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a b s t r a c t

The performance of Li||Sb-Sn liquid metal batteries (LMBs) is hindered by the corrosion of the Sb-Sn

cathode on its current collector. Herein, a uniform, dense, and low-oxidized W coating was prepared by

plasma spraying, which can effectively resist the corrosion of the cathode and improve the cycle stability

of the Li||Sb-Sn LMBs. For the first time, micro-CT nondestructive inspection is applied in the field of

LMBs. The corrosion micromorphology and composition evolution of the SS304 matrix and Sb-Sn cathode

with or without the plasma-sprayed W coating is obtained without disassembling the battery, which

proves that the W coating can effectively protect the SS304 matrix. Our autonomous new LMB device

for nondestructive inspection is universal and can be applied to different LMBs systems for advancing

knowledge of corrosion mechanism and protection. This work guarantees the ability to directly visualize

the inner critical positions in three dimensions and fills the knowledge gap in the field of LMB detection

technology.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Liquid metal batteries (LMBs) are among the emerging sustain-

able battery technologies for the renewable energy revolution [1–

6]. Among them, Li||Sb-Sn LMBs have exhibited distinguished cy-

cle performance, excellent rate capability, and unprecedented ther-

mal robustness [4]. However, the liquid Sb-Sn cathode severely

corrodes with the commonly used stable cathode current collec-

tors, such as stainless steels, Ti, and Mo [7,8]. Fortunately, W has

been proven to be an admirably stable cathode current collector of

Li||Sb-Sn LMBs [8], and it is considered to act as a protective coat-

ing material to reduce cost and solve the difficult-to-form problem.

To date, plasma spraying surface engineering technology has

played an important role in the field of corrosion and protection

[9–12], where the solid spraying material is heated to a molten or

semi-molten state by a spray gun, sprayed on the surface of the

treated workpiece, and deposited to form a coating with a certain

thickness. Compared with other deposition technologies, plasma

spraying is simple in operation and has favorable cost effective-
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ness. It can quickly prepare coatings with different thicknesses, and

it is not limited by the shape of the matrix material. In addition,

stainless steels are first qualified for the matrix material because

of their excellent comprehensive properties, especially their high

strength and compatibility with W (similar thermal expansivity

and conductivity) [13–18]. To date, there have been many studies

on the preparation of W coatings by plasma spraying, but no rele-

vant reports are found in the field of LMBs. In brief, to fabricate a

cathode protective coating in Li||Sb-Sn LMBs to enhance their per-

formance, some in-depth, sufficient and comprehensive analytical

investigations must be executed.

However, the commonly used detection and analysis meth-

ods such as X-ray diffraction (XRD), scanning electron microscopy

(SEM), and X-ray photoelectron spectroscopy (XPS), must dis-

assemble the batteries, destroy their structure (especially thin

coating), and affect their service life, but they cannot com-

pletely and explicitly demonstrate the structure and morphol-

ogy of the detected position. X-ray micro computed tomography

(micro-CT), a nondestructive inspection technology that produces

high-resolution (micron to submicron) image stacks to generate

digital three-dimensional models of samples opportunely solve

https://doi.org/10.1016/j.cclet.2022.107797

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



K. Cui, P. Li, W. Zhao et al. Chinese Chemical Letters 34 (2023) 107797

Fig. 1. (a) SEM images of the prepared Mo coating surface. (b) Cross-sectional SEM image at the junction of the prepared Mo coating and SS304 matrix. (c) EDS line analysis

at the junction of the prepared Mo coating and SS304 matrix. (d) SEM images of the prepared W coating surface. (e) Cross-sectional SEM image at the junction of the

prepared W coating and SS304 matrix. (f) EDS line analysis at the junction of the prepared W coating and SS304 matrix. (g) XRD patterns of the prepared Mo and W

coating.

these above problems. X-ray micro-CT has opened up a new field

of application in batteries, e.g., lithium-ion batteries, fuel cells,

and solid-state batteries [19–22]. However, the potential of X-ray

micro-CT for probing LMBs, especially the morphology observa-

tions of the electrodes and electrolytes, has not been developed

due to their sophisticated and thick shell for sealing.

