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Broader context

Direct visualization and mechanistic insights into
initial lithium plating in anode-free lithium
metal batteries

*xabc

Jin Su@ *® and Chun Huang
Anode-free lithium metal batteries (AFBs), which use bare Cu current collectors, represent a promising
energy storage technology that offers higher energy density than conventional lithium-ion batteries.
Without a lithium metal anode, AFBs are easier to assemble and more cost-effective. However, they
suffer from rapid capacity loss and short cycle life limiting their practical applications. A major challenge
in their development lies in achieving an understanding of the cycling protocols and mechanisms
needed to control the morphology and microstructure of the initial lithium anode growth on the Cu
current collector (Cu-CC). In this study, we observed a significant pressure difference between the
annular edge and center regions of the Cu-CC in coin cell type AFBs, which dramatically influenced the
microstructural morphology of the initial lithium metal growth process. We demonstrated that lithium
metal plated in the high-pressure annular edge region forms large, dense grains with a void-free internal
structure and a smooth, flat surface, whereas in the low-pressure center region, lithium metal plating
consists of small, loose, and tortuous grains with abundant voids and a rough surface. The pressure
difference does not affect the solid electrolyte interphase (SEI) composition in these regions. This study
provides a unified view on initial lithium metal plating on the bare Cu current collector in AFBs for
achieving a uniform and dense lithium metal microstructure.

It is challenging for lithium ion batteries with a graphite anode and lithium metal batteries with a lithium metal anode to further increase battery energy
densities due to the bulky anodes. Anode-free lithium metal batteries completely eliminate the anode and have become a promising candidate because they

further increase energy densities by 40-60%. However, anode-free batteries suffer from relatively shorter cycle life due to heterogeneous lithium plating and

uncontrollable growth of lithium structures. Here, we combine chemical composition characterisation and morphology observation techniques, and reveal that

the root cause of the heterogeneous lithium structure growth is due to the uneven pressure exerted inside the batteries. This study provides fundamental

understanding of the lithium structure growth mechanisms for achieving more uniform lithium plating and longer cycling life of new anode-free batteries.

Introduction

lithium metal batteries (AFBs), which utilize bare Cu as the anode
current collector without requiring a lithium metal anode, offer

Lithium metal, with its high theoretical specific capacity of
3860 mA h g, volumetric capacity of 2046 mA h cm ™, and lowest
redox potential (—3.04 Vsyg), enables lithium metal batteries
(LMBs) to achieve significantly higher energy density and voltage
compared to conventional lithium-ion batteries."” Anode-free
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higher energy density, simplify manufacturing processes, reduce
costs, and hold significant promise for applications in electric
vehicles and intermittent renewable solar energy storage.®™® AFBs
rely on lithium released from the cathode material, the sole lithium
source, during the first charge to form lithium metal plating on the
Cu current collector (Cu-CC).>™" However, the lithium inventory
gradually depletes, leading to rapid capacity fading compared to
lithium metal batteries with excess lithium in the anode."””™® The
primary factor contributing to the poor cycling stability of AFBs is
the irreversible consumption of the lithium inventory."” >

Many research efforts have been made to optimize both the
current collectors and electrolytes of AFBs to enhance lithium
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plating and stripping uniformity, thereby prolonging their cycle
life.>**° Surface modification on the Cu-CC, use of locally high-
concentration electrolytes, and optimization of the first-cycle
protocol can improve the uniformity and morphology of lithium
plating. For improving the cycling performance of AFBs, the most
critical stage is the initial formation of the lithium metal anode. A
favourable initial lithium metal formation process significantly
enhances the subsequent cycling performance of AFBs.®"° The
redox shuttle mechanism for reactivating dead lithium and the
design of dynamically lithium-compensated polymer-based artifi-
cial SEIs provide valuable perspectives for improving lithium
utilization efficiency and cycling stability.>"** However, there is
still a lack of understanding of the optimal cycling protocols and
mechanisms for controlling the morphology and microstructure
of the initial lithium metal growth. Although some research
groups have explored the effects of pressure on LMBs, attempting
to understand the growth of lithium metal, most of these studies
are focused on Peek Swagelok cells and solid-state batteries.**®

