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SUMMARY
The 3Dmicrostructure of electrodeposited Li is essential for advancing Li-metal batteries because of the het-
erogeneous Li electrodeposition behaviors and complex phases within the electrode. However, high-resolu-
tion 3D imaging of large-scale features is challenging when using existing 3D characterization technologies.
We employ Xe plasma focused-ion-beam-scanning electron microscopy for the high-resolution, large-vol-
ume 3D reconstructions of electrodeposited Li (50 nm per pixel and 200 mm in dimension). This approach
can visualize metallic Li, pores, and individual Li particles, enabling a comprehensive statistical analysis of
their distribution, volume, number, and shape.We identify distinct Li growthmechanisms at low and high cur-
rent densities, with Li growth being predominant at 0.2 mA cm�2, while both Li growth and new nucleation
occur simultaneously atR0.5 mA cm�2. This study improves our understanding of Li microstructure-perfor-
mance relationships and provides an innovative method for electrode evaluation and optimization.
INTRODUCTION

The pursuit for a low-carbon, sustainable society has driven the

development of advanced battery technologies. Since their

commercialization in 1991, the specific energy of rechargeable

lithium-ion batteries (LIBs) has improved from an initial around

100 Wh kg�1 to �250 wh kg�1.1,2 However, current LIBs, which

use a graphite anode and metal oxide cathode, are constrained

by their limited theoretical energy density, which falls short of

the energy storage demands of modern applications.3,4 In this

aspect, Li-metal batteries are considered a promising alterna-

tive. Li-metal anode offers an ultrahigh theoretical specific ca-

pacity (3860 mAh/g, compared to 372 mAh/g for graphite) and

a low redox potential (�3.04 V vs. standard hydrogen electrode),

which makes them capable of achieving significantly higher spe-

cific energy.5,6 In addition, unlike graphite, which can only pair

with Li-ion-containing cathodes, Li-metal can be coupled with

Li-free cathodes, such as sulfur and oxygen. The theoretical spe-

cific energy of Li-S and Li-O2 batteries can reach up to 2567Wh/

kg and 3505 Wh/kg, respectively.7 Despite this potential, the

commercial viability of Li-metal batteries is impeded by their

low coulombic efficiencies (CEs), short cycle lives, and safety

concerns, which stem from the highly reactive nature of Li metal

and unpredictable growth of the Li microstructure.8,9

The highly reactive nature of Li metal triggers a spontaneous

reaction with the electrolyte to form a solid electrolyte interphase
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(SEI) layer on the surface of themetal, which results in irreversible

capacity loss and electrolyte consumption.10,11 During electro-

chemical deposition, themorphology of Limetal is uncontrollable

and produces various shapes, such as whiskers, dendrites, or

mossy structures.12 Such high-specific-surface-area Li particles

result in a Li electrode with a porous structure. This structure not

only increases the risk of side reactions with the electrolyte but

also tends to lose electron contact during Li stripping, which

leads to rapid capacity loss and short circuits. Therefore,

numerous efforts have been dedicated to controlling the mor-

phologies of the electrodeposited Li particles to yield a compact

structure, e.g., developing novel electrolytes,13 designing artifi-

cial protective layers,14 fabricating current collectors,15 and regu-

lating the applied external pressure.16 Despite improvements in

electrochemical performance, several questions remain, e.g.,

why specific morphologies are effective and how to realize the

optimal Li structure to enhance the performance,17 which poses

challenges for further improvement.

Elucidating the microstructure and morphology of electrode-

posited Li and their correlations with electrochemical perfor-

mance is crucial for addressing this scientific challenge. First,

revealing the microstructural intricacies of the Li-metal anode

determined by the arrangement of the constituent phases (i.e.,

metallic Li and the SEI and pores) is imperative. To this end,

various imaging techniques such as cryogenic transmission

electron microscopy (cryo-TEM),18 atomic force microscopy
ary 19, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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(AFM),19 scanning electron microscopy (SEM),20 and optical mi-

croscopy,21,22 have been employed. Cryo-TEM methods can

capture the morphology and determine the components of the

SEI at atomic resolution. SEM is commonly used for high-resolu-

tion imaging from surface and cross-sectional perspectives, of-

fering details such as particle size and shape, surface rough-

ness, and thickness. However, most techniques only provide

2D imaging, capturing only a single plane or cross-section,

which presents inherent limitations in accurately representing

the complete 3D structure. The complex 3D structure, e.g., the

spatial arrangement of different phases within the Li anode and

porous networks can be oversimplified when viewed using 2D

imaging, thereby leading to ambiguous interpretations or incor-

rect conclusions considering the Li microstructure.

Characterizing the properties of active materials in the elec-

trode, such as particle size, distribution, and shape, is crucial

for understanding electrochemical performance and designing

improved electrode structures.23,24 Studies demonstrated

that characteristics of Li particles, including their size and uni-

formity, have a significant effect on electrochemical perfor-

mance.25–27 However, because of its high reactivity, unpredict-

able morphology, and dynamic changes during cycling,

obtaining precise quantitative information about deposited Li

particles remains highly challenging. In the initial nucleation

and growth stages, the sizes of the Li nuclei and nucleation

density, which depend on the overpotential with a well-defined

mathematical relationship, can be obtained via SEM, which

provides valuable insights for enhancing the uniformity of elec-

trodeposited Li.28,29 However, more Li particles accumulate on

the electrode in an overlapping stackedmultilayer as electrode-

position proceeds, which renders the determination of the par-

ticle data using 2D images challenging. Consequently, quanti-

tative data considering the sizes, distribution, and shapes of

Li particles in the Li-metal electrode remain lacking.

3D imaging is indispensable for acquiring comprehensive

structural data and enabling the quantitative analyses of different

phases within the Li anode to overcome this limitation. However,

the 3D imaging of electrodeposited Li poses several challenges.

