial template and

synthesized by using a slightly modified approach reported elsewhere.28–31 It has

been reported elsewhere that zinc sulfide can be turned into other sulfides through
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Figure 1. Synthesis Procedure, Morphology, and Physicochemical Characterization of C@DSBC

(A) Scheme illustrating the synthetic procedure of C@DSBC.

(B) SEM image of C@DSBC.

(C and D) HAADF-STEM images.

(E) XRPD spectrum with the standard patterns of bismuth and bismuth sulfide shown separately.

(F) HAADF-STEM elemental mapping.

(G) High-resolution nitrogen XPS spectrum.
this strategy.29–33 After a series of modified sulfidations reported by us previously,

the amorphous double-shell zinc sulfide boxes with slight indentations on their sur-

face are clearly seen (Figures S2–S5).32 As suggested in our previous report, due to

the difference in the solubility product constants, the zinc cations in the as-prepared

sample are replaced by bismuth cations via a facile room-temperature cation-ex-

change method (Figure S6).32 The scanning electron microscopy (SEM) and trans-

mission electron microscopy (TEM) images (Figures S7 and S8) show that the dou-

ble-shell box structure is maintained during this exchange process. After surface

coating with polydopamine and subsequent calcination, the carbon-coated dou-

ble-shell bismuth hollow boxes (C@DSBC) are obtained and studied by SEM and

TEM imaging analysis. As shown in Figures 1B and S9, the uniform cubic shape re-

mains after coating and subsequent calcination. The TEM and scanning TEM

(STEM) images (Figures 1C and S10) show a porous dual-shell structure of these

boxes with the thickness of each shell estimated to be around several nanometers.

The high-angle annular dark-field STEM (HAADF-STEM) image (Figure 1D) shows

the lattice spacings of 0.33 nm and 0.30 nm with an interfacial angle of 56� indexed
as (012) and (004) facets of bismuth, respectively. A combination of these data with
Matter 1, 1681–1693, December 4, 2019 1683



those of XRPD data shown in Figure 1E reveals that the composition in the as-pre-

pared sample is mainly rhombohedral bismuth phase. Additionally, the STEM

elemental mapping images (Figure 1F) illustrate the even distribution of bismuth,

carbon, and nitrogen, indicating that the nitrogen-doped carbon homogeneously

coats the surface of bismuth boxes. The N-doped nature of the carbon coating is

also demonstrated by X-ray photoelectron spectroscopy (XPS) (Figures 1G, S11A,

and S11B).34,35 Furthermore, the Raman spectrum (Figure S12) shows that this car-

bon coating is highly amorphous, while the carbon content is around 7% according

to the thermogravimetric analysis (Figure S13).36–38

The microsized bismuth is selected as the control sample to offer a more compre-

hensive understanding of the improved reversible capacity of nanostructured alloy

anodes. The detailed characterizations are shown in Figure S14 (SEM image and

XPS survey spectrum). As shown in Figure 2A, the C@DSBC sample achieves an

initial reversible capacity of 351 mAh g�1 with an initial Coulombic efficiency of

52%. This low initial Coulombic efficiency can be attributed to the irreversible reac-

tion of K+ with Bi, the decomposition of electrolyte, and the formation of the solid

electrolyte interface (SEI).39,40 It is noteworthy that the initial Coulombic efficiency

of microsized bismuth is 64%. The lower Coulombic efficiency of C@DSBC than in

the case of microsized bismuth might originate from irreversible reactions between

surface functional groups of the carbon coating and potassium as well as the reac-

tions between residual bismuth sulfide and potassium, which are irreversible in

this voltage range.41,42 Despite the low initial Coulombic efficiency, the subsequent

discharging/charging curves of C@DSBC exhibit good overlays, suggesting the

good stability of the previously formed SEI, which benefits the subsequent cycling

stability. Some slight differences between microsized bismuth and double-shell

structure can be found in Figures 2A and 2B. The initial discharging curve for

C@DSBC shows several plateaus. On the other hand, the discharging curve of micro-

sized bismuth features one plateau. The cyclic voltammetry (CV) curves show only

one significant reduction peak for microsized bismuth (Figure S15), while a much

higher anodic current response can be observed before 0.25 V on the CV curves

of C@DSBC (Figure 2C). This indicates that there are differences between

C@DSBC and microsized bismuth samples during their initial cycling processes. Af-

ter the initial cycles, as shown in Figure 2D, C@DSBC exhibited a good rate perfor-

mance as an anode for potassium-ion batteries. Specifically, it delivered the revers-

ible capacities of 340, 302, 274, 251, and 222 mAh g�1 under the current densities of