Coin cell type batteries are the most widely used configuration
for studying AFBs. Some studies have examined the influence of
stack pressure on the cycling performance of coin cell LMBs.>""*®
However, the effects of pressure distribution and uniformity
within coin cell type AFBs on the growth and microstructure of
initial lithium metal plating remain insufficiently explored. A
better understanding of the internal pressure distribution effects
in coin cell type AFBs will not only provide deeper insights into
the key factors influencing the initial lithium metal plating but
also contribute to establishing a unified and comparable refer-
ence. To accurately analyse the distribution and microstructure of
initial lithium metal plating locations on the Cu-CC surface, it is
crucial to qualitatively detect lithium with high sensitivity and to
visualize lithium microscopic spatial distribution. Time-of-flight
secondary ion mass spectrometry (ToF-SIMS) offers significant
advantages for detecting lithium metal, including high sensitivity,
2D imaging, and 3D depth profiling. The ToF-SIMS mapping
technique provides detailed information on the spatial distribu-
tion of lithium metal. However, energy-dispersive X-ray spectro-
scopy (EDX) cannot detect lithium metal.>**°

In this study, using ToF-SIMS and plasma FIB-SEM imaging,
we demonstrated the microstructure morphology of lithium
metal growth on the Cu-CC in AFBs and identified the key
factors that influence initial lithium plating uniformity and
morphology. Through internal pressure distribution tests of
coin cell type AFBs, we observed a significant pressure distribu-
tion difference on the Cu-CC surface: the annular edge region
experienced a much higher pressure (50 MPa) than the central
region (~1 MPa), resulting in distinct microstructural differ-
ences in the initial lithium metal plating. The high-pressure
annular edge region exhibited lithium metal with a dense, void-free
internal structure and a smooth, flat surface, whereas the low-
pressure center region resulted in lithium metal with loose,
tortuous grains, abundant voids, and a rough surface. Furthermore,
adjusting the assembly pressure of the coin cell type AFBs did not
mitigate this pressure distribution difference or the resulting
microstructural variations in initial lithium metal plating. However,
the pressure distribution difference did not alter the SEI layer
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composition in the two regions. This study provides a unified view
on the initial lithium metal growth process on the Cu-CC and
provides a strategy for achieving a uniform and favorable lithium
metal microstructure in AFBs.

Results and discussion

To study the microstructure and uniformity of the initial lithium
metal plating on the Cu current collector, a galvanostatic lithium
plating at 0.05 mA cm™ > was applied to the Li||Cu cells, with the
corresponding potential profile shown in Fig. 1(a). Throughout
the 100 h initial lithium plating on the Cu-CC, the potential
remained highly stable. The magnified potential profiles are
shown in the inset of Fig. 1(a). During the beginning of 0.1 h
lithium plating, the open-circuit potential of 1.9 V significantly
declined due to the nucleation of lithium metal on the Cu-CC
surface and SEI formation, ultimately reaching a nucleation
potential of —71 mV. After lithium nucleation and SEI for-
mation, the polarization potential started reducing, marking
the start of stable lithium plating on the surface of the Cu-CC.
As the lithium plating capacity increased, the polarization
potential remained stable at —7.0 mV after 25 h (capacity of
1.25mAh cem™?),50 h (2.5 mAh ecm %) and 100 h (5 mA h em™?),
as shown in Fig. 1(a), indicating that the interface reaction was
stable throughout the entire lithium plating process.

The images in Fig. 1(b)-(e) show the states of initial lithium
metal plating at gradually increasing capacities on the Cu-CC
surface. Fig. 1(b) presents the originally smooth, bare Cu-CC sur-
face. After plating lithium metal at a capacity of 1.25 mA h cm™>
(Fig. 1(c)), the Cu surface displayed randomly distributed
small greyish-black spots. When the capacity was increased to
2.5 mA h cm ™2 (as shown in Fig. 1(d)), a significant denser and
thicker lithium metal layer was plated in the annular edge
region, while the central region retained a dark-spot feature.
When the capacity reached 5 mA h cm ™2, a dense lithium metal
layer covered the entire Cu-CC surface, as shown in Fig. 1(e).
The internal pressure distribution of the coin cell type AFBs was
tested, with a structural diagram shown in Fig. 1(f). Different
assembly pressures (0.6, 0.7, 0.8, 0.9, and 1.0 tons) were used to
examine how varying pressures impact the internal pressure
distribution in the coin cell type AFBs, as shown in Fig. 1(k)
and Fig. S1. At 0.6 tons, pressure is concentrated in a narrow
annular edge region with highly uneven distribution (Fig. S1b).
At 0.7 tons, the width of the high-pressure annular edge region
increases, but the pressure distribution remains non-uniform
(Fig. S1c). Since coin cells typically use stainless-steel spacers
and annular springs, both of which are high in hardness, they
create an annular shaped pressure distribution on the Cu-CC,
as illustrated in Fig. 1(i) and 1(g).