For example, Li metal displays nonuniform plating features,

which leads to a heterogeneous microstructure with various Li

morphologies in terms of size, distribution, and shape. The 3D

structure indicates that a sufficiently large volume is necessary

for reliably representing the entire electrode. A high spatial reso-

lution image is necessary for distinguishing complex phases

within the Li electrode, which includes metallic Li and the SEI

and pores, and even the Li particles, if possible. 3D imaging

technologies, such as X-ray computed tomography and neutron

and magnetic resonance imaging, offer large-area data; howev-

er, they often struggle with low spatial resolutions or imaging

contrast limitations.30–32 Conversely, focused ion beam-SEM

(FIB/SEM) excels in providing high-resolution images with sub-

micrometer resolution, rendering it ideal for use in analyzing

the detailed internal structure. Stacks of 2D images are collected

via repeated FIB sequential milling to construct 3D images of a

specimen, followed by SEM imaging. The resolution and volume

of 3D reconstruction strongly depend on the performances of the

ion sources. The Ga liquid-metal ion source is predominantly

used in the FIB system because of its lowmelting point, volatility,
2 Cell Reports Physical Science 6, 102439, February 19, 2025
and surface free energy, excellent vacuum properties, and favor-

able emission characteristics.33 A low beamcurrent ranging from

1 pA to several tens of nanoamperes is used for generating a sta-

ble Ga FIB, which ensures high-quality imaging, in addition to

effective nano- and micro-milling.34 The Ga ion beam becomes

increasingly divergent and unstable with an increase in current,35

which restricts the milling depth and volume to only a few tens of

microns in size.36 For large-volume analysis, emerging plasma

sources derived from gases, such as N2, O2, Xe, or Ar, are

appealing alternatives because of their higher sputter rates.

Among these, the heavier Xe ion beam exhibits the highest mill-

ing rate37 and smaller spot size at a high current compared to

those of the conventional Ga ion beam,38 which renders it highly

suitable for use in milling large-volume samples. Another attrac-

tive feature of the Xe plasma FIB (PFIB) is its lowest implantation

depth compared to those of other ion sources,39 which reduces

the risk of material penetration and enables the production of

high-quality specimens. Recently, the Xe PFIB was successfully

applied to cathode electrode materials in large-scale, high-reso-

lution characterization.40 Thus far, its capacity for use in the 3D

imaging of highly reactive, soft alkali metals is yet to be explored.

In this study, the 3Dmicrostructure of electrodeposited Li, with

a large volume (dimensions of 200 mm), is successfully visualized

at a high resolution (with a voxel size of 50 3 50 3 50 nm) using

Xe PFIB technology. The electrodeposited Li metal is clearly

distinguished from the surrounding components, enabling the

precise quantification of its spatial distribution, packing density,

and surface topography. These are crucial parameters that

determine the electrochemical performance of the Li-metal

anode. The proposed approach enables individually separate

each electrodeposited Li particle and statistically analyzes its

volume, particle number, and shape using the comprehensive

dataset. These groundbreaking observations have aided in dis-

tinguishing the different growth mechanisms during electrode-

position at low and high current densities. Building on these in-

sights, an improved understanding of the relationship between

electrodeposited Li microstructures and electrochemical perfor-

mances is obtained, thereby opening new avenues for devel-

oping innovative methods to design and evaluate Li-metal an-

odes using a novel platform.

RESULTS

Three-dimensional imaging using the Xe PFIB
The structure andmorphology of electrodeposited Li are affected

by numerous factors such as the electrolyte, applied current den-

sity, pressure, temperature, and cycle number. In this study,

we used current density as a typical factor for investigating its ef-

fect on the microstructure of electrodeposited Li metal. Typical

cross-sectional SEM images of electrodeposited Li, as obtained

via XePFIB/SEM, are shown in Figures 1A, 1B, andS1. These im-

ages highlight a large size of >200 mm in the x-dimension and a

high resolution with a pixel size of 50 3 50 nm.

High-resolution SEM images of the well-maintained surface

structure enable the clear visualization of the microstructural de-

tails of the electrodeposited Li metal. Magnified images shown in

Figure 1C reveal metallic Li and the SEI and pores of the electro-

deposited Li metal. The metallic Li phase comprises numerous



Figure 1. Workflow used in the 3D imaging of electrodeposited Li metal using Xe PFIB/SEM

(A) Schematic of the sample setup used in Xe PFIB/SEM.

(B) Stacks of cross-sectional SEM images of the electrodeposited Li acquired via the automatic procedure comprising Xe PFIB milling and SEM imaging. The

scale bar represents 20 mm.

(C) Image segmentation of the metallic Li and pore phases; metallic Li is separated to visualize each Li particle. Magnified image of the electrodeposited Li, which

shows metallic Li (black), the pores (white), and each Li particle covered by the SEI layer (thin white lines).

(D) Three-dimensional reconstruction of the Li metal (blue), separated Li particles, and inner pores (green). The volume is controlled using the same values of x =

200 mm and y = 30 mm.
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Li particles, with white lines between them caused by the SEI

covering layer. This separates each Li particle, and metallic Li

(dark regions) can be clearly identified based on image intensity.

Pore phases are generated because of voids between Li parti-

cles and surface irregularities. Inner pores can be observed

when extracting volume to avoid an uneven surface. Conse-

quently, we obtain the 3D reconstructed microstructure of elec-

trodeposited Li, which reveals metallic Li with a clear surface to-

pology and distinct Li particles, along with the 3D network

structure of the pores, as shown in Figure 1D. These 3D micro-

structures enable the quantitative analysis of the electrodepos-

ited Li based on parameters such as the area and volume frac-

tions, surface area and curvature, volume size, and number

and shapes of particles. Table S1 provides the detailed descrip-

tions and calculations of the parameters used in this study.

Quantifying the metallic Li and surface topography
Figure 2A shows the reconstructed 3D images of the metallic Li

phases of Li electrodeposited at current densities of 0.2, 0.5,
and 2 mA cm�2. The x and y dimensions are controlled, with

the same values of 200 and 30 mm, respectively. Conversely,

different z-values are attributed to the different thicknesses of

the electrodeposited Li metal samples. The electrodeposited

samples exhibit porous microstructures with rough, uneven sur-

faces. Numerous micropores are observed on the surfaces,

which is consistent with SEM images showing surface views

(Figure S2). A Li metal anode with a dense, compact electrode

structure can be vital for reducing side reactions with the elec-

trolyte and generation of ‘‘dead Li.’’ The 3D reconstructed

microstructure enables the quantitative analysis of the packing

density based on the Li volume and area fractions. Ideally, if the

electrodeposited Li is very dense, the Li volume and area

fractions should be 100%. The Li electrodeposited at 2 mA

cm�2 exhibits the highest Li volume fraction of 82.6%, followed

by that of Li electrodeposited at 0.5 mA cm�2 of 75.8%. In

addition, the Li electrodeposited at 0.2 mA cm�2 displays the

lowest Li volume fraction of 68.7%, and notably, the lowest

thickness (Figure S1). The 3D result differs from the traditional
Cell Reports Physical Science 6, 102439, February 19, 2025 3



Figure 2. Three-dimensional quantitative analyses of the metallic Li phases of electrodeposited Li electrodes

(A and B) Reconstructed 3D images of metallic Li phases and quantified Li volume fractions of Li electrodeposited at current densities of 0.2, 0.5, and 2mA cm�2:

Reconstructed volumes (A) containing all metallic Li phases and (B) after cutting surfaces with Li area fractions of <90%. The scale bar represents 20 mm, and the

volumes were controlled at same dimensions of x = 200 mm and y = 30 mm.

