Open Access Article. Published on 17 January 2024. Downloaded on 12/5/2025 12:33:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 3192

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 25th September 2023
Accepted 16th January 2024

DOI: 10.1039/d3sc05021a

I ROYAL SOCIETY
PPN OF CHEMISTRY

Direct imaging of dynamic heterogeneous lithium-—
gold interaction at the electrochemical interface
during the charging/discharging processes¥

Jiaxin Mao, Guopeng Li,; Dongwei Xui and Rui Hao (2 *

Lithium can smoothly plate on certain lithium alloys in theory, such as the Li—Au alloy, making the alloy/
metal films promising current collectors for high energy density anode-free batteries. However, the
actual performance of the batteries with alloy film electrodes often rapidly deteriorates. It remains
challenging for current imaging approaches to provide sufficient details for fully understanding the
process. Here, a "see-through” operando optical microscopic approach that allows direct imaging of Li—
Au interaction with high spatiotemporal and chemical resolution has been developed. Through this
approach, a two-step Li—Au alloying process that exhibits interesting complementary spatiotemporal
evolution paths has been discovered. The alloying process regulates the nucleation of further Li
deposition, while the Li nucleation sites generate pores on the electrode film. After several cycles, film
rupture occurs due to the generation of an increased number of pores, thus explaining the previously
unclear mechanism of poor cycling stability. We have also elucidated the deterioration mechanism of
silver electrodes: the growth of defect pores in size, independent of the alloying process. Overall, this
new imaging approach opens up an effective and simple way to monitor the dynamic heterogeneity of
metal-metal interaction at the electrochemical interface, which could provide helpful insight for
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Introduction

Li-ion batteries are currently the dominant power source for
mobile electronic products. However, the theoretical specific
capacity of common commercial anode materials, such as
graphite, falls remarkably short of satisfying the need for high-
energy-density devices. Nevertheless, anode-free electrodes—
which omit anode materials and employ only current collec-
tors—can significantly improve the energy density of batteries
and could be key to realizing ideal high-energy-density systems.*
However, anode-free batteries are prone to generating
dendrites/dead Li via electrodeposition/dissolution, leading to
serious safety concerns and diminished cycling performance.>

Lithium could interact with other metals during the elec-
trochemical charging and discharging process in diverse ways,
including  alloying/dealloying  and/or  electrochemical
deposition/dissolution. Investigations on anode-free batteries
have proven that the Li electrodeposition can be effectively
regulated using Li alloys, which serve as a buffer layer to
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designing high-performance batteries.

eliminate nucleation barriers and overpotential,®* resulting in
smooth, dendrite-free Li deposition. Recent results indicate
that a Au film could enable uniform Li growth/stripping in
anode-free solid-state batteries in a dozen or so cycles.® In
particular, Au and Li can be alloyed to form Li-rich intermetallic
compounds (up to Au,Li;s)® with a zero Li nucleation barrier
potential on the surface of alloys. Thus, in theory, Li deposition
in anode-free batteries can be regulated using a Li-Au alloy film.
However, the performance of Au thin-film anodes deteriorates
rapidly during cycling.® Consequently, Au is typically deposited
onto a substrate in a selective or restrictive manner to improve
the electrochemical Li deposition behavior, for example, by
loading Au nanoparticles inside hollow carbon spheres” or
carbon nanofibers.?

Although investigations have been conducted on Li-Au alloy
systems,>*™ the discrepancy between theoretical predictions
and actual outcomes of Li deposition on Li-Au alloy films has
not been fully addressed. Speculations about electrode fracture
mechanisms, such as those targeting the internal strain caused
by frequent structural transformation,'® the presence of a low-
energy barrier, and/or the occurrence of barrierless spinodal
decomposition,* have not been confirmed; this is due to the
lack of methods permitting in situ direct high-resolution
observation of the interfacial changes during the alloying/
dealloying process. Similarly, studies on Ag films''*® and
nanoparticles*® alloyed with Li in solid solution reactions have

© 2024 The Author(s). Published by the Royal Society of Chemistry
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extensively analyzed Li-Ag alloying, which can also create pores
on the surface that can harm battery performance but have not
elucidated the causes of pore formation.

The dynamic electrochemical interface evolution in batteries
can be characterized using multiple operando imaging tech-
niques including X-ray imaging,*** neutron imaging, and
magnetic resonance imaging.””*® Notably, the spatial resolution
of these techniques, which is typically on the micrometer scale,
hinders the collection of detailed microscopic/nanoscopic-level
information on processes. Moreover, in situ transmission elec-
tron microscopy (TEM),>™* scanning electron microscopy
(SEM),*** and atomic force microscopy*** can provide infor-
mation with high spatial resolution, but typically with low
chemical resolution or deviating from battery working condi-
tions. For instance, the expansion/shrinkage of an Au film
during Li electrodeposition/dissolution has been observed by in
situ liquid-cell TEM.® However, factors such as the use of high-
energy electron-beam radiation may prevent nanoscopic TEM
observations from fully reflecting the details of the process of
interest.