When the assembly pressure increased to 0.8 tons, the
pressure distribution improved significantly, with a larger annu-
lar edge region experiencing pressure above 50 MPa, although
parts of the central region still received ~1 MPa pressure, as
shown in Fig. S1d. At 0.9 and 1.0 tons, the edge region with high
pressure expands only slightly, but becomes more asymmetric

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee01956g

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 08 2025. Downloaded on 31.01.26 16:49:24.

(cc)

View Article Online

Energy & Environmental Science Paper
a
2.0 50 0.10 0.10
1 SEIN 0.08 0.08
1.5 €1.5- formanon: S 0.06 g 0.06
< 41 o010 o o
%1 o] g : goo4 goo4
g 50.5 o 5 0.02 S 0.02
Io 1 > . Li plating > 0.00 Li plating 0.00 Li plating
= 0.0 3 : :
0.5+ -0.02 -0.02
] 0.0 0.1 0.2 0.3 48 49 50 51 52 96 97 98 99 100
0.0 Time (h) Time (h) Time (h)
o Li plating
T I T T T T T T T T T I T I T I T I T |
0 10 20 30 40 50 60 70 80 90 100
Time (h)
Liplating 1 35 mAh cm2 2.5 mAh cm?
4

Cell structure . High Low High High Low High Pressure test
f i g k 50
é Pressure
(-———) Spring
S
% paccel: Li Plating
=——— Separator |:>
= " T
1
MPa

150
—o— Before Li plating
120{—°—After 5 mAh cm Li plating 9
5 901 /
G 4
= 60 d
N
30
0l De e LiILP57/Cu
0 30 60 90 120 150
Z' (Qcm?)

Fig. 1 (a) Potential response of the Li||Cu cell for initial lithium plating on a Cu
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-CC at a current density of 0.05 mA cm™<. (b)—(e) Photographs of the initial

lithium metal plated on the Cu-CC at different capacities. (f) Schematic illustration of the internal structure of the Li||Cu coin cell, and the internal
pressure distribution of the coin cell before (i) and after (g) lithium metal plating. (k) Pressure distribution measurement on the Cu-CC surface in the coin
cell type AFBs. (1) EIS plots of the Li||Cu coin cells before and after 5 mA h cm~2 of initial lithium plating, along with (m) magnified EIS plots.

and uneven (Fig. Sle and f), and no further improvement in
uniformity is observed. Ensuring uniform pressure distribution
within the AFBs across all directions and maintaining even
pressure on the Cu-CC surfaces are essential for achieving uni-
form lithium metal plating. In addition, the repeated pressure
distribution test was also conducted under 0.8 tons conditions
(Fig. S1g), which confirmed high reproducibility of the annular
pressure profile. Therefore, 0.8 tons is the optimal pressure for
achieving relatively uniform pressure distribution and reprodu-
cible lithium deposition morphology in coin cell type AFBs. In
this study, we use the optimal assembly pressure of 0.8 tons to
prepare coin cell AFBs for lithium metal plating research. It is
essential to emphasize that this pressure distribution testing
result provides solid evidence that the annular shaped pressure
distribution within the coin cell directly influences the overall

This journal is © The Royal Society of Chemistry 2025

morphology of initial lithium plating on Cu-CC in AFBs. We have
compared different configurations under the same coin cell
assembly pressure of 0.8 tons: (a) the standard wave-type spring,
(b) a conical-type spring, and (c) two stainless steel spacers
instead of spring. The results confirm that changing the spring
type or replacing it with rigid spacers alters the internal pressure
profile but does not eliminate the inherent non-uniformity of
pressure distribution within coin cell type AFBs. Among the
tested configurations, the wave-type spring provides the most
uniform and reproducible annular pressure profile, making it
the most suitable option for isolating and studying the effects of
pressure distribution on lithium metal plating behavior. We
implemented careful alignment and calibration of each cell
during assembly, as illustrated in Fig. S2, ensuring a consistent
internal configuration across all samples. The lithium plating
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was well-confined to the Cu-CC surface, with no observable side
deposition on unintended internal components (Fig. S3). We
used the low current density to ensure stable and uniform
lithium deposition throughout the entire process and investi-
gated higher current densities of up to 0.5-1.0 mA cm > (Fig. S4).