(C and D) Quantified data obtained from (A) for (C) Li area fractions in the xy-plane as functions of the distance from the Cu substrate and (D) Li specific surface

areas.

(E–G) Quantified data obtained from generated surfaces for (E) areas of normalized Li/electrolyte interfaces, (F) surface curvature maps, and (G) corresponding

quantified surface curvature distributions. The scale bar is 20 mm, and the volumes of surfaces were controlled at the same dimensions of x = 200 mm, y = 30 mm,

and z = 12.5 mm.
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2D understanding, where a smaller thickness indicates a denser

structure. Analyzing different regions (Figure S3) indicates that

the micropores significantly reduce the packing density of the

Li electrode. The electrodeposited Li is uneven, which depends

on the location, particularly at a low current density. The Li elec-

trodeposited at 0.5mA cm�2 exhibits the highest Li volume frac-

tion on reducing the effect of surface unevenness (Figure 2B and
4 Cell Reports Physical Science 6, 102439, February 19, 2025
S4). Conversely, the Li electrodeposited at a low current density

of 0.2 mA cm�2 consistently displays the lowest Li volume frac-

tion. During the Li electrodeposition process, the applied

charge can be consumed for both metallic Li deposition and

electrolyte reduction. At low current densities, the electrode-

posited Li-metal exhibits very low thickness and density, which

can be attributed to increased reactionswith the electrolyte. The
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resulting products can either dissolve into the electrolyte or form

an SEI layer on the surface.41

The cause is determined by the Li area fraction of the xy-plane

along the z axis, which represents the density of metallic Li in the

thickness direction, is shown in Figure 2C and Videos S1, S2,

and S3. The Li area fractions of all samples gradually increase

close to Cu. The distance equal to zero represents the Li/Cu con-

tact area, which follows the order of 2mA cm�2 (88.7%) > 0.5mA

cm�2 (85.6%) > 0.2 mA cm�2 (69.4%). This can be attributed to

the initial nucleation density, with higher current densities result-

ing in higher levels of coverage via Li deposition (Figure S5).

Although the Li electrodeposited at a high current density of 2

mA cm�2 initially exhibits a high Li area fraction, a decrease is

observed in the middle region of the electrode, which is indica-

tive of loosely packed Li particles. At a moderate current density

of 0.5 mA cm�2; the Li area fraction increases rapidly to�100%;

however, it decreases gradually close to the surface, which sug-

gests a dense internal structure but an uneven surface. At a low

current density of 0.2 mA cm�2, the Li area fraction increases

gradually in the initial stage but soon declines slightly. Therefore,

generating dense Li at a low current density requires themaximi-

zation of contact with the substrate and production of a smooth

surface. At a high current density, ensuring the deposition of

densely packed Li particles is particularly critical.

The Li specific surface area was measured using the 3D re-

constructed structure to quantify the contact area of the electro-

deposited Li with the electrolyte. The surface area of Li exposed

to the electrolyte is calculated using the 3D surface by normal-

izing over the surface area of the extracted plane (xy). Further

details regarding surface generation and calculation are illus-

trated in Figure S6. Li electrodeposited at a high current density

of 2 mA cm�2 exhibits a considerably higher specific surface

(0.66) and normalized Li/electrolyte interfacial areas (2.27)

compared to that of Li electrodeposited at 0.2 and 0.5 mA

cm�2 (Figure 2D and 2E). This implies a higher level of contact

between the metallic Li and electrolyte, increasing the risk of

side reactions. Further, this result is confirmed via SEM after

Li stripping, as shown in Figure S7. More residual SEI and

dead Li are observed on the Cu substrate at a high current den-

sity of 2 mA cm�2.

The surface geometry of the electrodeposited Li was analyzed

using mean curvature (H), which indicates how a surface bends

by averaging the levels of curvature in all directions. As revealed

by the H mapping shown in Figure 2F, regions with H values

closer to 0 (green) represent smoother surfaces. Regions with

more negative H values (closer to blue) indicate more concave

surfaces, which occurs in valleys between Li particles. Regions

with more positive H values (closer to red) indicate more convex

surfaces, which are mainly observed at contours of Li particles.

Regions with high levels of curvature increase in number with

an increase in current density. The specific quantitative data

shown in Figure 2G reveal that the distribution of the curvature

widens with an increase in current density, indicating a more un-

even surface. Averaging the convex and concave surfaces, the Li

electrodeposited at a low current density of 0.2 mA cm�2 ex-

hibits the smallest H values (0.287 and �0.331), followed by

those of the Li electrodeposited at 0.5 mA cm�2 (0.327 and

�0.349). In addition, Li electrodeposited at 0.2mA cm�2 displays
the largest H values (0.350 and �0.417). Areas with high-curva-

ture surface features are more prone to suffer from SEI fracturing

and dendritic Li growth because of the stress concentration,

ionicmass transfer, and electronic charge, triggeringmechanical

instability, and ‘‘hot spots’’ for excessive Li deposition.42–44

Quantifying Li particles and pores
Liparticlescanbeseparatedclearlybecauseof thehigh-resolution

images obtained via Xe PFIB/SEM, which provides quantitative

data such as the sizes, number, distribution, and morphologies

of Li particles. The 3D renderings of Li electrodeposited at current

densities of 0.2, 0.5, and 2 mA cm�2 are shown in Figures 3A and

3B. Their internal structures along their z-axes are visualized

in Videos S4, S5, and S6. The electrodeposited Li particles

display significant heterogeneity in volume, shape, and distribu-

tion. The volume histograms of the Li particles are presented in

Figures 3C–3E. Li particles with volumes of R33.5 mm3 were uti-

lized in statistical analysis, as indicated in Figure S8 and Note

S1. The total number of Li particles increases in the order 0.2 mA

cm�2 (98) < 0.5mAcm�2 (431) < 2mAcm�2 (524) with an increase

in current density. Conversely, themean volume of Li particles de-

creases in the order 0.2 mA cm�2 (738.0 mm3) > 0.5 mA cm�2

(317.1 mm3) > 2 mA cm�2 (209.3 mm3). The largest Li particle size

at a lowcurrent density of 0.2mAcm�2 reaches4069.5mm3,which

is considerably larger than those obtained at current densities of

0.5 (1709.5 mm3) and 2 mA cm�2 (1403.0 mm3).