Therefore, to investigate the nucleation site evolution on the
Au surface during alloying and dealloying and to comprehen-
sively analyze the causes of homogeneity or heterogeneity
during Li electrodeposition/dissolution, spatiotemporally
resolved in situ imaging techniques with high chemical reso-
lution must be developed. Real-time microscopic observation of
the dynamics and details of electrodeposition on alloy electrode
surfaces can guide the development of Li-Au and Li-Ag systems
as well as other important alloy elements in Li-ion batteries,*
such as Si,* Zn,*" Bi, Sn,*>** and AL**

In situ or operando optical microscopy (OM) is an advanta-
geous noninvasive technique for analyzing nanoscale electro-
chemical interfaces under non-vacuum ambient conditions.*>*¢
Electrochemical interfaces with systems such as single parti-
cles,”** single molecules,*>** and single nanobubbles*+**> have
recently been probed by optical imaging. Moreover, OM—which
is suitable for studying dynamic electrodeposition®**—has
been used to investigate the metal electrodeposition behaviour
and morphological evolution.***” However, direct and detailed
observation of the processes occurring on the metal electrode
surface is hindered by the obstructive nature of the metal
electrodes.* Nevertheless, a few methods can be employed to
study the evolution of compounds by observing the electrode-
electrolyte interface with high spatial as well as chemical
resolutions.

To extensively assess Li interaction with Au or Ag during the
battery charging/discharging process, “see-through” operando
observation was achieved with a transparent metal film elec-
trode in simple trans-** and epi-illumination®*** imaging
modes. The obstruction of light by metal electrodes is thus
avoided and the dynamic electrochemical interfacial
phenomena can be monitored with ease. Due to the
absorbance/reflectance difference of the different alloys, the
progress of the alloying/dealloying process can be monitored.
Gold-film-based imaging is an established characterization
technique for evaluating the nanoparticle dynamics, depending
on its low reflectivity®®* or surface plasmon resonance.®***
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However, different from the previous reports, in our research,
the Au layer is the object of observation, rather than the
medium for electron transfer.

Complementarity spatiotemporal evolution paths of the two
Li-Au alloying/dealloying processes and the consequential Li
heterogeneous deposition/dissolution are revealed via the “see-
through” imaging approach. The alloying processes show
strong regulating effects on the following lithium deposition: Li
always randomly nucleates outside the initial sites of both two
alloying steps and forms disk morphology at later stages.
Lithium deposition also affects the gold film: during the dis-
charging process, the lithium nucleation sites generate pores in
the Au film. With multiple charging/discharging cycles, the
randomly formed Li nucleation sites create an increasing
number of pores, leading to cracking and failure of the elec-
trode. In contrast, pore generation in the Li-Ag system was not
affected by the alloying process but the alloying/dealloying
process could also corrode the silver film, leading to enlarged
pores.

Thus, the dynamic heterogeneous interactions between
lithium and gold/silver as the essential cause of film electrode
failure were elucidated. These findings provide deeper insights
into the mechanism governing electrochemical alloying,
thereby helping guide the design of high-performance anode-
free materials. The novel and universal “see-through” imaging
approach could provide a convenient and effective tool for
revealing previously obscured details of key interfacial electro-
chemical processes occurring in various electrochemical
storage systems.

Results and discussion
Imaging of Li-Au alloying processes

First, Li metal coin-type cells were assembled to verify that an
Au film could effectively enhance their coulombic efficiency
(CE) in short term. Cu foil, which was used as an effective
current collector and substrate, and a 20 nm-thick Au film
plated on the Cu foil by electron-beam evaporation (denoted as
Au/Cu) were employed as the Li metal cell electrodes. LiPF (1.0
M) in a 1:1 vol% mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC) with 5% fluoroethylene carbonate (FEC) was
employed as the electrolyte for the Li metal cells. Li||Au/Cu
initially exhibited a persistent, more stable CE (~92.9%) than
that of Li||Cu (Fig. S1t). Notably, the CE of Au/Cu in the first
cycle (91.59%) was lower than that of Cu owing to excessive solid
electrolyte interphase (SEI) formation during the alloying and Li
metal deposition. However, the CE of Au/Cu increased over the
next five cycles, but then quickly dropped to the same level as
that of Cu thereafter. Therefore, the dynamic Li alloying-deal-
loying mechanism had to be clarified to guide the design of
high-performance electrodes and the exploration of other elec-
trodeposition behaviors by investigating the electrochemical
deposition and dissolution of Li on Au surfaces. Other metal
materials including Au/Ni and Au/Ni/Cu (Fig. S1f) were also
tested. Au plating on a Ni substrate with good electrical
conductivity as an anode-free electrode material can also
improve battery performance, proving that the substrate does
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not play a major role in the influence of Au and Li alloys on the through the sample. As shown in the UV-vis spectrum, the
performance of the battery. alloying reaction resulted in a reduction of the electrode's