Due to the pressure distribution difference between the
annular edge and central regions of the Cu-CC, and the soft-
ness of lithium metal, which deforms easily under pressure,*' 5
mA h em ™ of lithium plated in the high-pressure annular edge
regions was compressed into a smoother surface, forming a
bright silver ring shape around the annular edge in Fig. 1(e).
Meanwhile, the lower pressure central region resulted in a
rougher lithium surface, increasing light scattering and giving
it a darker gray appearance. At a lithium plating capacity of
2.5 mA h em™?, lithium metal in the low-pressure central region
grew as randomly distributed small protrusions. In contrast,
lithium deposited in the high-pressure annular edge region experi-
enced significantly greater compression, resulting in a denser bulk
and smoother surface. The combined influence of high pressure
and the lower overpotential for lithium plating on a Li metal
surface (—11 mV), compared to the high reduction overpotential
(=71 mV) for lithium deposition on the Cu-CC surface (as shown
in Fig. S5), these factors collectively contributed to the observed
lithium plating behavior. Consequently, lithium preferentially
plated on the lithium surface, leading to increased lithium deposi-
tion in the annular edge region, as illustrated in Fig. 1(d).

Additionally, electrochemical impedance spectroscopy (EIS)
testing was conducted on the Li||Cu cell to measure the initial
resistance and post-deposition impedance after initial lithium
plating with a capacity of 5 mA h cm™?, as shown in Fig. 1(1)-
(m). At high frequencies, R, representing electrolyte resistance
remained at 10 Q cm™?, indicating that no side reactions
occurred in the electrolyte and separator after 5 mA h cm™>
lithium metal plating. After 5 mA h cm™2 lithium plating, the
SEI layer resistance (Rsg;) and charge transfer resistance (Rcr)
clearly decreased (Table S1) at the anode interface, demonstrat-
ing that the SEI layer formed after initial lithium plating on the
Cu-CC enhanced lithium-ion transport compared to the intrinsic
oxide layer on the Cu-CC. The plated lithium under low current
density promotes the formation of a more compact and con-
ductive interface, facilitating improved electrochemical kinetics.
Specifically, the large decrease in Rcr (from 113.4 to 12.0 Q cm?)
indicates a more uniform and dense lithium morphology,
enhancing charge transfer processes.

To investigate the composition, crystallinity, and phase
purity of the plated lithium metal, X-ray photoelectron spectro-
scopy (XPS) and X-ray diffraction (XRD) were used to analyze the
lithium plated Cu-CC. XPS analysis was conducted on the annular
edge region of the Cu-CC with 5 mA h cm™> of initial lithium
metal plating as well as on the surface of the bare Cu current
collector, as shown in Fig. 2(a). In the blue XPS survey spectrum
for the bare Cu, only Cu, O, and C excitation peaks were
prominent, indicating the presence of intrinsic copper oxide on
the Cu-CC surface. After plating 5 mA h cm™? of lithium metal on
the Cu-CC, the orange XPS survey spectrum showed F 1s, P 2p,
and Li 1s excitation peaks at 687, 134, and 55 eV, respectively,
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while the Cu signal had disappeared, and the O 1s and C 1s peaks
were significantly attenuated. This indicates that lithium metal
had been deposited on the Cu-CC surface, with an SEI layer
composed of Li, O, F, and P elements present on the lithium
surface. Additionally, XRD patterns of the annular edge region of
the Cu-CC with 5 mA h cm™? of lithium deposition and the bare
Cu-CC were analyzed, as shown in Fig. 2(b). The XRD peaks of the
bare Cu-CC only showed signals at 43.7° and 50.7°, corresponding
to the Cu (111) and Cu (200) crystal orientations. In contrast, after
plating 5 mA h cm™? of lithium metal on the Cu-CC, a Li (110)
diffraction peak appeared at 36.4°, and an additional diffraction
peak attributed to LiF (or Li,CO;) from the SEI layer was observed
at 42.4°.