Herein, nondestructive micro-CT, which also guarantees the

ability to directly three-dimensionally visualize the inner critical

positions, is employed to preliminarily fill the knowledge gap in

the field of LMB detection technology. Specifically, a new LMB

device for nondestructive micro-CT was designed and fabricated,

which can serve as a cell for electrochemical testing and for high-

resolution nondestructive micro-CT inspection. The resolution of

micro-CT is now up to the micron or even nanometer scale, and

this device can adjust its material and size to meet the resolution

requirements. So it is theoretically feasible to infer the corrosion

mechanism by observing the corrosion morphology and composi-

tion evolution of key parts of different LMBs systems by micro-CT.

In this work, we focus on observing the state changes of corrosion

interfaces between the coating and the matrix after cell cycling

and proves that the W coating can effectively protect the SS304

matrix from the corrosion of the Sb-Sn cathode.

The SEM-EDS images of the coatings prepared by plasma spray-

ing are shown in Fig. 1. The Mo coating has excellent crystallinity:

the dense and uniform grains are closely arranged and stacked in

a lamellar shape with a thickness of ∼50μm (Figs. 1a and b). The

EDS line analysis at the junction of the Mo coating and SS304 ma-

trix (Fig. 1c) can intuitively reveal the content of each element

in the area of the line segment, apparently, the O content in the

Mo coating is fairly low, which will hardly lower the conductiv-

ity. Notably, there is a composition transition region between the

Mo coating and the SS304 matrix (Fe/Cr), which indicates that

metallurgical reactions may have occurred at the moment when

the high-temperature molten Mo was sprayed onto SS304; i.e., the

atoms at the interface of Mo and SS304 diffused and alloyed with

each other (to form Fe-Mo and Cr-Mo products) [23–25].

In addition, the W coating has excellent crystallinity: Dense and

uniform grains are closely arranged and stacked in a lamellar shape

with a thickness of ∼100μm (Figs. 1d and e). The EDS line analy-

sis at the junction of the W coating and SS304 matrix (Fig. 1f) can

intuitively reveal that the O content in the W coating is fairly low

and it will hardly lower its conductivity. Unlike the Mo coating,

there is no obvious composition transition region between the W

coating and SS304 (Fe/Cr), but the W content suddenly drops at

the interface, which suggests that the main combination form is

mechanical bonding. In other words, the W particles collide on the

matrix into a flat shape and fit with the uneven surface to form a

stable bond (anchor effect) by mechanical interlocking among par-

ticles.

Mo and W coatings combine with SS304 in different modes be-

cause molten W is difficult to dissolve in Fe and Cr to form alloys,

while Mo tends to dissolve in Fe and Cr to form alloys even at

a high temperature above 10,000 °C. The XRD patterns of the Mo

and W coating surfaces (Fig. 1g) clearly show no obvious impurity

phases except for Mo and W, whose peak shapes are sharp and

symmetrical, which exhibit excellent crystallinity, and are consis-

tent with the above SEM-EDS analysis.

Next, static corrosion (500 °C, 500h) between Mo/W coating

and Sb-Sn alloy was performed to analyze their corrosion resis-

tance to the Sb-Sn alloy at the operating temperature of LMBs. Fig.

S1 (Supporting information) displays the SEM-EDS mappings of the

corrosion interface between Mo/W coating and Sb-Sn alloy after

static corrosion. Apparently, hardly any Mo coating can be found

in the interface range in Fig. S1a; some Fe has been precipitated

from the SS304 matrix, dissolved in the Sb-Sn alloy, and combined

with the active element Sb. However, the W coating was largely

preserved with an uneven surface after static corrosion (Fig. S1b),

which demonstrates that the W coating was also corroded and fell

off, but the SS304 matrix was unaffected and intact. Although met-

allurgical bonding has a stronger binding force than mechanical

bonding [26–28], Mo is easily dissolved in Sb-Sn, which makes the

Mo coating disappear. Fortunately, W is almost insoluble in Sb-Sn

and can resist dissolution corrosion, but some fragments of the W

coating will inevitably fall off due to cavitation corrosion [8].