Figures 3F–3H show the volume and number percentages of Li

particles with different sizes in the ranges R1,000; 800–1,000;

600–800; 400–600; 200–400; and 33.5–200 mm3. At a low current

density of 0.2 mA cm�2, large Li particles ofR1000 mm3 exhibit a

very high volume percentage (58.4%), with a moderate number

percentage (22.4%). Most large particles are in direct contact

with the Cu substrate (Figure S9A), which indicates that they

grow from the Cu substrate. The small Li particles with sizes of

33.5–200 and 200–400 mm3 display high number percentages;

however, they are concentrated at the edges (Figure S9B), which

indicates that they manifest because of volume clipping. Li par-

ticles with sizes of >400 mm3 comprise 88.8%of the total volume,

suggesting that the capacity is primarily used for depositing

large Li particles at a low current density of 0.2 mA cm�2. In

contrast, at high current densities of 0.5 and 2 mA cm�2, the vol-

ume and number percentages of large Li particles (R1000 mm3)

decrease significantly. At 0.5 mA cm�2, the respective volume

and number percentages are 19.1% and 4.87%, and these

values decline further to 2.27% and 0.382%, respectively, at 2

mA cm�2. The highest volume percentages at 0.5 and 2 mA

cm�2 are 24.8% and 36.4%, respectively, for Li particles with

sizes of 200–400 mm3. The trend of the number percentage is

that the smaller the Li particle, the higher the number percentage

is. Small Li particles (33.5–200 mm3) are distributed throughout

the electrode, not only at the edges of the sampled volume (Fig-

ure S10). Most Li particles obtained at 0.5 and 2 mA cm�2 are

located on previously deposited Li particles rather than directly

contacting the Cu substrate similar to that at a lower current den-

sity of 0.2 mA cm�2 (Videos S7, S8, and S9). This is confirmed by

the 2D images shown in Figure S11. The dependence of the spe-

cific surface area on the Li particle size is shown in Figures 3I–3K,

which confirms that larger Li particles exhibit lower specific
Cell Reports Physical Science 6, 102439, February 19, 2025 5



Figure 3. Three-dimensional quantitative analyses of separated Li particles

(A and B) Reconstructed 3D images of separated Li within the Li electrodeposited at current densities of 0.2, 0.5, and 2 mA cm�2: Reconstructed volumes

containing (A) all separated Li particles and (B) Li particles within certain size ranges. The scale bar represents 20 mm, and the volumeswere controlled at the same

dimensions of x = 200 mm and y = 30 mm.

(C–E) Histograms of volumes and numbers of Li particles obtained at (C) 0.2, (D) 0.5, and (E) 2 mA cm�2.

(F–H) Volume and number percentages of Li particles with different sizes obtained at (F) 0.2, (G) 0.5, and (H) 2 mA cm�2.

(I–K) Dependencies of the specific surface areas of Li particles on their volumes obtained at (I) 0.2, (J) 0.5, and (K) 2 mA cm�2.
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surface areas in all electrodeposited Li samples. This quantita-

tive result confirms that forming large Li particles is advanta-

geous for reducing their levels of contact with the electrolyte,

minimizing side reactions.
6 Cell Reports Physical Science 6, 102439, February 19, 2025
In addition, the shape data of Li particles can be obtained from

the 3D reconstructions of the electrodeposited Li-metal anodes

using sphericity (J), which measures how closely the shape of a

Li particle approaches that of a perfect sphere (J = 1). Sphericity



Figure 4. Three-dimensional quantitative analyses of the shapes of separated Li particles

(A–C) Sphericity histograms of Li particles obtained at (A) 0.2, (B) 0.5, and (C) 2mA cm�2. The graphs display good normal distributions labeled with fitted values of

(mean, variance).

(D–F) Dependencies of Li particle sphericities on their volumes at current densities of (D) 0.2, (E) 0.5, and (F) 2 mA cm�2. Inset in (F): Mean volumes as functions of

mean sphericity.

(G) Analysis of an individual Li particle obtained at 0.2 mA cm�2. From left to right: One typical Li particle, its surrounding Li particles (blue particles:R400 mm3,

green particles: <400 mm3), a typical x-y plane slice, and separated pore structure.

(H) Analysis of an individual Li particle obtained at 0.5 mA cm�2. From left to right: one typical Li particle, its surrounding Li particles, a typical x-y plane slice, and

the separated pore structure.
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histograms are shown in Figures 4A–4C. The normal distribution

fits well in each case, and the mean follows the order 0.2 mA

cm�2 (0.68) > 0.5 mA cm�2 (0.64) > 2 mA cm�2 (0.63). Further,

the relationship between the sphericity and volume of a Li parti-

cle is analyzed in Figures 4D–4F. The Li particles obtained at a

low current density of 0.2 mA cm�2 exhibit high sphericities,

with a concentrated distribution. Conversely, the Li particles

deposited at high current densities of 0.5 and 2mA cm�2 display
decreasing sphericities with an increase in their sizes (inset of

Figure 4F).

An individual Li particle and its surrounding environment are

investigated to better understand the shapes of the Li particles.

Figure 4G shows a typical Li particle formed at a low current den-

sity of 0.2 mA cm�2, with a respective volume and sphericity of

1258 mm3 and 0.76. This Li particle is surrounded by large Li par-

ticles (R400 mm3). Voids between Li particles are large, with a
Cell Reports Physical Science 6, 102439, February 19, 2025 7



Figure 5. Three-dimensional quantitative analyses of the pore phases of electrodeposited Li electrodes

(A and B) Reconstructed 3D images of pore structures of electrodeposited Li obtained at current densities of 0.2, 0.5, and 2mA cm�2: (A) Reconstructed volumes

of pore structures after cutting surfaces with Li volume fractions of <90% and (B) corresponding separated pore structures observed from the surface. The scale

bar represents 20 mm, and the volumes were controlled at the same dimensions of x = 200 mm and y = 30 mm.