XRD patterns of plated lithium metal with 10 mA h ecm™
capacity and a pristine lithium metal chip were also analyzed, as
shown in Fig. 2(c) and (d) (magnified). For 10 mA h ecm™? capacity
lithium plating, the plated lithium entirely covered the surface of
the Cu current collector, and the edge region remained a silver-
white annular shape, and the central region was grey, as depicted
in Fig. S6. In the XRD pattern of the pristine lithium metal chip,
three strong lithium metal diffraction peaks can be clearly
observed at 36.4°, 52.4°, and 65.4°, corresponding to Li (110), Li
(200), and Li (211), respectively. Additionally, diffraction peaks at
33.1° 42.4°, and 49.7° were associated with Li,COs3, LiF (or Li,CO),
and LiOH, respectively. It is evident that with an increasing
capacity of lithium metal plating (thus an increase in lithium
metal thickness) the intensity of the Li (110) diffraction peak at
36.4° significantly increased and Li (220) diffraction increased
slightly (as shown in Fig. S7), while the diffraction peaks of
Li,CO3, LiF, and LiOH at 42.4° and 49.7° also showed a slight
increase in intensity, indicating the surface SEI layer. When
comparing the smaller capacity of lithium metal plating (2.5 mA
h em™?), there was no lithium metal signal at 36.4°, due to the
thin lithium metal layer having smaller grains and lower crystal-
linity, as shown in Fig. 2(e) and Fig. S7a and its magnified section
in Fig. 2(f) and Fig. S7b.

To understand the microscopic morphology of initial
lithium metal plating on the Cu current collector, top-view
and PFIB cross-sectional SEM images were obtained from the
annular edge and center regions of the Cu-CC with varying
plating capacities, as shown in Fig. 3(a)-(l) and 4(a)-(l). A
cryogenic environment was employed during plasma FIB
cross-sectioning to minimize beam damage to lithium metal.
ToF-SIMS depth profiling (Fig. 3(m)) further confirmed that the
Cu-CC consists solely of Cu from the surface to the bulk. After
plating 1.25 mA h cm™2 of lithium metal on the Cu-CC, the
surface morphology of the annular edge region (Fig. 3(b))
showed micron-sized lithium grains forming lithium metal
layers larger than 40 pm in size. The PFIB cross-sectional
SEM image (Fig. 4(b)) showed that these lithium layers were
~ 5 um thick with internal voids. In the center region (as shown
in Fig. 3(f) and (j)), micron-scale granular lithium metal was
observed, with PFIB cross-sectional images showing that these
small lithium grains were less than 1 pm thick (Fig. 4(f) and (j)).
When the capacity was increased to 2.5 mA h em™?, the Cu-CC
surface in the annular edge region was covered by tortuous

2
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Fig. 2 (a) XPS survey spectra and (b) XRD patterns of the 5 mA h cm~2 plated initial lithium and bare Cu-CC. (c) XRD patterns of a lithium metal chip, 5
and 10 mA h cm™2 lithium metal plating, along with their magnified patterns (d). (e) XRD patterns of a lithium metal chip, 2.5, 5, and 10 mA h cm™2 lithium

metal plating, as well as their magnified Li (110) peak patterns (f).

lithium metal grains exceeding 20 um in size, with numerous
grain boundaries and voids (as shown in Fig. 3(c)). PFIB cross-
sectional SEM images (Fig. 4(c)) revealed that the tens of
micron scale lithium metal grains were tortuous and inter-
twined with abundant voids and grain boundaries, closely
resembling surface morphology. In the center region (as shown
in Fig. 3(g) and (k)), the lithium metal showed micro sized
grains forming tens of micron scale layers. The corresponding
PFIB cross-sectional SEM images (Fig. 4(g) and (k)) clearly
showed that these lithium layers were elevated in the middle
and lower at the edges, with thicknesses ranging from 2 to
5 pum, containing numerous voids and grain boundaries.
When the capacity was further increased to 5 mA h ecm ™2,
top-view SEM images (Fig. 3(d)) showed that the annular edge

