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The recent renaissance of lithium metal batteries as promising
energy storage devices calls for in operando monitoring and
control of electrochemical evolution of lithium metal morphol-
ogies. While the development of plasmonics has led to significant
advancement in real-time and ultrasensitive chemical and biolog-
ical sensing and surface-enhanced spectroscopies, alkali metals
featured by ideal free electron gas models have long been
regarded as promising plasmonic materials but seldom been
explored due to their high chemical reactivity. Here, we demon-
strate the in operando plasmonic monitoring of the electrochem-
ical evolution of lithium metal during battery cycling by taking
advantage of selective electrochemical deposition. The relation-
ships between the evolving morphologies of lithium metal and
in operando optical spectra are established both numerically and
experimentally: Ordered growth of lithium particles shows clear
size-dependent reflective dips due to hybrid surface plasmon res-
onances, while the formation of undesirable disordered lithium
dendrites exhibits a flat spectroscopic profile with pure suppres-
sion in reflection intensity. Under the in operando plasmonic mon-
itoring enabled by the microscopic morphology of metal, the
differences of lithium evolutionary behaviors with different elec-
trolytes can be conveniently identified without destruction. At the
intersection of energy storage and plasmonics, it is expected that
the ability to actively control and in operando plasmonically mon-
itor electrochemical evolution of lithiummetal can provide a prom-
ising platform for investigating lithium metal behavior during
electrochemical cycling under various working conditions.
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The lithium metal battery, which features the highest specific
capacity (3,860 mAh g−1) and the lowest electrochemical

potential (−3.04 V versus the standard hydrogen electrode) is
regarded as the most promising candidate for next-generation
energy storage devices (1). A fundamental understanding as
well as real-time monitoring and control of the electrochemical
evolution of reactive lithium metals are essential for the devel-
opment of lithium metal-based energy storage devices (1). One
of the most important issues is the formation of dendrites during
repeated cycling of lithium plating and stripping processes, which
not only severely decreases the coulombic efficiency and cycle
life, but also triggers serious safety hazards in the absence of
timely control (2). Although great efforts have been made to
suppress dendrite formation, such as artificial solid-electrolyte
interphase (3, 4), nanoscale interface engineering (5), stable
hosts for guided lithium deposition (6, 7), and new liquid elec-
trolytes and additives (8, 9), the dynamic behavior of lithium
metal during electrochemical cycling under drastically different
working conditions still remains largely elusive and cannot be
precisely monitored and/or controlled. Therefore, there have
been great efforts to develop in operando tools to provide real-
time information about the dynamics of lithium metal in a real
working environment. However, the progress is rather limited
because of the high chemical reactivity and weak atomic bonding

of lithium, which make it a weak scatterer for electrons and X-
rays (10, 11). Therefore, an in operando, nondestructive, and
label-free technique is urgently required to provide a holistic
monitoring of the dynamic morphological evolution of lithium
metal. Alternatively, plasmonics arising from collective oscilla-
tions of the free electron gas density has been widely used for
nondestructive, real-time, and sensitive chemical and biological
detection (12–15) after decades of development. Alkali metals
such as lithium and sodium with free electron gas behavior have
long been theoretically predicted as promising plasmonic mate-
rials (16, 17) but have seldom been explored, primarily due to
their high chemical reactivity (18).
Here, we demonstrate the in operando plasmonic monitoring

of the electrochemical evolution of lithium metal during battery
cycling by nondestructive real-time optical spectroscopies. The
correlation between the spectroscopic features and the evolu-
tionary morphologies of lithium metal is established both nu-
merically and experimentally: The ordered deposition and growth
of lithium particles exhibits discrete particle size-dependent plas-
monic resonances in reflective spectra, whereas the undesirable
formation of disordered dendrites exhibits a broadband antire-
flection feature with only mere intensity modulation due to ran-
dom structure-featured plasmonic light trapping. The significant
difference in the optical spectroscopies makes our platform
powerful for the real-time monitoring of the evolution of
lithium metal morphology and the detection of emergent
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lithium dendrites under various working conditions of battery
operations.
Fig. 1 shows the plasmonic monitoring platform of lithium