40, 80, 200, 400, and 800 mA g�1, corresponding to 0.1, 0.2, 0.5, 1, and 2 C, respec-

tively. By way of comparison, the rate performance of microsized bismuth is shown as

Figure S16. Additionally, Table S1 shows a comparison of the samples studied with

state-of-the-art materials. Regarding the long cycling durability, C@DSBC exhibited

an enhanced durability compared with that of the microsized bismuth. Specifically,

as shown in Figure 2E, during the initial period, both bismuth samples exhibited sta-

ble reversible specific capacities of around 300 mAh g�1. After being cycled for

around 20 cycles, a more significant decrease is observed for the reversible capacity

of the microsized bismuth while the reversible capacity of C@DSBC remains over

300 mAh g�1. After cycling for 200 cycles, the reversible capacity of the

microsized bismuth is 65 mAh g�1, corresponding to the capacity loss of 77.0% dur-

ing 200 cycles. On the contrary, the reversible capacity of C@DSBC is maintained

over 200 mAh g�1, which corresponds to the capacity decay of 0.13% per cycle,

showing a good durability of C@DSBC as an anode for potassium-ion batteries.

Additionally, the SEM image (Figure S17) reveals that the cubic structure was main-

tained after cycling, suggesting the good durability of C@DSBC. Note that the main

electrochemical reactions related to the storage potassium ions are the alloy
1684 Matter 1, 1681–1693, December 4, 2019



Figure 2. Electrochemical Performance of Bismuth Samples

(A and B) Initial cycling curves of (A) C@DSBC and (B) microsized bismuth.

(C) Initial CV curves of C@DSBC.

(D) Rate performance of C@DSBC.

(E) Long cycling performance of C@DSBC and microsized bismuth.
reactions between potassium and bismuth. The previous study on the lithiation of

silicon suggests that the cracking and consequent peeling-off are the main reasons

for capacity fading of alloying anodes.9 Additionally, the first-principles DFT study

indicates larger volume expansion upon alloying with potassium than upon alloying

with sodium and lithium.26 Therefore, the main reason for decreasing the reversible

capacity of bismuth samples might be the repetitive volume expansion during the

alloying/dealloying reactions. In regard to the comparison of long cycling perfor-

mance of C@DSBC and microsized bismuth, it is noteworthy that the cycling dura-

bility of the C@DSBC sample is better than that of microsized bismuth. This

enhanced durability might originate from the protective role of the carbon coating,

which functions as a mechanical backbone to ensure that all bismuth is electrochem-

ically active and limits the SEI formation on the outer surface instead of that on bis-

muth nanoparticles.3
Matter 1, 1681–1693, December 4, 2019 1685



The electrochemical characterization suggests that C@DSBC behaves differently

from microsized bismuth during the initial cycling. The difference in electrochemical

reactions during the cycling process shown by various synchrotron-based tech-

niques reveals the origin of the improved capacity.

First, the cycling process of both C@DSBC andmicrosized bismuth under low current

densities is monitored by operando XRPD. As previously reported, the electrochem-

ical reaction of bismuth and potassium ion during the discharging process can be

represented by the following equation:39,40

Bi / KBi2 / K3Bi2 / K3Bi.

In our operando XRPD study, during the cycling process of double-shell bismuth and

microsized bismuth, the most significant difference appears during transformation

from K3Bi2 to K3Bi. During the initial discharging process of double-shell bismuth,

as shown in Figure 3A, the reflection peak is assigned to the ð115Þ facet of K3Bi2,

which is located at 18.18�, and appears for the discharging taking place at the

voltage of around 0.3 V. With the progress of electrochemical alloying reaction,

the intensity of reflection peak of K3Bi2 starts to decrease and the reflection peak

almost disappears when the voltage approaches a value of 0.2 V. Subsequently,

as shown in Figure 3C, when the intensity of reflection of K3Bi2 decreases, the

(222) peak of K3Bi, which is located at 12.16�, appears, indicating the K3Bi2 phase

is going through a transformation to K3Bi. When the charging process starts, the in-

tensity of K3Bi decreases significantly and the intensity of K3Bi2 increases subse-

quently and decreases afterward, indicating the superior reversibility of C@DSBC

as an anode for potassium-ion batteries. As a comparison, the microsized bismuth

was also subjected to the same process with the same current density. Interestingly,

as shown in Figure 3B, the reflection of K3Bi2 appears around the middle of the dis-

charging plateau. The intensity of this reflection peak only decreases partially with

the proceeding electrochemical reaction. Afterward, at the initial stage of charging,

the intensity of reflection for K3Bi2 only slightly decreases, indicating that most of the