Li||Sb-Sn LMBs were prepared with Mo and W coatings (SS304

matrix) as cathode current collectors respectively to explore their

practical service characteristics. Figs. 2a and b show the electro-

chemical performance of a Li||Sb-Sn LMB with a Mo coating as the

cathode current collector, where Fig. 2a shows the voltage-capacity

profiles of the 1st, 5th, 10th and 15th charge-discharge cycles, and

Fig. 2b shows the variation in capacity and Coulombic efficiency

with the cycle number. Specifically, in the initial stage of cell cy-

cling, the cell voltage and capacity are stable with no abnormali-

ties. Then, the overpotential increases, and a new low plateau ap-
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Fig. 2. Electrochemical performance of Li||Sb-Sn LMBs with Mo coating as a pos-

itive current collector: (a) Profiles of voltage and capacity during charge and dis-

charge (the 1st, 5th, 10th and 15th cycle). (b) Charge capacity, discharge capacity, and

Coulombic efficiency as a function of cycle number. Electrochemical performance of

Li||Sb-Sn LMBs with W coating as a positive current collector: (c) Profiles of voltage

and capacity during charge and discharge (the 5th, 20th, 50th, 100th and 200th cy-

cle); (d) Charge capacity, discharge capacity and Coulombic efficiency as a function

of cycle number.

pears in the discharge voltage-capacity profile, with a Coulombic

efficiency over 90%. Based on static corrosion results, it can be de-

termined that the Mo coating corrodes with the cathode (form-

ing Mo-Sb-Sn corrosion products [8]) and subsequently falls off.

Therefore, SS304 directly contacts and corrodes with the cathode

and forms Fe-Ni-Sb-Sn corrosion products, which can participate

in lithiation and decrease the cell discharge voltage and capacity

[7].

Furthermore, Figs. 2c and d show the electrochemical perfor-

mance of a Li||Sb-Sn LMB with a W coating as the cathode current

collector, where Fig. 2c shows the voltage-capacity profiles of the

5th, 20th, 50th, 100th and 200th charge-discharge cycles, and Fig.

2d shows the variation of the capacity and Coulombic efficiency

with cycle number. The cell voltage and capacity are stable, while

the Coulombic efficiency steadily increases in the first dozens of

charge-discharge cycles. However, a new low plateau appears in

the discharge voltage-capacity profile, the cell capacity rapidly de-

cays at the 50th charge-discharge cycle, the capacity restores stabil-

ity after the 80th cycle, and the Coulombic efficiency reaches 99%.

Based on static corrosion results, the W coating can effectively re-

sist the corrosion of the cathode (the charging state is Sb-Sn, and

the discharging state is Li-Sb, Sb-Sn and Sn) during the first 50 cy-

cles, after which the W coating gradually falls off due to corrosion

(erosion and cavitation corrosion) [8]. Consequently, SS304 directly

contacts the cathode, and a large amount of Fe and Ni in SS304

will dissolve in the cathode, which severely deteriorates the cell

performance [7]. The dissolution tends to be saturated after the

80th cycle, and the voltage and capacity of the cell gradually stabi-

lize.

After the above two cells completed the charge-discharge cy-

cle and cooled to room temperature, XRD phase analysis was per-

formed on their cathode mixtures (Fig. S7 in Supporting informa-

tion), where some Mo and W phases were found, which corre-

sponds to the peeled coating on the surface of SS304. A certain

amount of corrosion products, such as Fe2.55Sb2, NiSb2 and FeSn2,

were found in both mixtures (unmarked peaks are SS304 and elec-

trolyte, etc.), which verifies the above inference of the corrosion

process. In summary, the W coating can effectively resist the corro-

sion of the cathode for a certain period of time, protect the SS304

matrix and improve the cycle stability of the Li||Sb-Sn LMBs.