metal evolution by electrochemical reactions. The platform
contains a planar battery (19) integrated with a reflection-mode
optical microscope and an electrochemical control system (Fig.
1A). This planar battery is composed of ordered silver electrodes
decorated on a tungsten metal film substrate, the lithium source
(LiFePO4), and liquid electrolyte (see Methods for detailed
fabrication processes). As schematically illustrated in Fig. 1A, the
ordered silver electrodes (20) on tungsten film are finely
designed for selective deposition of lithium metal (SI Appendix,
section 1), leading to effective monitoring of lithium evolution
with high optical contrast. Lithium ions can be extracted from
the LiFePO4 cathode by applying a certain electrical current; the
ions then move toward the anode, selectively nucleate from the
ordered silver electrodes to alloy with silver first, and are finally
reduced to lithium metal. The reversible electrochemical reac-
tions ensure repeatable lithium plating and stripping processes,
which enable the morphological evolution of deposited lithium
metal. Affected by various factors such as interfacial chemistry
and local current distributions, etc., lithium metal deposition will
primarily evolve into two different pathways during battery op-
erations. One is the ideal (normal) pathway for long-time sta-
bilized battery operation, in which lithium metal tends to
selectively nucleate on silver seeds more regularly to form periodic
lithium particles with gradual size increases over the deposition
time. The other is the nonideal (abnormal) pathway in which the
undesirable formation of lithium dendrites is commonly triggered
by uncertain fluctuations of chemical and/or electrical conditions.
Once dendrites form, the deposited lithium will evolve much
faster and more wildly, as indicated by the morphology of random
lithium dendritic structures (Fig. 1B, Lower).
We first established the relationship between the lithium

metal morphology and the optical spectrum by numerical cal-
culations (Fig. 1C). The normally deposited lithium is modeled
as graphite-arranged periodic hemispheres, while the lithium
dendrites are modeled as random nanorods with random aspect
ratios and orientations (see Methods for detailed optical mod-
eling). For the normal lithium morphology (Fig. 1B, Upper),

there are at least two types of optical modes: the localized sur-
face plasmon (LSP), related to the isolated lithium particles; and
Wood’s anomaly (WA), related to the periodic geometry (SI
Appendix, section 2). The periodic silver seeds serve as the initial
state of the deposition process. As depicted in Fig. 1C, the ref-
erenced reflectance spectrum of the silver pattern (black solid
line) shows a high intensity with unnoticeable plasmonic modes
from 400 to 1600 nm. The rather weak optical modes of the silver
seeds are primarily due to the significant impact from the unique
tungsten film substrate, beneficial for the spectroscopic identi-
fication of lithium structure. But the WA modes of silver pattern,
theoretically determined by the formula λWA = 2πnd/Gmn (21,
22), can still be identified from the reflection spectrum of that
without tungsten film (SI Appendix, Fig. S5A). Here, nd is the
refractive index of the dielectric medium [nd = 1.42 is used for
the electrolyte of 1.0 M LiPF6 in 1:1 vol/vol ethylene carbonate/
diethyl carbonate with 2 wt % vinylene carbonate (23)], Gmn =
ð4π=3aÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2 + n2 +mn
p

is the reciprocal vector provided by the
metal surface, and a = 577 nm is the nearest space between
adjacent silver seeds. After a short time of electrochemical de-
position, the ideal or nonideal states of the evolved metal will
exhibit different optical responses originating from the different
morphologies in Fig. 1B, as illustrated in Fig. 1C. Under the
normal operating conditions, the deposited lithium particles
grow gradually, and the LSP modes of lithium particles exhibit
red-shift with the increment of lithium particle diameter (SI
Appendix, Figs. S2–S4), which revive the rather weak optical
modes of silver triangles and enable remarkable reflection dips
(Fig. 1C, Upper) as LSP modes approaching to WA modes. As
the diameter of lithium particles increases from 200 to 350 nm
(with respect to the increase of deposition time), λLSP shows
controllable evolution from ∼800 to 1200 nm. Note that the
pronounced asymmetric profiles at ∼800 and 1200 nm can be
ascribed to the hybridizations of the LSP and WA, with amplified
LSP observed around WA1,0 at ∼1230 nm and WA1,1 at ∼710 nm.
A more systematically calculated mode–morphology correla-
tion has been conducted as well (SI Appendix, Figs. S7 and S8),
the significant spectroscopic amplification of which makes it ideal
for the effective in operando plasmon detection of normal-
deposited lithium metal. In contrast, the optical evolution of the