K3Bi2 remains unreacted and the reversibility of microsized bismuth is poor. More

importantly, during the discharging process of bismuth, as shown in Figure 3D,

the intensity of the K3Bi phase is low. Compared with the high intensity of K3Bi reflec-

tion peak in the case of C@DSBC, one can conclude that there is no significant for-

mation of K3Bi phase. Therefore, under the low current density, the main difference

between the electrochemical reactions of these two materials is the transformation

from K3Bi2 to K3Bi. It is noteworthy that in addition to the visible difference between

the initial and subsequent cycling curves, a similar trend in the intensity change of

K3Bi is observed on the plots of operando XRPD data for subsequent cycles of

C@DSBC and microsized bismuth (see Figures S18 and S19). This result indicates

that the electrochemical alloy reaction between C@DSBC and potassium is more

complete than that between microsized bismuth and potassium. Initially, the main

final product from the electrochemical reaction of C@DSBC is K3Bi while the one

in the case of microsized bismuth is K3Bi2. In previous reports, both Huang et al.

and Lei et al. reported that the normalized volume expansion during the electro-

chemical reaction is over 400% from Bi to K3Bi.
39,40 Combined with the data of

the volume expansion from previous studies, as shown in the scheme of Figure 3E,

this difference might come from the much higher strain and volume expansion dur-

ing the phase-transformation process from K3Bi2 to K3Bi. With the large internal

voids, the C@DSBC sample is capable of accommodating larger volume expansion.

On the contrary, the microsized bismuth can only tolerate smaller volume expansion,

resulting in a change of electrochemical reaction path. Therefore, the final main
1686 Matter 1, 1681–1693, December 4, 2019



Figure 3. Origin of Superior Electrochemical Performance under Low Current Density

(A–D) Comparison of contour plots of the operando XRPD with superimposed voltage profiles

shown for selected ranges of K3Bi2 (A and B) and K3Bi (C and D).

(E) Scheme of superior electrochemical performance of C@DSBC under low current density.
product after initial electrochemical reaction of microsized bismuth is K3Bi2, corre-

sponding to the volume expansion of around 167%. To sum up, nanostructured alloy

anodes offer enhanced capability to accommodate large volume expansion, result-

ing in a more complete alloy reaction and consequent higher reversible capacity un-

der low current density.

When the electrochemical reaction occurs under a relatively high current density, it

might be quite different from that under low current density. The electrochemical re-

action taking place on C@DSBC under high current density (2 C) is explored by

combining operando XRPD and ex situ XANES. The operando XRPD reveals that

the reflection intensity of bismuth in C@DSBC decreases significantly with the elec-

trochemical process (Figure 4A). On the contrary, the reflection intensity observed
Matter 1, 1681–1693, December 4, 2019 1687



Figure 4. Origin of Superior Electrochemical Performance under High Current Density

(A and B) Comparison of contour plots of the operando XRPD with superimposed voltage profiles

shown for bismuth reflection of different samples: C@DSBC (A) and microsized bismuth (B).

(C) The pseudocapacitive contribution obtained for C@DSBC (with inset showing the CV curves of

C@DSBC at various sweep rates).

(D) The corresponding Emip for various samples (with inset showing the XANES spectra of various

samples; error bars represent the range of measured Emip).

(E) Scheme illustrating the superior electrochemical performance of C@DSBC under high current

density.
for microsized bismuth is only slightly reduced (Figure 4B), indicating that more bis-

muth in this sample remains unreacted. This finding demonstrates that the electro-

chemical alloying reaction of bismuth in C@DSBC with potassium is more complete

than that in microsized bismuth. However, surprisingly, unlike the electrochemical

process under low current density mentioned above, there is no significant change

in the intensities of both K3Bi2 phase and K3Bi phase (Figure S20) on the spectra of

C@DSBC. This finding indicates that the main electrochemical reaction of C@DSBC

under the relatively high current density could be a surface-driven adsorption reac-

tion. This finding is also confirmed by the kinetics analysis of C@DSBC. As shown in