To observe the morphological dynamics and alloying transmittance. The epi-illumination mode measured the
heterogeneity during Li electrodeposition, a Li-ion electro- reflectivity of the sample and the reflection increased when Li
chemical cell was designed using a transparent electrode was alloyed with Au. Transmittance is subsequently normalized
(Fig. 1A). The key to the design of this ultrathin electrode, which by establishing the ratio between the transmitted intensity of
is commonly used in in situ electron microscopy, is configuring the original and the initial frame. The absorbance of the sample
its structure to obtain a clear view of the interior of the interface, can also be calculated accordingly. The variations in the initial
thereby helping better correlate microscopic information with alloying process were more pronounced in the trans mode,
macroscopic phenomena. Integrating the electrode with trans- whereas the dendrite dissolution was clearer in the epi mode.
and epi-illumination techniques enabled observation of the The transmittance and reflectivity of the metal film can be
inner evolution of the electrode (Fig. 1A). Changes in the calculated with the intensity variation data obtained from the
absorption and reflection of light during the alloying, as re- trans- and epi-recordings.®® For non-metal materials, it is rela-
flected in the in situ UV-vis spectrum (Fig. S2t), indicated that tively simple to determine the absorbance of the sample qual-
the process could be identified by the two imaging modes. The itatively. However, considering the complicated interaction
trans-illumination mode measured the transmission of light between light and the metal film, it is more challenging to
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Fig. 1 Experimental apparatus, electrochemical measurements and imaging results. (A) Schematic of the in situ experimental setup and elec-
trochemical cell integrated with the trans-illumination (green) and epi-illumination (blue) modes to monitor the alloying. In the trans-illumination
mode, the dark and light areas are the alloyed and unalloyed regions, respectively. In the epi-illumination mode, the light and dark areas are the
alloyed and unalloyed regions, respectively. (B) Montages of images obtained via trans-mode recording of four Li deposition stages on Au at
a current density of 0.5 mA cm~2. The montages from top to bottom are SEI formation (t = 0—-15s, 3 s interval, SEI for short), the first alloying step
(t=17-52s, 7 sinterval, step 1 for short), the second alloying step (t = 55-85s, 6 s interval, step 2 for short), and Li metal deposition (t = 87-357s,
54 sinterval, Li metal for short), respectively. The montages of each row were normalized according to their intensity range. The reading order of
all montages is from left to right. Scale bar, 5 um. Normalized absorbance versus time curve of different regions in the first alloying step (C) and
the second alloying step (D). The normalized absorbance for the whole was denoted as the mean. The initial and the final alloyed regions were
denoted as ‘Area Init" and ‘Area Fnl', respectively. (E) Galvanostatic curve of Au (left) and the mean intensity—time curve (right) obtained via trans-
mode recording during Li deposition at a current density of 0.5 mA cm™2. The different colors represent distinct stages (orange, SEI formation:;
purple, the first alloying step; magenta, the second alloying step; and black, Li metal deposition). (F) Galvanostatic curves of Au with four Li
deposition stages. The curves of four electrochemical cells from top to bottom belong to cell #1 finishing at SEI formation, cell #2 finishing at the
first alloying step, cell #3 finishing at the second alloying step, and cell #4 finishing at Li metal deposition, respectively. (G) Images obtained via
optical microscopy (OM, left) and helium-ion microscopy (HIM, middle), and magnified versions of the boxed region in the middle of the HIM
images (right) at the four Li deposition stages including SEI formation (SEI for short), the first alloying step (step 1 for short), the second alloying
step (step 2 for short), and Li metal deposition (Li metal for short).
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quantify the process, but qualitative analysis can be achieved. Li
was electrodeposited on the surface of a pure Cu film as
dendrites (Fig. S31), proving that the pattern observed on the
electrode surface was Li alloyed with Au, independent of Cu.
The Li-Au electrochemical alloying and dealloying were inves-
tigated at a current of 35.3 pA, which corresponded to a current
density of 0.5 mA cm ™. Other currents of 7.1 pA, 177 pA, 0.707
mA, 1.06 mA, and 1.77 mA—corresponding to current densities
of 0.1, 2.5, 10, 15, and 25 mA cm >, respectively—were also
tested. In a coin cell with an area capacity of 0.5 mA h cm™?,
these current densities corresponded to rates of 0.2, 5, 20, 30,
and 50C, respectively.