This journal is © The Royal Society of Chemistry 2025

region was fully covered with dense and large lithium grains.
Most grains exceeded 20 pm in size. PFIB cross-sectional SEM
images (Fig. 4(d)) demonstrated that voids within the lithium
metal at the annular edge region disappeared entirely, with the
lithium grains becoming dense and smooth-edged. The lithium
grains also showed significant volumetric growth, exceeding
29 pum in size. The dense microstructure morphology of large
lithium grains in the annular edge region was attributed to the
compression exerted by the high pressure of 50 MPa (as shown
in Fig. 1(k)). In the center region, the lithium microstructure
morphology remained slender and tortuous, with abundant
grain boundaries and voids (Fig. 3(h) and (1)). The corres-
ponding PFIB cross-sectional SEM images (Fig. 4(h) and (1))
also showed that the lithium metal contained numerous grain

Energy Environ. Sci., 2025, 18, 8815-8826 | 8819
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boundaries and voids. Surface morphology was imaged without
Pt coating, and cross-sectional morphology was protected by a
carefully deposited Pt layer under low ion current to preserve
the lithium morphology underneath and minimize any ion
beam milling-induced damage.

The dense microstructure morphology of lithium metal in
the annular edge region and the loose morphology in the center
region reflect the pressure distribution test results (as shown in
Fig. 1(k)). The dense lithium metal layer in the annular edge
region showed a thickness of 23 pm, while the loose lithium
metal layer in the center region measured 28 pm (as shown in
Fig. 4(d) and (f)). PFIB cross-sectional SEM continuous slicing
images from the annular edge and center regions (Fig. S8)
showed that the dense internal microstructure morphology in
the annular edge region and the loose internal morphology in
the center region were consistent throughout their respective
entire 3D internal microstructure morphology. ToF-SIMS depth
profiling in Fig. 3(n) revealed that the annular edge region,
from the surface to the interior of the lithium metal layer,
showed only lithium-ion signals. The area in the center region
(% in Fig. 3(1)) that appeared uncovered by lithium metal was
not bare Cu-CC surfaces. As shown in Fig. 3(o), which was

8820 | Energy Environ. Sci., 2025, 18, 8815-8826

covered by a thin layer of lithium metal, at least 8 nm thick, as
Cu ion signals only appeared after ion sputtering for 100 s.
To investigate the spatial distribution and composition for
lithium plating, ToF-SIMS mapping was performed on the annu-
lar edge and center regions at different lithium plating stages, as
shown in Fig. 5 and 6. The ion mapping images of the bare Cu
surface (Fig. 5(a), (e) and 6(a), (e)), along with optical and total ion
images at different scales (Fig. 5(i), (m) and 6(i), (m)), indicate that
the smooth and flat Cu-CC surface exhibited some textures and
undulations in its microscopic structure. The uniform distribu-
tion of Cu’ and O' ions on the Cu-CC surface suggests that
the intrinsic copper oxide layer was evenly distributed. When
1.25 mA h cm™? capacity of lithium metal was plated on the Cu-
CC surface, the optical and ion images of the annular edge and
center regions were recorded (Fig. 5(i), (n) and 6(i), (n)), which
reveal that the thick lithium metal did not uniformly cover the Cu-
CC surface. However, the very weak Cu' ion mapping signals
across the entire area (Fig. 5(b) and 6(b)) and the strong lithium-
ion mapping signals (Fig. 5(f) and 6(f)) indicated that the plated
lithium metal had already covered the entire Cu-CC surface.
When the lithium plating capacity was increased to 2.5 mA h
cm 2, the optical and total ion images of the annular edge

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee01956g

Open Access Article. Published on 08 2025. Downloaded on 31.01.26 16:49:24.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Energy & Environmental Science Paper
Li plating

Bare anode =———p 1.25mMAhcm? —p 2.5mAhcm?2 —p 5mAhcm?