Figure 4C, the contribution arising from pseudocapacitive behavior of double-

shelled structured bismuth, which is calculated from the CV data for various sweep

rates (Figure 4C, inset), increases to over 70% at the scan rate of 10 mV s�1. This in-

dicates that the main contribution to the reversible capacity might originate from the
1688 Matter 1, 1681–1693, December 4, 2019



surface-driven adsorption reactions rather than the alloying reaction with crystallized

product mentioned above at the low current density. This might be the reason why

no significant crystallized alloy of potassium and bismuth is detected by operando

XRPD during cycling under a relatively high current density. Therefore, the ex situ

XANES spectroscopy was employed to reveal the difference in electrochemical re-

action products from both samples.

The microsized bismuth sample discharged to 0.01 V with potassium as the counter

electrode under a low current density and bismuth oxide (Bi2O3) were selected as the

standard samples. In the XANES spectra, the energy inflection point of the BiLIII
edge indicates the average oxidation state of bismuth in the corresponding sam-

ples. On these ex situ spectra (Figure 4D, inset), the BiLIII edge of C@DSBC after dis-

charging under the current density of 2 C is closer to that of the discharged Bi stan-

dard sample, compared with that of the dischargedmicrosized bismuth. To illustrate

this point clearly, the position of the main inflection point (Emip) is selected as the

descriptor of oxidation state of bismuth in the corresponding samples (Figure S21).

As shown in the bar graph (Figure 4D), the bismuth in C@DSBC shows an average

oxidation state, corresponding to Emip of 13,423.7 eV, similar to that of the dis-

charged Bi sample (13,423.66 eV), while the microsized bismuth sample shows a

higher oxidation state (13,424.08 eV). As suggested by Figure 4E, this difference

in the oxidation state might indicate that the electrochemical reaction under high

current density is dominated by surface-driven adsorption reactions. The lower

average oxidation state of C@DSBC indicates that its electrochemical reaction gen-

erates more alloy product, resulting in a lower average oxidation state. This might

come from the higher surface area of 33.1 m2 g�1 of C@DSBC as compared with

9.2 m2 g�1 of microsized bismuth (Figure S22). Therefore, the nanostructured alloy

anodes offer larger surface area and more electrochemical active sites to react

with alkaline ions, resulting in larger consumption of electrode materials, lower

average oxidation states, and, consequently, higher reversible capacities under

high current density.43

Combination of the results from operando XRPD and ex situ XANES allows for two

main conclusions. First, the improved reversible capacities of nanostructured alloy

anodes in batteries under various current densities have different origins. For cycling

under low current density, the key is a more complete alloy reaction resulting from

the change in the electrochemical alloying reaction path. Under the condition of

high current density, the surface-driven adsorption reactions are more important,

which result in larger consumption of electrode materials and, consequently, a lower

average oxidation state. Second, the key role of the nanostructure in enhancing the

electrochemical performance of alloy anodes is identified. Specifically, the higher

reversible capacity under low current density originates from the high capability of

nanostructured alloy anode to accommodate larger volume expansion than that in

the microsized sample. In the case of high current density, the higher reversible ca-

pacity originates from the larger surface area of nanostructured alloy anode, which

offers more electrochemical active sites to react with alkali ions. In regard to compar-

ison of the processes under high and low current densities, it is noteworthy that the

process at high current densities is more sensitive to the surface area because the

dominating electrochemical reactions in this circumstance are the surface-driven

adsorption reactions. Regarding the process under low current densities, the

phase-evolution reactions are the dominating electrochemical reactions, resulting

in a larger volume expansion than that observed under high current density. There-

fore, these results offer guidance for the rational design and engineering of alloy an-

odes for rocking-chair batteries. Specifically, enlarging the surface area is more
Matter 1, 1681–1693, December 4, 2019 1689



critical for the alloy anodes applied in the scenarios, which require fast discharging/

charging. However, in relation to the scenarios at low current density, the ability to

tolerate the volume expansion is more important. These conclusions can serve as

guidance for the rational design and engineering of alloy anodes for rocking-chair

batteries.

Conclusions

In summary, we have constructed new dual-shell structured bismuth boxes as an-

odes for potassium-ion batteries. Combining several synchrotron-based techniques

and employing dual-shell bismuth boxes permitted us to reveal the origins of the

improved reversible capacity of nanostructured alloy anodes under various current

densities. The origin under low current density is the change of electrochemical re-

action path, which is derived from the enhanced capability of nanostructured anode

to tolerate the larger volume expansion. Under high current density, the origin of

this improvement is associated with surface-driven electrochemical reactions pro-

moted by the larger surface area of nanostructured anodes. This finding offers

guidance for the rational design and engineering of electrodes for various

applications.