Various stages of Li electrodeposition on the Au surface at
a current density of 0.5 mA cm™> were observed (Fig. 1B).
Initially, the SEI film was formed uniformly and darkened
gradually;'* however, no detailed morphology was observed.
Moreover, the composition of the electrolyte on the electrode
surface was altered, thereby forming a passivation layer. After
the SEI film formation, Li and Au were alloyed to form uniform
and flat alloy layers in two steps which exhibited heterogeneity
in the direction and sites of the alloying. The alloying sites in
the first step were analyzed at different current densities
(Fig. S47). After the electrochemical alloying, Li was deposited at
uniformly distributed nucleation sites on the alloy surface,
possibly because of the low-energy barriers to Li nucleation
induced by the alloy layer. Li was also deposited in other regions
of the disk-shaped particle, according to its intensity-time curve
(Fig. S5t). The intensity-time curves of the epi recording
somewhat fluctuated during the Li deposition (Fig. S67),
presumably owing to the migration of Au into Li. The same four-
stage behavior can also be observed by an in situ test on the 28
nm-thick Au film (Fig. S71). The evolution of Li-Au interaction
on this film is similar to that on the 14 nm-thick Au film,
indicating consistent alloying behaviour in the film thickness
range.

Studying the dynamic heterogeneity of batteries®** is
necessary to understand the evolution of electrode charging and
discharging processes. To study the dynamic heterogeneity of
two alloying steps, the normalized absorbances of the sample at
different regions were calculated from the transmittance in
trans-mode. The whole absorbance evolution during the elec-
trochemical alloying and deposition is shown in Fig. S8.1 The
initial and the final alloyed regions were denoted as ‘Area Init’
and ‘Area Fnl’, respectively.

In the alloying first step, there is a significant starting time
difference between the initial and the final alloyed regions
(Fig. 1C). The normalized absorbance curve of the first alloy-
ing step appears to consist of two distinct stages: rapid growth
and flat plateau. During the rapid growth stage, the absor-
bance increases sharply, and the alloying time is relatively
short. In contrast, during the flat plateau stage, the absor-
bance only changes slightly. In the second alloying step, the
difference between the initial and the final alloyed regions at
the time of occurrence was not very obvious, as indicated by
the slow increase in normalized absorbance (Fig. 1D). The
normalized absorbance of other selected regions which were
alloyed initially or finally in two alloying steps shows similar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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results (Fig. S9 and S101). We speculate that the distinctly
different alloying behaviors should be due to the increased
lithium diffusion resistance in the second alloying step, which
is also reflected as an overpotential in the galvanostatic
curve.'!

For the whole process, each step is associated with a new
voltage plateau and is consistent with the image sequences.
The corresponding galvanostatic curves were selected to define
the four steps and scrutinized (Fig. 1E; the orange, purple,
magenta, and black curves correspond to SEI formation, the
first step of the alloying, the second step of the alloying, and Li
metal deposition, respectively). Using the respective current
and time data, the time axis was converted into the Li content
(x) of Li,Au. Consequently, two plateaus developed at poten-
tials of 0.07 and 0.14 V, which persisted up to x values of 1.53
and 2.69 respectively, corresponding to two alloying steps. The
overpotential should be related to increased lithium diffusion
resistance.”™ A third plateau was initiated at a potential of
0.23 V, and the Li nucleation overpotential on the surface of
the Li-Au alloy was essentially zero.” In contrast to the ex-
pected uniform deposition, selective deposition of Li metal
was observed at specific sites. This confirmed the lack of
nucleation barriers for Li in the Li-Au alloy, which would have
been beneficial for uniform Li metal deposition. The number
of Li nucleation sites increased with increasing current
density, presumably because of the SEI thickness (Fig. S111).%
However, the diameter of the Li particle decreased owing to
a diffusion-controlled reaction with a high possibility of
dendrite growth.*®

Helium-ion microscopy (HIM) was employed to examine the
nanoscopic details of the four stages and to compare its
imaging attributes with those of the OM-based technique re-
ported herein. Ex situ HIM imaging of lithium deposition was
performed using four electrochemical cells, which started at
the same current density and stopped at different stages. The
four stages, namely SEI formation, the first alloying step, the
second alloying step, and Li metal deposition, corresponded to
galvanostatic curves of four cells in Fig. 1F. Electrochemical
cell #1, #2, #3 and #4 finished charging at 0.15 V during SEI
formation, at 23.4 s during the first alloying step, at 65.8 s
during the second alloying step, and at 139 s during Li metal
deposition, respectively. The OM and HIM images of four cells
were denoted as (i), (ii), (iii) and (iv), respectively. For a fixed
large field of view, the trans-mode images with adequate
chemical resolution (Fig. 1G(ii) and (iii)) showed a conspic-
uous pattern of the alloyed metal with superior contrast.
However, the HIM images could hardly distinguish the alloy
pattern (Fig. 1G(ii) and (iii)), although they could discern the Li
metal deposited in the later period. Magnified HIM images
(Fig. 1G(i)) revealed 20-100 nm-diameter particles in the SEI
film, which is consistent with previous reports.””> Further-
more, ~700 nm-diameter disk-shaped deposited Li particles
were also observed in the images (Fig. 1G(iv)). Notably, OM
offers noteworthy advantages for monitoring samples over
a large field of view, such as no sample damage, simple oper-
ation, and adequate chemical resolution. Furthermore, unlike
ion microscopy or TEM, which has extremely stringent sample
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preparation requirements, OM can permit in Situ/operando
observation of large samples. The design of the transparent
electrode and the combination of trans- and epi-illumination
modes enable clear observation and exploration of the inner
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and edge of the electrode. To better examine the pattern evolution