(C) Quantified porosities, tortuosities, and numbers and mean volumes of the pores.

(D) Pore area fractions in the xy plane as functions of the distance from the Cu substrate.

(E–G) Pore size distributions in the thickness (z axis) direction obtained at current densities of (E) 0.2, (F) 0.5, and (G) 2 mA cm�2.
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sporadic distribution. Such large pores enable Li particles to

grow freely in all directions, thereby providing a good explanation

for their large sizes and high sphericities. In contrast, a typical Li

particle (404 mm3,J = 0.67) obtained at a high current density of

0.5mA cm�2 (Figure 4H) is located above another Li particle, and

the generated streamlined pore structure exhibits a small size.

Hence, Li particles are easily compressed by surrounding parti-

cles because of numerous particles and small pores, which

grow in the direction perpendicular to the current collector.
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We analyzed the structural data of pores within the electrode-

posited Li electrodes to further verify this hypothesis. After

removing the uneven surface regions, Figure 5A shows the re-

constructed 3D images of identified pore phases obtained at

current densities of 0.2, 0.5, and 2 mA cm�2. In addition, the cor-

responding separated pores are shown in Figure 5B and S12.

The quantified porosities, tortuosities, and numbers and sizes

of the pores are shown in Figure 5C. Li electrodeposited at 0.5

mA cm�2 exhibit the lowest porosity (4.73%) and tortuosity
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(1.26), followed by those of the Li electrodeposited at 2 (7.44%,

1.51) and 0.2 mA cm�2 (11.2%, 1.83). This is consistent with the

results shown in Figure 2B, which indicates that the Li inner

structure with the highest density is obtained at 0.5 mA cm�2.

As shown in Figure S13, the number of pores increases and

the sizes of the pores decrease with an increase in current den-

sity. This result is reasonable based on results obtained for Li

particles, where the number of Li particles increases, their sizes

decrease, and the current density increases. In terms of the

spatial positions of the pores, Figure 5D shows that the pore

area fraction is initially high, and it gradually decreases with an

increase in the distance from the Cu substrate. When approach-

ing the surface, the pore area fraction increases, which is caused

by spaces between the surface particles. Figures 5E–5G show

the spatial distributions of the different pore sizes along the z

axis. At a low current density of 0.2 mA cm�2, the pores are

distributed close to the Cu substrate and surface, whereas the

pores are distributed throughout the electrode at a high current

density of 2 mA cm�2.

Based on these results, Li metal can grow sufficiently to form

large Li particles with a lower particle number at a low current

density. Pores between the Li particles are large, which pro-

motes the growth of particles in all directions, thereby resulting

in high sphericities. New Li nuclei are easily generated with an in-

crease in the applied current density, which results in small Li

particles with an increased particle number. The Li particles

grow in the direction perpendicular to the current collector

because of compression caused by the surrounding particles,

which results in decreased sphericities.

DISCUSSION

SEIhasbeendemonstrated tobevital for shaping themorphology

and structure of the electrodeposited Li electrode. The chemical

components and structure of the SEI layer formed on the Li sur-

face were analyzed using X-ray photoelectron spectroscopy

(XPS) and cryo-scanning transmission electronmicroscopy/elec-

tron energy loss spectroscopy (cryo-STEM/EELS) to understand

the interplay between the microstructure and SEI. XPS depth

profiling was performed using initial Li samples electrodeposited

at different current densities utilizing the same electrolyte

comprising 4 M lithium bis(fluorosulfonyl)imide (LiFSI) in 1,2-di-

methoxyethane (DME). Compared to those of the SEIs formed

at high current densities of 0.5 and 2 mA cm�2, the SEI formed

at 0.2 mA cm�2 exhibits a lower C content and higher F, S, and

N contents (Figures 6A–6C). The atomic C originates from DME

reduction, whereas F, S, and N are derived from FSI� decompo-

sition. The F/C, S/C, and N/C ratios, which represent the ratio

of anion and solvent decomposition, are clearly higher at a

current density of 0.2 mA cm�2 (Figure 6D and S14). Therefore,

anion decomposition becomes more favored than solvent

decomposition with a decrease in current density. SEI rich in

anion-derivedproductshasbeenwidelydemonstratedasasupe-

rior passivated film on the Li-metal anode.45,46 As shown in

Figures 6E–6H and S15, the C 1s, O 1s, F 1s, S 2p, and N 1s

XPS spectra are deconvoluted to further reveal the decomposed

components. The surface is dominated by organic components

C–C/C–H, C–O, C=O, and ROLi, which significantly decrease
after etching, thereby suggesting that organic components can

occur on the outer layer of the SEI film. C–SOx, LiNSO, NSO2,

and N–SO species are distributed within the intermediate layer

because their concentrations initially increase after sputtering

for 1 min and then decrease upon further etching. The inorganic

components Li2O, LiF, Li2S, and Li3N are detected in all samples,

and their contents increase with an increase in etching time.

Among these, higher amounts of LiF, Li2S, and Li3N are detected

whenusing0.2mAcm�2. TheSEI formed at 0.2mAcm�2 exhibits

a concentrated LiF content of �19%, which is approximately

three times that observed when using 2 mA cm�2 (6.1–6.8%).

LiF hasbeenextensively proven to be aneffectiveSEI component

because of its high interfacial energy, which enhances the Li-

ion diffusion rate, and its high modulus, which forms a mechani-

cally robust SEI.47,48 This provides a good explanation for large

Li particles with a decreased particle number at a low current

density.

Cryo-STEM/EELSwas also used to observe the nanostructure

and components of the SEI layer. The low-magnification cryo-

EM images shown in Figure 6I reveal that SEI formed at a low

current density of 0.2 mA cm�2 is relatively smooth compared

to the rough SEI formed at 2 mA cm�2 (Figure 6J). Based on

the EEL spectra of the Li K-edge, peaks representing metallic

Li and inorganic Li2O can be identified based on our previous

study.49 The thicknesses of Li2O layers formed at 0.2 and 2 mA

cm�2 are �62 and 94 nm, respectively. A thicker Li2O layer sug-

gests that more side reactions occur on the Li surface.