EXPERIMENTAL PROCEDURES

Synthesis of Materials

Synthesis of ZIF-8 Cubes

First, 55 mg of zinc acetate dihydrate, 8 mg of hexadecyl trimethyl ammonium bro-

mide (CTAB), and 1.14 g of 2-methylimidazole were dissolved in 80 mL of deionized

water.28 Next, the resulting solution was mixed and stirred for 5 min at room temper-

ature. The as-prepared mixed solution was transferred into a Teflon-lined autoclave

and placed in a 120�C oven for 6 h. After synthesis, the sample was washed three

times with deionized water and ethanol and dried at 60�C overnight.

Synthesis of C@DSBC

Forty milligrams of the as-prepared ZIF-8 was transferred into a round-bottomed

flask and dispersed in 30 mL of anhydrous ethanol under ultrasonication for

10 min. The flask was soaked in an 80�C oil bath. Thereafter, a mixed solution con-

taining 0.54 g of thioacetamide and 10 mL of anhydrous ethanol was added into

the flask and the reaction was processed at 80�C for 0.5 h. The intermediate

was collected by centrifugation and washed twice with anhydrous ethanol. Next,

the as-prepared sample was redispersed in 20 mL of acetone while another solu-

tion was prepared by dissolving 0.1 g of bismuth chloride in 20 mL of acetone. The

former solution was poured into the latter one under magnetic stirring, which was

stopped after 3 h. The product was collected and washed three times with acetone

and ethanol. The as-prepared sample was then redispersed in a solution contain-

ing 40 mg of Trizma Base and 30 mL of distilled water. Finally, 6 mg of dopamine

hydrochloride was added rapidly into the suspension under intense stirring. The

product was washed with ethanol and collected by centrifugation after a 3-h reac-

tion at room temperature. The resulting sample was dried overnight in a vacuum

oven and calcined in a tube furnace at 400�C for 3 h with a ramping rate of 3�C
per minute.

Materials Characterization

XRPD data were collected on Rigaku MiniFlex 600 X-ray diffractometer. The field-

emission SEM images were acquired by an FEI Quanta 450 FEG scanning electron

microscope. The TEM images were taken by an FEI Tecnai G2 Spirit. The STEM

and HAADF-STEM images were taken by an FEI Titan Themis. The operando
1690 Matter 1, 1681–1693, December 4, 2019



XRPD was conducted in the powder diffraction beamline of the Australian Synchro-

tron (ANSTO) with a beamline wavelength of 0.5904 Å in transmission mode. The

coin cells for operando powder diffraction are modified from C2032 coin cells with

X-ray transparent windows made from Kapton film.18 The ex situ XANES spectra

were collected in the X-ray absorption spectroscopy (XAS) beamline of ANSTO.

The electrodes tested in XAS were taken from disassembled coin cells and sealed

by Kapton tape in an Argon-filled glovebox. The electrodes were tested in fluores-

cence mode. The discharged bismuth sample was prepared in a coin cell using mi-

crosized bismuth and potassium as the cathode and anode, respectively. The coin

cell was discharged to 0.01 V under a current density of 0.05 C. The surface area

was evaluated from nitrogen adsorption data measured at 77.3 K (ASAP 2020) using

the Brunauer-Emmett-Teller method. XPS measurements were conducted on the

X-ray microprobe of a Thermo Escalab 250Xi with monochromatic Al Ka radiation.
Electrochemical Measurements

The electrochemical performance tests were carried out in C2032 coin cells at room

temperature. The working electrode consisted of active material (i.e., dual-shell

bismuth and pristine bismuth), carbon black (Super P from VWR, supplied by Alfa

Aesar), and binder (sodium carboxymethylcellulose, average molecular weight

�700,000, Sigma-Aldrich) using a weight ratio of 60:30:10, while the copper foil

was employed as the current collector. The electrolyte was composed of 2.0 M po-

tassium bis(fluorosulfonyl)imide dissolved in 1,2-dimethoxyethane. Galvanostatic

tests were performed on a Landt CT2001A battery testing system. The CV data

were collected on a Gamry 1000e electrochemical station.
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