of each alloying step, only the start and end of a random 200

pixel-long 200 pixel-wide area were defined (Fig. 2A).
Surprisingly, we find that the alloy paths of the two alloying

details of the electrode. stages are complementary spatiotemporally. The initial alloying
sites of the second step correspond to the last alloying sites of
the first step. The “normal” images in Fig. 2A were directly false-
color tinted. The emergence of the dark feature in “normal”
mode indicates the beginning of the alloying process. The
“bright” feature at the end of step 1 (93%) was the region staying
unalloyed, the pattern of which is complementary to the initially
alloyed region in step 2 (13%). The phenomenon can be further
depicted by the inverted images in the second row showing

a high degree of similarity to the third-row images.

Heterogeneity of electrochemical Li alloying with Au

Sites participating in the two-step alloying and their relationship
with those engaged in the later-stage Li metal nucleation were
further analyzed. The beginning and end of the acquired image
montage (Fig. 1B) were defined by the alloying stages of the 3
mm-diameter electrode system. The morphological evolution of
the alloying pattern was uniform for all areas of the working
electrode, except for a small time difference relative to the center
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Fig. 2 Li—Au alloying and lithium deposition processes. (A) Montages of images acquired via trans-mode recording of the first and second steps
of Li deposition on Au (t = 9-38 and 46-73 s, top and bottom rows, respectively) at a current density of 0.5 mA cm~2. The dark and light areas are
the alloyed and unalloyed regions, respectively. The direction of the yellow arrows represents the time sequence of alloying evolution. The
different labels of the % values represent distinct exact times: t =13 (17%), 18 (34%), 23 (50%), 26 (60%), 31 (77%), 34 (87%), and 36 s (93%) in the first
alloying step; t =48 (13%), 50 (20%), 53 (34%), 57 (48%), 60 (63%), 65 (77%), and 69 s (91%) in the second alloying step, respectively. The middle set,
an intensity-inverted montage of the first step (top), was acquired to relate it to the second step (bottom). The light and dark areas are the alloyed
and unalloyed regions, respectively. The montages of each row were normalized according to their intensity range. Notably, the intensity of each
image in the second step was an average of 2 frames. Scale bar, 5 um. (B) Temporal color-coded image (top) of the first alloying step (30 s-long, t
=9-38s) and its intensity-inverted version (bottom), showing the Li nucleation sites (green). Scale bar, 5 um. (C) Pearson's r values for the alloyed
or unalloyed regions in the initial and middle stages of the two alloying steps and the Li nucleation sites at a deposition rate of 1C, as calculated
using a colocalization algorithm. The different x-axis labels—(i) SIm & S2m, (ii) S1s & Li, (iii) SIm & Li, (iv) S2s & Li, and (v) S2m & Li—represent the
following channels: (i) unalloyed regions in the middle stages of the first step, and alloyed regions in the middle stages of the second step; (ii)
alloying sites in the first step and Li nucleation sites; (iii) alloyed regions in the middle stages of the first step and Li nucleation sites; (iv) alloying
sites in the second step and Li nucleation sites; and (v) alloyed regions in the middle stages of the second step and Li nucleation sites. (D)
Schematic illustrating the dynamic heterogeneity in electrochemical Li—Au alloying and Li deposition. Specific areas of the electrode surface at
each step represent regions that have been alloyed or deposited. The pattern of the image in the lower left corner represents the unalloyed area
at the end of the first step and corresponds perfectly to the alloyed pattern of the second step. The image in the lower right corner represents the
scenario in which the sites participating in the three steps (two alloying stages and Li metal deposition) are not correlated.
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The complementarity of the two alloying steps was observed
even at higher current densities (Fig. S127). At a low current
density of 0.1 mA cm > the temporal color-coded image
showed a clear dynamic evolution and the heterogeneity of
alloying sites for an alloying time of 187 s. At higher current
densities, the dynamic changes were more concentrated in the
early stages (blue and purple regions) and final stages (yellow
region). Temporal color-merged images were also acquired
during the second alloying step. With more Li deposition, the
contrast of the trans-mode images worsened, and the second
alloying step without strong heterogeneity exhibited character-
istics inferior to those of the first alloying step.