SEIs formed at different electrodeposition rates vary in

composition and structure, which can be understood based on

the reaction at the Li electrode/electrolyte interface. In the highly

concentrated electrolyte (4 M LiFSI in DME), the solvated solvent

molecules undergo less decomposition compared to that of free

solvent molecules, which induces the formation of the anion-

derived SEI layer.50 During electrodeposition, solvated Li+ cat-

ions diffuse and migrate to the electrode surface and undergo

desolvation and reduction to metallic Li, which releases free sol-

vent molecules. The electrodeposition reaction accelerates with

an increase in current density, which leads to more desolvated

solvent molecules and a thicker diffusion layer, increasing the

likelihood of solvent molecules reacting with Li metal.51,52 There-

fore, the SEI formed at a high current density contains more spe-

cies derived from solvent decomposition compared to that

formed at a low current density.

The electrochemical performances of Li electrodeposited

at current densities of 0.2, 0.5, and 2 mA cm�2 were evaluated

based on CE. Figure 7A shows Li electrodeposited at 0.5 mA

cm�2 exhibits the highest CE, followed by that of the Li electrode-

posited at 0.2mA cm�2. In addition, the Li electrode obtained at a

high current density of 2 mA cm�2 displays the lowest CE. The

CEs were also compared by conducting the stripping processes

at the same current density to eliminate the effect of the stripping

current density (Figure 7B and S16). Yet, the electrodeposited Li

obtained at 0.5 mA cm�2 consistently displays the highest CE,

while that obtained at 2 mA cm�2 exhibits the lowest CE. The ca-

pacity loss is caused by SEI formation because of the side reac-

tion with the electrolyte, and the generation of dead Li is caused

by the loss of electrical contact with the current collector during

stripping.53 The results of 3D quantitative analysis reveal that Li
Cell Reports Physical Science 6, 102439, February 19, 2025 9



Figure 6. Analyses of SEIs via XPS depth profiling and cryo-STEM/EELS

(A–C) Atomic concentrations within SEIs formed at current densities of (A) 0.2, (B) 0.5, and (C) 2 mA cm�2.

(D) Atomic F/C ratios of the SEIs.

(E–H) High-resolution C 1s, O 1s, F 1s, and S 2p XPS spectra and the corresponding component concentrations of SEIs formed at current densities of (E, F) 0.2

and (G, H) 2 mA cm�2.

(I–J) TEM images and corresponding EELS maps (green and red respectively represent Li metal and Li2O) of Li electrodeposited at current densities of (I) 0.2 and

(J) 2 mA cm�2. The scale bar represents 1 mm.
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electrodeposited at a high current density of 2 mA cm�2 suffers

from severe side reactions. This can be attributed to the consid-

erably higher Li specific surface and Li/electrolyte interfacial

areas compared to those observed when using 0.2 and 0.5 mA

cm�2. Further, Li particles obtained at a high current density of

2 mA cm�2 exhibit a loosely packed structure with numerous
10 Cell Reports Physical Science 6, 102439, February 19, 2025
pores, smaller particle size, and increased particle number, which

makes them more prone to forming dead Li. In contrast, Li elec-

trodeposited at 0.5 mA cm�2 exhibits a densely packed Li struc-

ture, promoting structural integrity and good contact with the cur-

rent collector during Li stripping. The results of 3D analysis and

CE evaluation demonstrate that the morphology and structure



Figure 7. Correlation of the results of 3D quantitative analysis with cell behaviors

(A and B) CEs of Li electrodeposited at current densities of 0.2, 0.5, and 2 mA cm�2 obtained using Li/Cu cells. (A) Stripping current density equals the corre-

sponding deposition current density. (B) Stripping current density is controlled at 0.5 mA cm�2. The obtained CEs are averaged over three cells, and each error

bar represents one standard deviation.

(C) Potential responses of galvanostatic Li deposition at current densities of 0.2, 0.5, 1, and 2 mA cm�2.

(D–G) Analyses of the sizes and number of Li particles during Li electrodeposition. (D) Illustration of the analyzed sub-volumes using the Li electrodeposited at 2

mA cm�2 as a representative example, which gradually increases the height of the volume in the z axis direction from 5 to 7.5, 10, 12.5, 15, and 17.5 mm.

(E) Mean volumes of Li particles as functions of height, and all graphs display good linear fits labeled with fitted slopes.

(F) Numbers per area as functions of the height, and all graphs display good linear fits labeled with the fitted slopes.

(G) Schematic comparing Li growth mechanisms at different current densities.
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of the Li metal generated via electrodeposition directly determine

its electrochemical performance.

Another critical electrochemical parameter for assessing Li

behavior is the overpotential, which reflects the magnitude of

the extra potential required beyond the theoretical equilibrium

potential for driving the electrodeposition reaction. Figure 7C

shows the potential profiles obtained during galvanostatic Li

electrodeposition at applied current densities of 0.2, 0.5, 1, and

2 mA cm�2. In typical electrodeposition, the overpotential in-

volves the diffusion, charge transfer, reaction overpotentials,

and crystallization.54,55 Separating the individual contributions

to the overpotential is challenging because of the simultaneous

occurrence of the electrochemical processes.28,29 However,

two distinct regimes are evident in all cases: an initial sharp po-

tential spike at the onset of Li deposition, which is known as the

nucleation overpotential (hn), andagradual alleviation in potential

that stabilizes at a plateau (hp). The overpotential also increases
with an increase in the applied current density. As shown in Fig-

ure 7D and S17, the electrodeposited Li metal was further

analyzed by incrementally increasing the height along the z axis

to determine the mechanism of the electrochemical formation

of Li metal. This analysis focuses on the transitions of the sizes

and number of electrodeposited Li-metal particles. Figure 7E re-

veals the levels of the volume growth of Li-metal particles during

electrodeposition. Themean volumes of Li-metal particles within

the electrode volumewere evaluated at intervals of 2.5 mm. A sig-

nificant increase in the mean volume is only observed at 0.2 mA

cm�2, whereas the increases at other current densities are rela-

tively small. Figure 7F shows the particle number density as a

function of the incremental volume of the Li-metal electrode.