Fig. 3. (a) Digital radiography of the SS304 and Sb-Sn alloy after static corro-

sion. (b) Two-dimensional CT tomography images of the SS304 and Sb-Sn alloy af-

ter static corrosion. (c) Three-dimensional reconstructed images of Sb-Sn alloy. (d)

Three-dimensional reconstructed images of the corrosion interface between SS304

and Sb-Sn alloy. The operating temperature and time of static corrosion condition

is 500 °C and 168h, respectively.

In this work, a nondestructive inspecting device for LMBs was

designed and fabricated, and the micromorphology of key parts of

LMBs can be obtained by applying nondestructive micro-CT inspec-

tion. Fig. S8 (Supporting information) shows the overall X-ray dig-

ital radiography image of the device, the different positions (com-

ponents) of which show different grayscale values due to differ-

ent X-ray absorption rates. Combined with Fig. S2a (Supporting in-

formation), the cathode, anode, electrolyte, cathode current collec-

tor, anode current collector, insulating ceramic, and coating can be

clearly identified. First, the digital radiography of the SS304 and

Sb-Sn alloy after static corrosion (500 °C, 168h) is shown in Fig. 3a.

This figure gradually darkens from the outside to the inside, which

are the titanium alloy shell, SS304 and Sb-Sn cathode. It may be

caused by the cooling shrinkage, where some holes and cracks in

the cathode can be found in the two-dimensional tomography im-

ages (Fig. 3b). Unfortunately, the corrosion interface between Sb-Sn

and SS304 cannot be distinguished due to the close grayscale val-

ues at different positions.

As is well known, the micro-CT device can generate a series

of two-dimensional tomography images at different depths of the

tested sample in the process of rotating the object around a sin-

gle axis. The obtained two-dimensional images can be processed

(filtering and denoising, threshold segmentation, etc.) and stacked

in a certain order to get a three-dimensional reconstruction im-

age reflecting the internal structure of the tested sample. Here, the

VoxelStudio Recon reconstruction software was used to reconstruct

the two-dimensional images into three-dimensional images. Fig. 3c

shows the three-dimensional images of the SS304 and Sb-Sn al-

loy from different angles after static corrosion (500 °C, 168h); un-
fortunately, the corrosion behavior between them still could not

be determined. The mutual penetration and dissolution of SS304

and Sb-Sn resulted in close densities and consequently close X-

ray absorptivity, and the corrosion interface is difficult to distin-

guish. Therefore, the grayscale window width of the images was

adjusted by the software to highlight the corrosion interface (Fig.

3d). The uneven orange-yellow color material corresponds to the
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Fig. 4. (a) Two-dimensional CT tomography images of the cathode and its current

collector. (b) Three-dimensional reconstructed image of the cathode and its current

collector. (c) Three-dimensional reconstructed images of the corrosion interface be-

tween SS304 and Sb-Sn alloy. The operating temperature and time of static corro-

sion condition is 500 °C and 168h, respectively.

Sb-Sn cathode, and the white color material corresponds to the

SS304 cathode current collector with a thickness of ∼1000μm. Ob-

viously, many concave holes have been found in SS304, some of

which even run through the entire SS304 layer, and they are filled

with the Sb-Sn cathode. The above analysis more intuitively indi-

cates that serious dissolution corrosion occurred between SS304

and Sb-Sn after only 168h of static corrosion, which is a major

factor in cell performance degradation.

To highlight the corrosion resistance of the W coating prepared

by plasma spraying, a Li||Sb-Sn LMB with a W coating as the cath-

ode current collector was tested and analyzed by nondestructive

micro-CT inspection after cycling (23 cycles, ∼275h). Fig. 4a shows

two-dimensional tomography images of the cathode and its cur-

rent collector. Unlike the above static corrosion (Fig. 3), the tita-

nium alloy shell was replaced by SS304 based on optimizing the

processing technology, and the W coating was directly sprayed on

the inner surface of the SS304 shell. Therefore, the SS304 layer, W

coating and droplet-shaped cathode are sequentially observed from

the outside to the inside (Fig. 4a1). When the higher-density Sb

reacted with the lower-density Li, a Li-Sb product was generated

with a density between them. While Sn has a slightly higher den-

sity than Sb, Sb-Sn has a higher density than Li-Sb. Consequently,

the grayscale of Sb-Sn in the two-dimensional tomography image

obtained by micro-CT is larger than that of Li-Sb; in other words,

Sb-Sn is brighter than Li-Sb. By that analogy, the higher-density

W is approximately white in two-dimensional tomography images.