Fig. 1. In operando plasmonic monitoring of lithium morphological evolution in a battery. (A) Schematic of a planar battery device and in operando re-
flectance spectra measurement of the morphological evolution of lithium metal during electrochemical cycling. (B) Two pathways of lithium morphological
evolution: growth of periodic lithium particle arrays (Upper) and formation of random lithium dendrites (Lower). (C) Simulated reflectance spectra of the two
representative lithium morphological evolution pathways: growth of lithium hemisphere arrays (Upper) and formation of lithium dendrites (Lower). The
arrows indicate the optical evolution tendency during lithium deposition.
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abnormal dendrite formation is quite different (Fig. 1C, Lower).
The broadband antireflection (flat spectra) can be observed to
have drastically attenuated reflectance (<10%), which stems from
plasmonic light trapping by light scattering and coupling (24–27),
as widely reported in the random particle-based broadband plas-
monic absorbers (28, 29). This distinct difference of optical modes
(instead of mere variation of intensity) between periodically con-
trollable normal-lithium particles and random dendrites forms the
basis of plasmonic monitoring of the morphological evolution of
lithium metal during electrochemical cycling.
We then demonstrated the validity of the established corre-

lation experimentally under ex situ conditions. The selective
electrodes (20) (periodic silver triangles in Fig. 1A) were fabri-
cated by angle-resolved nanosphere lithography (30, 31) in three
steps: (i) closely packing a monolayer of SiO2 spheres with a
diameter of 1 μm (Fig. 2A), (ii) physically depositing silver, and
(iii) removing the SiO2 template by sonication. Fig. 2B depicts
that the selective silver electrodes obtained have good period-
icity. We then assembled the battery in Fig. 1A and operated it
under different external fields. The electrochemical conditions
for Fig. 2 C and D are 0.03 mA for 5 min and 1 mA for 2 min,
respectively. Subsequently, two typical morphologies of lithium
metal were observed (Fig. 2 C and D). Both the nanoparticles
and dendrites produced in the experiment resemble the primary
features modeled in Fig. 1B. The finite distortions of lithium
particle shapes may result from the transient exposure to ambi-
ent atmosphere during the sample transfer process and electron
beam irradiation in the scanning electron microscope chamber.
Fig. 2E shows the measured spectra of the two samples, in-
dicating good agreement with the respective calculated curves in
Fig. 1C.
To further demonstrate the relationship between the optical

spectra and lithium morphology, we measured the reflectance
spectra during the lithium deposition process (Fig. 3). Two
representative electrical currents (I = 0.03 and 1 mA) were ap-
plied to induce the two different evolution pathways: lithium
particle growth and lithium dendrite formation, respectively. For
the case I = 0.03 mA, the in operando reflection spectra were
measured as shown in Fig. 3A. At the initial time of deposition
(t = 0 s), the measured spectrum was flat from 400 to 1600 nm.
During the process of electrochemical lithium deposition, the
overall intensity of reflectance decreased gradually, and a clear
dip at ∼800 nm was developed at t = 8 min. In addition, further