Further, it indicates a distinct difference at 0.2 mA cm�2: the

particle number density is almost constant, in contrast to the sig-

nificant increases observed under other conditions. Compared

with slightly new nucleation, Li particles grow after nucleation at
Cell Reports Physical Science 6, 102439, February 19, 2025 11
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a low current density. However, particle growth and new nucle-

ation occur simultaneously at a high current density. The findings

in Figure 7G indicate that the applied current density drives par-

ticle growth at 0.2 mA cm�2, which is aided by the mechanically

robust SEI layer. At a higher current density, the SEI layer is insuf-

ficient for accommodating the large change in volume when Li

particles reach a certain size. This results in the formation of

new Li nuclei, which then continues to grow on previously depos-

ited particles. Further, this suggests that electrochemical growth

dominates when the obtained overpotential (hp) is low (%20 mV

at 0.2 mA cm�2), which results in large-sized Li particles with

less particle numbers. However, both growth and new nucleation

occur simultaneously when the obtained overpotential is higher,

thereby leading to small-sized Li particles with increased particle

numbers. The detailed 3D analysis aids in examining the electro-

chemical formation of Li metal, including its nucleation, and the

findings are expected to pave the way for understanding the

chemistry of Li metal.

This study employed Xe PFIB tomography to visualize the 3D

microstructure of the electrodeposited Li metal with a large vol-

ume (dimensions of 200 mm) at a high resolution (50 nmper pixel).

The results revealed unprecedented details of the metallic Li,

pores, and Li particles arranged in the microstructure, which of-

fers enhanced insight into the interplay between the microstruc-

ture, SEI, and electrochemical performance.

The 3D images of metallic Li with a clear surface were ob-

tained, which enables the quantification of its packing density,

spatial distribution, specific surface area, and surface texture.

Li electrodeposited at a moderate current density of 0.5 mA

cm�2 consistently displayed the highest CE, followed by that

of the Li electrodeposited at 0.2 mA cm�2. In addition, the Li

electrodeposited at 2 mA cm�2 exhibited the lowest CE. The

3D quantitative analysis suggested that this could be caused

by the densely packed structure obtained at 0.5 mA cm�2, which

facilitates structural integrity during dissolution. This is in addi-

tion to its low specific surface and Li/electrolyte interfacial areas,

which indicates a reduced risk of side reactions. At a low current

density of 0.2 mA cm�2, the electrodeposited Li exhibited lower

specific surface and surface areas; however, it suffered from a

lower Li volume fraction. Increasing its packing density by mini-

mizing gaps to the substrate and reducing surface micropores

was crucial to enhance the electrochemical performance of Li

deposited at a low current density. At high current densities,

minimizing side reactions with the electrolyte and achieving a

smooth surface with reduced curvature are particularly critical

to improve cell performance.

In addition, a comprehensive dataset was obtained using the

large 3D volume to statistically analyze the Li particles and

pores, which includes their sizes, numbers, spatial distributions,

and shapes. The obtained Li particles decreased in number and

increased in volume with a decrease in current density; the cor-

responding pores also decreased in number and increased in

size. Large pores facilitated the free growth of Li particles in all

directions, which results in Li particles with highly spherical mor-

phologies and smooth surfaces. In the future, with the develop-

ment of a larger database for statistical analysis, a theoretical

model is expected to be established, correlating the statistical

characteristics of lithium particles (e.g., volume and number)
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with thermodynamic parameters such as enthalpy and entropy.

In-depth XPS and cryo-STEM/EELS analyses suggested that a

low current density (0.2 mA cm�2) promoted the formation of

an anion-driven SEI with a smooth structure and higher inorganic

content, particularly that of LiF. This promoted the development

of a mechanically robust SEI layer, which supported the forma-

tion of large Li particles. Consequently, a distinct Li electrodepo-

sition mechanism was observed at a low current density of 0.2

mA cm�2, where the current facilitated the growth of Li on previ-

ously formed nuclei. Conversely, the SEI film could not accom-

modate a significant volumetric expansion at a higher current

density, which leads to the easier formation of new Li nuclei

and an increased number of Li particles. Constructing a me-

chanically robust SEI layer with efficient ion transport properties

is vital to achieve high-rate performance in Li-metal batteries.

This study leveraged high-resolution, large-volume 3D data

and provides critical insights into the microstructure of electro-

deposited Li and underlying growth mechanisms. Xe PFIB/SEM

enables a reliable quantitative analysis of Li microstructures,

which offers valuable guidance for optimizing Li-metal anodes

by examining key factors such as electrolyte, separator, tem-

perature and pressure. Besides, it serves as a powerful tool

for understanding the underlying mechanisms governing Li-

metal anode behavior, such as elucidating failure mechanisms

through the structural examination of lithium electrodes across

different cycle numbers. Given the inherent complexity and het-

erogeneity of electrodes, we believe this technique holds signif-

icant promise to advance the development of efficient elec-

trodes in energy storage and related fields.

Chemicals and materials
DME (R99.9%) and HCl (35.0–37.0%) were purchased from

Kishida Chemical (Osaka, Japan). 4 M LiFSI (Tomiyama Pure

Chemical Industries, Tokyo, Japan) in DME was used as the

electrolyte. Li foils (thicknesses of 200 mm, R99.9%) and wires

(diameters of 2 mm,R99.9%) were purchased fromHonjo Metal

(Higashiosaka, Japan). Cu foil (thickness of 20 mm,R99.9%, Ni-

laco, Tokyo, Japan) was first immersed in 0.1MHCl for ultrasonic

cleaning for 5min and rinsed sequentially with H2O, acetone, and

ethanol. This process was repeated three times to remove sur-

face impurities, and theCu foil was finally dried overnight in a vac-

uum oven at room temperature.

Cell assembly and measurement
This study used three-electrode coin-type cells (SB7, EC Fron-

tier, Soraku, Japan) with a controlled force of 3 kgf applied via

a spring considering the effect of applied pressure on the

morphology of deposited Li. Cu foil (diameter: 14 mm), Li foil

(diameter: 14 mm), and wires (diameters: 2 mm) were employed

as the working, counter, and reference electrodes, respectively.