After cell cycling, the W coating with a thickness of 100μm is

no longer uniform and dense due to erosion and cavitation cor-

rosion, and many defects appear; correspondingly, many W frag-

ments have been found in the cathode, but the SS304 matrix does

not appear to have suffered significant corrosion. In addition, some

Li3Sb discharge products can be found in the upper part of the

cathode due to incomplete charging and self-discharge when cool-

ing.

The VoxelStudio Recon reconstruction software was imple-

mented to reconstruct the two-dimensional tomography images of

the cathode and its current collector of this Li||Sb-Sn LMB at dif-

ferent depths into a three-dimensional image (Fig. 4b). Sb-Sn, Li-

Sb, W coating, and SS304 can be clearly identified because dif-

ferent grayscale positions of the image show different colors af-

ter rendering. The SS304 matrix protected by the W coating has

not been significantly corroded, while SS304 without the W coat-

ing (Fig. 3) suffered serious dissolution corrosion, which indicates

that the W coating has excellent service characteristics. Further-

more, the grayscale window width of Fig. 4b was adjusted, and

the SS304 matrix was hidden, which highlights the contact sur-

face between the cathode and the W coating (Fig. 4c). The bottom

and side surfaces of the droplet-shaped cathode are W coatings

with a thickness of ∼100μm. Apparently, the W coating in con-

tact with the cathode (bottom surface) is sparse due to corrosion,

while the W coating not in contact with the cathode (side surface)

is more complete and uniform. The dissolution corrosion between

SS304 and Sb-Sn has not occurred at this point, the cell perfor-

mance would not be influenced, which corresponds to the first 50

cycles of the cell with W coating as the cathode current collector

in Figs. 2c and d.

Since the currently prepared coating is only 100μm thick, in-

creasing the thickness may enhance its stability and inhibit shed-

ding. In addition, adding a small amount of carbides to W (such

as W-C) can refine the grains and strengthen the grain bound-

aries [29–31] to solve the easy embrittlement problem of W, re-

duce the erosion and cavitation between W and the cathode, and

inhibit shedding. Notably, C in W-C is considered to form alloys

with Fe and Cr at a high temperature [32–36], so it is likely to

form a stronger metallurgical combination with the stainless-steel

matrix during plasma spraying to enhance the stability of the pre-

pared coating. It is theoretically easy to increase the coating thick-

ness and spray the W-C coating, which we can attempt in future

work to inhibit corrosion from the cathode and improve the cycle

stability of Li||Sb-Sn LMBs.

In summary, a new LMB device was designed and fabricated in

this work, which can perform electrochemical tests as an LMB, and

perform nondestructive inspection without disassembling the bat-

tery and destroying its key parts. The corrosion micromorphology

of the SS304 matrix and Sb-Sn cathode with or without plasma-

sprayed W coating can be observed by micro-CT without disassem-

bling the battery, which proves that the W coating can effectively

protect the SS304 matrix. Therefore, the W coating has excellent

service characteristics as a cathode current collector for Li||Sb-Sn

LMBs. In addition, the methods of increasing the W coating thick-

ness and adding a small amount of carbides to W are proposed

to improve the stability of the W coating, which indicates the di-

rection to inhibit the corrosion of liquid active electrodes on their

current collectors at a high temperature. Plasma spraying technol-

ogy is supposed to play an increasingly important role in solving

the corrosion problem of liquid electrodes on current collectors in

the emerging field of LMBs, improving the cycle stability of LMBs

and facilitating their commercial applications. And micro-CT is ex-

pected to be able to observe the micromorphology and composi-

tion evolution of key parts of different LMBs systems to continu-

ously advance the knowledge of corrosion mechanism and service

characteristics of coatings in future.
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