deposition resulted in an additional dip at ∼1200 nm emerging at
t = 18 min, which agrees with the tendency of the numerical
model. The reflectance at λ = 1225 nm in Fig. 3A was extracted
and is plotted versus time after normalization in Fig. 3C, which
demonstrates the relatively slow and gentle evolution process
during lithium particle growth. To further identify the ordered
morphology of the lithium particles, we removed the current,
disassembled the planar cell once the plasmonic modes (λp =
800 and 1200 nm) were identified, and examined the morphol-
ogy under SEM, as illustrated in Fig. 3 E and G, respectively.
It was confirmed that lithium tends to nucleate as discrete
nanoparticles on silver triangles and that the average size was
∼190 and 370 nm, as suggested in Fig. 1B. More measured
morphology-dependent reflection spectra are shown in SI Ap-
pendix, section 3. By subtracting both simulated and measured
diameter-dependent optical modes (SI Appendix, Fig. S8), one
can safely establish the quantitative morphology–spectrum re-
lationship of normally deposited lithium, as depicted in the red
line of Fig. 3C. Similar in operando optical measurements of
lithium dendrite formation were performed with I = 1 mA. The
measured reflectance spectrum remains flat in the range of 400
to 1600 nm. In addition, the reflectance decreased drastically to
∼10% at t = 5 s and remained stable (∼5%) after t = 45 s (Fig.
3B). To study the drastic transition, in operando spectra in a
narrower wavelength range (1100 to 1300 nm) were measured
(SI Appendix, Fig. S12). Compared with that of ordered particles,
the evolution of normalized reflectance at λ = 1225 nm of lith-
ium dendrites over time is plotted in Fig. 3D, which indicates the
rapid dendrite growth process and is notably different from Fig.
3C. The SEM images of the evolved dendrites at t = 5 s and 85 s
are presented in Fig. 3 F and H, respectively, resembling the
main features predicted in Fig. 1. To further address the ne-
cessity of periodic silver pattern as electrodes, we performed the
same in situ reflection measurements during lithium deposition
with two substrates without periodic silver pattern (bare tungsten
and random silver/tungsten substrate). Because of the random
deposition site-dominated features, both cases possess almost
flat spectra and similar intensity evolution profiles for both
normal and abnormal lithium states, making them difficult for
fast identification during in operando monitoring (SI Appendix,
Fig. S11).
To further explore the plasmonic monitoring of the cycling

performance, we also investigated the in operando optical

Fig. 2. SEM images at each step of fabrication and of two different lithium morphologies and ex situ reflectance measurements. (A and B) Detailed fab-
rication processes on the patterned electrodes for selective lithium deposition: SEM images of a closely packed monolayer of SiO2 spheres with a diameter of
1 μm (A) and of silver triangles in a graphite-like arrangement (B). (C and D) Typical SEM images of the two representative lithium morphologies schematically
illustrated in Fig. 1B: periodic array of lithium hemispheres (C) and random lithium dendrites (D). (E) Measured reflectance spectra of the two representative
lithium morphologies in C and D: lithium hemispheres (Upper) and dendrites (Lower).
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measurements of lithium deposition and stripping behaviors in a
full electrochemical cycle of battery operation. Under the op-
erating condition I = 0.03 mA, the reflection spectra of the
structures during deposition (total deposition time of 15 min)
and stripping are demonstrated in Fig. 4 A and B, respectively.
It is evidenced that the typical plasmonic features of periodic

lithium particles are well maintained in the in operando-
measured spectra during both electrochemical cycling pro-
cesses. The finite decrease in reflectance after the full cycle
compared with the initial state can be ascribed to the solid-
electrolyte interphase on the lithium metal surface (32). While
under the operating condition I = 1 mA, the cycling of dendrites

Fig. 3. In operando characterization of different pathways of lithium evolution. (A and B) In operando optical reflectance monitoring of the two repre-
sentative lithium evolution pathways over time during electrochemical lithium deposition: growth of patterned lithium hemispheres (A) and formation of
random dendrites (B). The dashed lines indicate the evolution tendency over time during lithium deposition. (C and D) Evolution of normalized reflectance at
the wavelength of 1225 nm over the electrochemical deposition time of patterned lithium hemispheres (C) and random dendrites (D). The dashed line in C
represents the voltage drop process until the deposition potential of lithium metal is reached. The red color in C represents the measured lithium particle
diameter and corresponding dip in reflection spectra. (E and G) Typical SEM images of lithium morphologies indicating the two essential plasmonic modes,
λp, observed at ∼800 nm (E ) and ∼1200 nm (G). (F and H) SEM images of lithium dendrite morphology at the beginning and end of lithium deposition,
respectively.