Fig. 4 (a)-(1) PFIB cross-section SEM images of the bare Cu-CC surface at different scales and the annular edge and center regions of various capacities
lithium metal plating.
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Fig. 5 (a)-(l) ToF-SIMS mapping and (m)—(p) optical images of the bare Cu-CC surface and annular edge regions of lithium metal plating with various
capacities. The specific regions of Cu* and Li* ion mapping were marked within the larger-scale total ion images () and (k).
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Fig. 6 (a)—(l) ToF-SIMS mapping and (m)—(p) optical images of the bare Cu-CC surface and center regions of various capacities lithium metal plating.
The specific regions of Cu™ and Li* ion mapping were marked within the larger-scale total ion images (j), (k).

region (Fig. 5(k) and (o)) showed that the thicker lithium metal
layer fully covered the Cu-CC. The Cu' ion mapping signal
(Fig. 5(c)) disappeared entirely, while the lithium-ion mapping
signal (Fig. 5(g)) remained strong throughout the area, confirm-
ing that the dense lithium metal layer had completely covered
the Cu-CC surface. The Li' ion mapping signal (Fig. 6(g))

Anode-free Lithium metal battery
Li plating on bare Cu electrode: from initiation to 5 mAh cm

remained strong across the entire region, while the Cu" ion
mapping signal (Fig. 6(c)) was very weak, confirming that the
plated lithium metal had entirely covered the Cu-CC surface.
Finally, when the lithium plating capacity was increased to
5 mA h cm ™2, the optical and total ion images of the annular
edge region (Fig. 5(p) and (1)) showed a significant increase in

a b c d Low pressure
Bare electrode 1.25 mAh cm2 2.5 mAh cm? 5 mAh cm2
50 MPa 1MPa 50 Mp4
50 MPa 1MPa 50 MPal
Initial Li plating l l
SEI formation
720 2 \C3 3 P2 M
Cu Cu Cu

Fig. 7
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High pressure

Edge region

(a)—(d) Schematic illustration of the initial lithium metal plating process on the Cu-CC surface in coin cell type AFBs.
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the size of lithium metal grains. The Cu’ ion mapping (Fig. 5(d))
showed no signal, while the Li" ion mapping (Fig. 5(h)) exhibited
a very strong bright pink signal, indicating fully covering by
dense lithium metal. Moreover, this region was densely filled
with large lithium grains measuring 20-40 pm in size, consistent
with the SEM images (as shown in Fig. 3(d)). In contrast, at this
stage, the optical and ion images of the center region (Fig. 6(1)
and (p)) revealed smaller lithium metal grains. The Cu’ ion
mapping (Fig. 6(d)) showed no signal, indicating that the Cu-CC
was entirely covered by plated lithium metal. The Li* ion map-
ping (Fig. 6(h)) further confirmed that the lithium metal grains
in the center region range from 10 to 20 um in size. These green
areas in Fig. 6(h) indicated fewer Li" ions per unit area, which
corresponded to the voids and grain boundaries between the
lithium metal grains, consistent with the SEM images (as shown
in Fig. 3(h)). Through ToF-SIMS Li" and Cu' ion mapping, the
surface morphology and spatial distribution of initial lithium
metal plating were precisely analyzed, confirming the distinct
microstructures of lithium plating in the annular edge and
center regions on the Cu-CC surface in coin cell AFBs, which
aligns with the internal pressure distribution testing in coin cell
AFBs (as shown in Fig. 1(k)).
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Based on the observed surface and internal microstructure
morphologies, along with Li" mapping analysis in the annular
edge and center regions of lithium metal plating on Cu-CC, we
propose an initial lithium plating mechanism in coin cell AFBs,
as illustrated in Fig. 7: at the initial stage, as lithium plating
capacity increases to 1.25 mA h cm ™2 (as shown in Fig. 7(b)), the
randomly distributed lithium protrusions on the Cu-CC surface
(Fig. 7(a)) grow to the micron scale (as shown in Fig. 3(f)). When
the lithium plating capacity reaches 2.5 mA h cm™>, the plated
lithium metal was compressed by the higher pressure in the
annular edge region, resulting in a smoother surface and denser
microstructure (Fig. 7(c)). Furthermore, due to the smaller over-
potential for lithium plating on Li metal surfaces, most lithium
preferentially deposits in the annular edge region forming an
annular shaped lithium metal layer (as shown in Fig. 1(d)). As
the lithium plating capacity increases to 5 mA h ecm™? (Fig. 7(d)),
the annular edge region, subjected to a pressure of 50 MPa,
forms a highly compact lithium metal layer composed of large,
dense grains with no internal voids (Fig. 3(d), 4(d) and 5(h)).
In contrast, the center region, under much lower pressure
(~1 MPa), forms a more porous and loosely packed lithium
layer, consisting of small and tortuous grains with numerous
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Fig. 8 (a) XPS survey spectra of the annular edge and center regions in plated lithium metal at a capacity of 5 mA h cm™2. High-resolution XPS spectra of
the (b)-(f) annular edge and (g)—(k) center regions in 5 mA h cm™2 plated lithium metal, showing Li 1s, F 1s, C 1s, O 1s, and Cu 2p excitation peaks.
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grain boundaries and voids (as shown in Fig. 3(h), 4(h) and 6(h)).
The dense lithium metal layer in the annular edge region (23 pm
thick) was clearly thinner than the loosely packed lithium layer
in the center region (28 um).