To further understand the relationship between the alloying
sites engaged in the two steps and the nucleation sites of Li
metal, an in-depth analysis of the three sites was performed. To
that end, a temporal color-coded image of the first alloying step
and its intensity-inverted version merged with Li nucleation
sites were acquired (Fig. 2B). The position at the end of the first
step can be used to represent the start of the second step,
meaning that the relationship between the three can be studied
using only the pattern of the first alloying and the lithium
nucleation sites. Notably, the Li nucleation sites, signified by
the green areas in the figure, were absent in the white regions in
both the normal and intensity-inverted images. Three samples
were tested under the same experimental conditions to prove
that this phenomenon was not unique or accidental (Fig. S137).
Moreover, the appearance of Li nucleation sites in the middle
region of the alloy persisted at even higher current densities
(Fig. S14%).

To quantify the relationship between the alloying locations
and Li nucleation sites, Pearson's r values” were calculated for
the alloyed/unalloyed regions of the two steps and the Li
nucleation sites using a colocalization algorithm (Fig. 2C). At
a current density of 0.5 mA cm™?, which corresponds to
a deposition rate of 1C, the Pearson's r value for unalloyed
regions in the middle stages of the first step with respect to
alloyed regions in the middle stages of the second step, denoted
as S1m & S2m, was 0.631, indicating an acceptable correlation;
this is a reasonable result given the complementarity and rela-
tionship between the two alloying steps. The r values for the
alloying sites in the first step with respect to Li nucleation sites
(denoted as S1s & Li) and that for the alloying sites in the second
step with respect to Li nucleation sites (denoted as S2s & Li)
were 0.038 and 0.04, respectively. These values—which were less
than 0.5 and close to 0 without colocalization—indicated that Li
could nucleate randomly in any region outside the initial
alloying sites. Similarly, the values for the alloyed regions in the
middle stages of the first or second steps with respect to the Li
sites (denoted as S1m & Li and S2m & Li) were 0.037 and —0.032,
respectively; these factors remained unrelated. The values cor-
responding to the samples tested at deposition rates of 0.2C and
5C (Fig. S151) were consistent, indicating that Li was more likely
to nucleate in the middle area, and not in the area of the highest
or lowest nucleation barrier (Fig. 2D).

We speculate that the difference in stress level or thickness
of the SEI film could modulate the lithium alloying and depo-
sition process. The alloying sites of the second step correspond

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to the regions less prone to alloying sites of the first step. There
might be a tendency for lithium to nucleate under medium
stress/thickness conditions. Further investigation of the issue
could be a topic for future studies capable of characterizing
both the SEI and alloy film in detail simultaneously.

Electrochemical Li dealloying and cycling behavior with Au

To understand the causes of Au film rupture and the association
between cracked regions and nucleation sites, Li metal disso-
lution and dealloying were subsequently examined (Fig. 3A).
The corresponding galvanostatic curves in Fig. 3B were selected
to define the two steps. Typically, Li dendrites tend to dissolve at
their root because of the local current density, leading to
a decrease in CE. HIM images (Fig. 3F) indicated that the Li
dissolution generated pores in the Li-Au alloy. Obviously, the
dissolution of lithium in the first five images of the first
montage (Fig. 3A) occurred mainly at the top of the dendrites,
with little change in the roots. The formation of holes occurs
specifically at the stage of the last two images. Therefore, the
black dashed areas of Fig. 3A were comprehensively studied to
understand the pore formation. The pore of a single dendrite,
which appeared as bright and dark regions in the trans and epi
modes, respectively, was visualized (Fig. 3C and D); this feature
emerged at the center of the Li metal and expanded.

Five randomly selected regions and the entire area were
normalized by the area of the final pore (Fig. 3E), and the Li
metal dissolution and pore formation were found to be
heterogeneous over time. The evolutions of the selected five
single dendrites during Li metal dissolution and the evolution
of the pore size with time are shown in Fig. S16.7 The pore
emergence time exhibits slight variations, accompanied by
differing expansion rates. The distributions of the size of
dendrites and pores are shown in Fig. S17.1 It indicated that the
dissolution of dendrites could induce the formation of a void
first, ultimately leading to large pores. The cross-sectional areas
of single dendrites were mostly about 0.45 pum?, and Li disso-
lution and dealloying resulted in more micropores with an area
of less than 0.1 pm?.

A cell that was charged for 30 min and discharged to —1 V at
a current density of 0.5 mA cm™~> was used to accurately inves-
tigate the Au loss. Au mapping by energy-dispersive X-ray
spectroscopy (EDX) revealed the near absence of Au in the
region corresponding to the pores on the surface of the elec-
trode in the SEM image (Fig. 3G), indicating that the Au film was
etched by Li during the Li dissolution and dealloying. Notably,
the initial nucleation sites of Li metal destroyed the Au film. It
has been reported that the Au particles relocate at a different
interface during the charging/discharging process,® indicating
that Au could migrate into Li during Li deposition. Thermody-
namic preference was considered as the driving force for Ag
migrating into Li.”* We thus speculate that the same principle
applies to the Au-Li system.