Polyethylene film (20 mm) was used as the separator, and the

electrolyte comprising 4 M LiFSI in DME (150 mL) was added

to each cell. 4 M LiFSI in DME was selected as a representative

electrolyte because it was demonstrated to be an effective elec-

trolyte for Li-metal batteries.50 Li/Cu cells were (dis)charged at

25�C using an electrochemical measurement system (Hokuto

Denko HJ1001 SD8, Meidensha, Tokyo, Japan). Current den-

sities of 0.2, 0.5, 1, and 2 mA cm�2 were applied to obtain the



Please cite this article in press as: Peng and Nishikawa, Three-dimensional imaging of the microstructure of lithium metal anode using Xenon plasma
focused ion beam, Cell Reports Physical Science (2025), https://doi.org/10.1016/j.xcrp.2025.102439

Article
ll

OPEN ACCESS
electrodeposited Li electrodes with fixed amounts of Li (Qd = 5

mAh cm�2) on Cu foils. After stripping with a cut-off potential

of 1.0 V to obtain the stripping capacity (Qs), CE was calculated

using CE = Qs=Qd 3 100%. Each result was calculated using

parallel experiments conducted with three cells. The cells

were assembled, disassembled, washed, and dried in an Ar-

filled glovebox (O2 concentration: <1 ppm, dew point: less

than �90�C, a nitrogen sensor was not installed; however, Ar

gas was replaced periodically for our glove box). The cycled

electrodes were opened in the glovebox, soaked in DME to re-

move surface electrolyte, and dried in the glove box. Custom-

ized transfer vessels were used for transferring samples for

further characterization without exposure to air.

Characterization
Surface morphologies of Li after plating and stripping were

observed using SEM (JSM-7800F, JEOL, Tokyo, Japan). XPS

depth profiling was performed using a VersaProbe II (ULVAC-

PHI, Chigasaki, Japan) at a chamber pressure of <10�8 torr. An

Ar gun was used for sputtering samples used in depth profiling,

and the high-resolution XPS spectra were calibrated using the C

1s peak at 284.8 eV. Scanning transmission electronmicroscopy

(STEM, JEM-ARM200F, JEOL) associated with EELS (Enfinium,

Gatan, Pleasanton, CA, USA) was used to obtain transmission

electron microscopy (TEM) images and EELS maps at a cryo-

genic temperature (�170�C). Electrodeposited Li on Cu foil

with a capacity of 0.25 mAh cm�2 was used in STEM/EELS.

The FIB/SEM lift-out technique was used for TEM samples,

based on our previous study.49

PFIB/SEM and 3D reconstruction
Using 4 M LiFSI in DME as a typical electrolyte, Li metal with a

fixed capacity of 5 mAh cm�2 was deposited on Cu foils under

a controlled pressure of 3 kgf cm�2 at current densities of 0.2,

0.5, and 2 mA cm�2 Figure 1 shows the 3D microstructure of

the electrodeposited Li metal; the workflow included the setup

of the Xe PFIB/SEM system, acquisition of 2D slices, image seg-

mentation, and 3D reconstruction. The electroplated Li metal,

without pre-treatment, such as sputter coating, wasmilled using

Xe PFIB, and it was followed by SEM imaging for capturing the

freshly exposed surface. A Helios 5 PFIB (Thermo Fisher Scien-

tific, Waltham, MA, USA) was used for collecting the cross-

sectional SEM images. After washing and drying, the electrode-

posited Li with a capacity of 5 mAh cm�2 was directly mounted

on the holder in a glovebox, transferred to the equipment, and

fixed on the stage without exposure to air. Due to the high sensi-

tivity of metallic Li to the electron beam, a cryogenic temperature

(�170�C) was necessary for reducing the damage when using

the traditional Ga ion beam to mill the Li metal.56 The incapacity

of the Ga ion beam for accessing high currents restricted the

volume of interest to only tens of microns in size.57 In addition,

the surface morphology of Li metal degraded significantly

because of prolonged exposure to such a low temperature.56,58

In contrast, the Li metal structure and surface were maintained

well at a higher temperature (�100�C) when using the Xe PFIB

(Figures S18, S19, and Note S2). This was attributed to its high

material removal rate of �7 s in milling Li at a beam current of

500 nA.
The stage is cooled to �100�C and rotated to orient the sam-

ple surface perpendicular to the PFIB column under a high vac-

uum (–10�5 Pa). The Cu side of the current collector was ori-

ented toward the FIB column to best preserve the surface

morphology. Each slice was spaced 50 nm apart, yielding a total

of �600 slices via the automatic repetition of this process. A Xe

ion beam was employed in cross-sectional milling. Rough mill-

ing was performed at 30 kV with an ion beam current of

2.5 mA, followed by cross-sectional cleaning at 5 kV. In fine mill-

ing, the applied potential was 30 kV with a current of 500 nA,

with each slice requiring �7 s to cut. After each slice, SEM im-

ageswere captured using an ion conversion and electron detec-

tor at 2 kV and 0.8 nA. The size of the original SEM image was

�5425 3 1292 voxels (with a voxel size of 50 nm), which corre-

sponded to a horizontal width of�271 mm.Cross-sectional SEM

images were automatically acquired using the Auto Slice&View

(ASV5.8) software (Thermo Fisher Scientific), which resulted in

the collection of 650–1,000 slices.

The obtained serial cross-sectional SEM images were then

imported into the Avizo 9.0 software (Thermo Fisher Scientific)

for image treatment, segmentation, and 3D reconstruction.

The extracted volumes were controlled at the same dimensions

in the x- (4,000 voxels, equivalent to 200 mm) and y-directions

(600 voxels, equivalent to 30 mm) to better compare different

samples. The intensities of the original cross-sectional SEM im-

ages were adjusted slice-by-slice using the match contrast

module, which ensured that all images were within a homoge-

neous dynamic range. A non-local means filter was applied to

reduce the noise within the images. Subsequently, two phases

comprising metallic Li and the pores were distinguished based

on their relative intensities. The segmented images were recon-

structed into a 3Dmodel and analyzed. Each surface was gener-

ated using the same sub-volume of 200 3 30 3 12.5 mm. Label

analysis was performed to obtain the data for individual parti-

cles, which included their volume3d and area3d values, equiva-

lent spherical radii, and sphericities. The tortuosity of pores

along the z-direction was calculated using the extracted pore

network model. The boundary values of the input and output

pressures were 130,000 and 100,000 Pa, respectively, and the

fluid viscosity was set to 0.001 Pa s.
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