To analyze the surface composition of the annular edge
and center regions of plated lithium metal at a capacity of
5 mA h em ™2, XPS analysis was conducted, as shown in Fig. 8.
The XPS survey spectra (Fig. 8(a)) revealed that the surface of
both the annular edge and center regions exhibited Li 1s, P 2p,
and F 1s excitation peaks at 54 eV, 133 eV, and 685 eV,
respectively. All the peak intensities in these two regions were
similar, indicating that both regions had similar surface com-
positions and SEI components. The absence of Cu excitation
peaks in both survey spectra further confirmed that lithium
metal had completely covered the Cu-CC surface. To provide a
more detailed analysis of the SEI layer, high-resolution XPS
scans and corresponding peak fitting were performed as shown
in Fig. 8(b)-(k). The excitation peaks at 54 eV, 285 eV, 528 eV,
and 952 eV corresponding to Li 1s, F 1s, C 1s, O 1s, and Cu 2p,
along with peak fitting analysis revealed that the surface
compositions of the two regions were highly similar, which
was likely due to the identical electrolyte in contact with both
regions. Despite the significant difference in the pressures that
were subjected by the two regions, the pressure variation did
not appear to affect the SEI layer composition on the surface on
initial lithium metal plating. XPS peak fitting analysis revealed
that the SEI layer in both regions primarily consisted of Li,CO3,
LiF, and LiOH, consistent with XRD results (Fig. 2(e)).

It is important to note that, for stable and efficient cycling
performance of AFBs, the initially plated lithium metal layer
should process a dense and uniform microstructure. This work
demonstrated that the microstructure morphology of the initially
plated lithium metal with a capacity of 5 mA h cm ™ in the annular
edge region of the coin cell exhibits large lithium grains, a smooth
surface, and a dense, uniform, void-free internal microstructure.
The plated lithium metal in the center region did not meet these
criteria due to its small, loosely packed grains with abundant voids
and a rough surface. The root cause of this disparity is that the edge
region experiences significantly higher pressure than the center
region. Although adjusting the assembly pressure of the coin cell
does not improve the uniformity of the pressure distribution on
the Cu-CC surface, further investigation is needed to modify the
internal configuration of coin cell AFBs to achieve the uniform
pressure distribution on the anode surface. Further studies in using
an alternative salt lithium bis(fluorosulfonyl)imide (LiFSI}-based
electrolyte and full cell AFBs will also be investigated.

Conclusions

In this study, we visualized the initial lithium metal plating
process on the Cu-CC surface of coin cell type AFBs. Lithium
metal with a capacity of 5 mA h cm ™2 was deposited onto the
Cu-CC. Internal pressure distribution tests revealed a signifi-
cant pressure distribution difference on the Cu-CC surface in
coin cell type AFBs: the annual edge region experienced a
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pressure of 50 MPa, while the center region was subjected to
1 MPa. Using ToF-SIMS and plasma FIB-SEM imaging, we
demonstrated that lithium plating on the high-pressure annu-
lar edge region exhibited large lithium grains, a dense, void-free
internal structure, and a smooth, flat surface. In contrast,
lithium plating on the low-pressure center region displayed
small lithium grains with a loose packed, tortuous internal
morphology, abundant voids, and a rough surface. The pres-
sure distribution differences did not affect the composition of
the SEI layer on the surface of lithium metal plating. However,
ensuring uniform pressure distribution across the anode
surface is critical for achieving homogeneous lithium metal
plating in coin cell type AFBs. This study provides a unified
view on the initial lithium metal plating process on a Cu-CC
surface and offers a strategy for achieving a dense and favorable
lithium metal microstructure in AFBs.
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