Trans-mode captures of the Au film in the pristine state and
six states generated over three cycles were analyzed (Fig. 4A).
The morphology of the deposited Li metal inclined toward
dendrites with increased cycling because the alloy surface was
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Fig. 3 Li—Au dealloying and Li dissolution processes. (A) Montages of images acquired via trans-mode recording of Li metal dissolution (t = 0-
170 s, 34 s interval, Li metal for short, top) and Li—Au dealloying (t = 171-196 s, 5 s interval, step 1’ for short, bottom). The montages of each row
were normalized according to their intensity range. The reading order of all montages is from left to right. Scale bar, 5 um. (B) Galvanostatic curve
(left) of Au and mean intensity—time curve (right) obtained via trans-mode recording of Li dissolution at a current density of 0.5 mA cm~2. The
different colors represent distinct stages (orange, Li metal dissolution; purple, the first dealloying step). (C) Montages of images obtained via
trans-mode recording (t = 136-171s, 7 s-interval) of Li dendrites (top) and a representative single dendrite (bottom) in the dashed region shown
in (A) during Li metal dissolution. The reading order of all montages is from left to right. Scale bars, 5 um (top) and 1 pm (bottom). (D) Montages of
images obtained via epi-mode recording (t = 110.25-131.5 s, 4.25 s-interval) of Li dendrites (top) and a representative single dendrite during Li
metal dissolution. The trans- and epi-recordings were recorded separately from different experiments and different samples at the same
deposition and dissolution current density. The reading order of all montages is from left to right. Scale bars, 5 um (top) and 1 um (bottom). (E)
Area ratio—time curve of different regions in the boxed region shown in (C). (Area ratio refers to the area of a pore at a specific time divided by that
of the final pore.) (F) HIM image of the Au surface after Li deposition at a current density of 0.5 mA cm~2 and dissolution until —0.5 V, and the
magnified image of the red boxed region. Scale bars, 500 nm (left) and 200 nm (right). (G) Au mapping of the electrode surface by energy-
dispersive X-ray spectroscopy (EDX) after Li deposition at a current density of 0.5 mA cm™2 (30 min). Scale bars, 10 um (left) and 5 um (right).

gradually covered by the deposited Li layer. Moreover, the
deposition was not controlled by the alloy surface. The number
of pores on the electrode surface increased with cycling, as did
the total area of the pores, thereby impeding subsequent Li
deposition. The electrode surface became increasingly rough,
and the electrode expanded in volume (Fig. 4B). Furthermore,
the Li metal deposited around the preceding pores and its
nucleation sites were randomly distributed between the initially
alloyed regions during each cycle. The galvanostatic cycling
curves acquired over three cycles (Fig. 4C) indicated excessive
SEI formation in the first cycle, resulting in a low CE. However,
the SEI formation continued in the subsequent cycles owing to
the cracking and rupture of the SEI during dissolution.

Electrochemical Li alloying and dealloying behaviour with Ag

The method reported herein was applied to other alloy systems,
such as those featuring Ag, to verify its universality and further
understand the dynamics of heterogeneous alloying. To that
end, the trans-mode recordings were first separated into six
stages according to morphological evolution (Fig. 5A). Using the

3198 | Chem. Sci, 2024, 15, 3192-3202

respective galvanostatic current and time data, the time values
were converted into the Li content in the Li-Ag alloy (Fig. S187).
The Li-Ag binary phase diagram has indicated the existence of
three intermediate phases.” Like Li-Au, the initial spike in
voltage should be attributed to the formation of the SEI layer.
Two uniform darkening stages were observed, representing the
first and second alloying steps. Two further heterogeneous
developments were perceived as the third and fourth alloying
steps. Ultimately, no notable stagewise behaviour was detected,
and no further alloying steps can be observed in the corre-
sponding electrochemical curve, leading to the assumption that
the final stage was associated with the deposition of Li metal.
The dissimilarity in Li-Ag alloying” (4 steps) and Li-Au alloying
processes™ (2 steps) should be due to the different phase
evolution paths during the lithium alloying process.

In our experiment, we observed that after the fourth alloying
step, no obvious stratification was observed, which suggests
that Li and Ag might not further dissolve with each other. This
could be attributed to the limited dynamics of lithium diffusion
into the alloys, resulting in direct Li deposition on the surface

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the three cycles, respectively. Scale bar, 5 um. (B) Plots of the area ratio and pore count versus charging period for three cycles. (C) Galvanostatic
cycling curves at a current density of 0.5 mA cm™2. Del-De3 and Dil-Di3 represent electrochemical deposition and dissolution of the three

cycles, respectively.

rather than a uniform Li-Ag alloy film. Moreover, the
morphologies of the silver layer exhibit a large degree of simi-
larity after each dealloying process, which, we believe, can
hardly be maintained if silver continuously dissolves into
lithium (Fig. S191). Notably, Li-Ag did not exhibit a stable
plateau in its galvanostatic charging curve (Fig. 5B), unlike that
of Li-Au, presumably owing to differences in the Li-Au and Li-
Ag alloying mechanisms, which are the reconstitution reaction
and solid-solution reaction,” respectively.

The surface of the electrode produced a significant number
of pores during Li dissolution (Fig. 5D). To understand the
relationship between the pores and alloying, Pearson's r values
were determined for the regions in the middle stages of the
alloying steps and the porous areas (Fig. 5C). The coefficients
for the pores with respect to the alloyed or unalloyed regions in
the middle stages of the four steps were close to zero, implying
the lack of correlation between the alloying and pores. In terms
of the calculated colocalization between the different alloying
steps, the values for the unalloyed region were higher than
those for the alloyed zone; however, they did not exceed 0.5,
indicating the absence of a colocalization relationship between
these steps. In other words, the alloying steps of Li on the Ag
film surface were unrelated, unlike the complementary
phenomenon observed on the surface of Au. Additionally, the
pore area expanded with cycling, but the pore number did not

© 2024 The Author(s). Published by the Royal Society of Chemistry

increase, as evidenced by the trans-mode images acquired at the
end of three cycles. The total area of the pores increased and the
number of pores decreased with cycling, owing to the expansion
and subsequent aggregation of multiple holes (Fig. 5E). In the
epi-mode-derived images, the contrast worsened with Li depo-
sition, and the effect was not as evident as that in their trans-
mode counterparts (Fig. S191). The dissolution-induced pores
corresponded to areas with higher Li content from the end of
the first cycle. Moreover, the bottom of the electrode became
uneven in later cycles owing to Li extraction, resulting in
a thicker deposited Li layer with inferior contrast.

The difference between the Ag and Au films was that the Ag
film only expanded and extended over the pores formed after
the first cycle, whereas the Au film randomly formed new Li
nucleation sites and generated pores in each cycle. This was the
fundamental reason for the preservation and rupture of the Ag
and Au film structures, respectively; this finding is consistent
with the macroscopic observation in the literature.*” Li corroded
the surface of Li-Au and Li-Ag alloys; however, the final
outcomes of the Au and Ag films were different owing to the
inconsistency of the deposition sites and mechanism. Overall,
macroscopic phenomena and the microscopic nature of alloy-
ing and dealloying were closely associated using the method
reported herein. Additionally, Li alloying with an Ag film veri-
fied the universality of this method.

Chem. Sci., 2024, 15, 3192-3202 | 3199
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Fig. 5 Li—Ag alloying and cycling processes. (A) Montages of images acquired via trans-mode recording of six stages of Li deposition on Ag at
a current density of 0.5 mA cm~2. The montages from top to bottom are SEI formation (t = 0-10's, 2 s interval, SEI for short), the first, second,
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for short, respectively), and Li metal deposition (t = 218-718 s, 100 s interval, Li for short), respectively. The montages of each row were
normalized according to their intensity range. The reading order of all montages is from left to right. Scale bar, 5 pm. (B) Galvanostatic curve (left)
of Ag and the mean intensity—time curve (right) of the trans-mode recording during Li deposition at a current density of 0.5 mA cm™2. The
different colors represent the following distinct stages: SEl formation (orange); the first, second, third, and fourth alloying steps (purple, magenta,
blue, and green, respectively); and Li metal deposition (black). See also Fig. S18.1 (C) Heatmap visualization to enable comparisons between
different regions during the Li—Ag alloying. Each cell is colored by the corresponding Pearson's r value, and the four alloying steps are denoted as
S1,S2,S3, and S4. The upper left corner presents the coefficient of the unalloyed area in the different alloying steps and pore regions, whereas the
lower right corner shows the coefficient of the alloyed area in the different alloying steps and pore regions. (D) Trans-mode images of the Ag film
surface exhibiting three states during three cycles. The electrochemical deposition and dissolution are denoted as De and Di, respectively. Dil*—
Di3* represent the end of electrochemical dissolution of the three cycles, respectively. Scale bar, 5 pm. (E) Plots of the area ratio and pore count
versus the charging period during three cycles.

morphological and chemical evolution in studies of various
battery interfaces.

Conclusions

Spatiotemporally and chemically resolved “see-through” oper-
ando imaging studies on the electrochemical alloying/
dealloying and deposition/dissolution of lithium on gold and

Data availability

silver film electrodes were performed. The dynamic heteroge-
neity of Li-Au alloying and lithium deposition process was
observed, unveiling the unique phenomenon of a complemen-
tary two-step alloying evolution pathway and the consequent
regulation of Li nucleation sites. The number of Li nucleation
sites keeps increasing during the cycling process which could
lead to the electrode film fracture eventually. On the other side,
the Li-Ag reaction involved solid solution formation, resulting
in huge pore generation after multiple charging/discharging
processes. Clarifying the mechanisms governing Li alloying/
deposition on the surface of metal electrodes will be very
beneficial to resolve issues concerning battery performance.
Our method can be further utilized as a powerful tool for
elucidating the key parameters driving the dynamic
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