Fig. 4. In operando optical characterization of full electrochemical cycling and lithium dendrite detection. (A–D) In operando optical reflectance monitoring
of the electrochemical evolution of patterned lithium hemispheres (A and B) and lithium dendrites (C and D) during lithium deposition (A and C) and
stripping (B and D) with different applied electrical currents: I = 0.03 mA (A and B), I = 1 mA (C), and I = 0.1 mA (D). The total deposition time of lithium is 15
min for A and 2 min for C. (E and F) In operando lithium dendrite detection by real-time optical reflectance spectral monitoring: the applied current, I, as a
function of time (E), and in operando reflectance spectra of the electrochemically tuned planar battery (F).
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exhibits a very different spectroscopic feature. As shown in Fig.
4C, the measured reflectance decreased abruptly (R < 10%)
during lithium deposition (total deposition time of 2 min).
Moreover, the reflectance was irreversible in the stripping pro-
cess, even though operating at I = 0.1 mA (0.1 times the de-
position current) for more lithium extraction (Fig. 4D), which is
due to the side effects of lithium dendrites, such as the formation
of dead lithium, lowering the coulombic efficiency (6).
Thus far, we have demonstrated that the pronounced dis-

crepancy in the optical spectra between the ideal and nonideal
morphologies can be used for in operando monitoring of lithium
metal dynamics and for detecting the emerging formation of
dendrites. To examine the detectability of dendrite formation
during battery operations in a finite time span, we used a lower
galvanostatic current (I = 0.03 mA) for the nucleation and
growth of particles, followed by a higher current of I = 1 mA to
accelerate the growth of the dendrites after t = 8 min (Fig. 4E).
The spectroscopic features changed drastically in the real-time
spectra at t = 8 min (Fig. 4F), indicating the formation of lithium
dendrites between t = 8 min and t = 8.5 min, which confirmed the
validity of the proposed plasmonic monitoring for real-time de-
tection of dendrite formation in lithium metal batteries.
This in operando plasmonic monitoring platform can be used

to monitor and effectively evaluate dynamic lithium deposition
behaviors under various working conditions during real-time
electrochemical operations. For example, electrolyte compo-
nents, especially additives, have been heavily investigated to
improve the electrochemical performance of lithium metal an-
odes (19, 33). However, most if not all of the previous studies
have relied on ex situ characterizations, which cannot provide
direct evidence and feedback. This in operando and non-
destructive characterization method can provide a direct and
real-time observation of whether the electrolyte can suppress
dendrite formation, which is of vital importance for rapid elec-
trolyte design and development. As an example of demonstra-
tion, three typical electrolytes commonly used in lithium metal
batteries were selected for comparing the lithium metal behav-
iors under various applied electrical currents: (i) 1.0 M LiPF6 in
1:1 vol/vol diethyl carbonate/ethylene carbonate with 2 wt %
vinylene carbonate (designated LiPF6); (ii) 1.0 M lithium bis
(trifluoromethylsulfonyl)imide (LiTFSI) in 1:1 vol/vol 1,3-diox-
olane (DOL)/1,2-dimethoxyethane (DME) (designated LiTFSI);
and (iii) 1.0 M LiTFSI in 1:1 vol/vol DOL/DME with 1.0%
LiNO3 (designated LiTFSI + LiNO3). As shown in Fig. 5A, in

the battery using the electrolyte system of LiPF6, the reflectance
spectrum with a clear dip at ∼800 nm was developed at a current
of 0.1 mA, which indicates the ordered growth mode of lithium
particles. As the applied current increased to 1 mA and 3 mA,
the reflectance spectrums became flat with much suppressed
reflectance, which is a clear indication of lithium dendrite for-
mation (SI Appendix, Fig. S13). In the battery operated with
LiTFSI, common for sulfur/lithium metal batteries (Fig. 5B), as
the applied current increased from 0.1 mA to 3 mA, the in
operando reflectance shows an evolution tendency similar to that
of the LiPF6 system. Lithium dendrite is formed at more than
1 mA, which is consistent with SEM images in SI Appendix, Fig.
S14. For comparison, 1 wt % LiNO3 was added to 1 M LiTFSI in
DOL/DME (1:1 vol/vol) (Fig. 5C). LiNO3 is frequently used as a
shuttle-effect inhibitor and helps to improve the passivation and
surface chemistry of the lithium metal surface (34–36). It is clear
that the evolution of lithium metal in this system significantly
differs from the two previous instances. The in operando re-
flectance shows a clear dip at 0.1, 1, and even 3 mA. SEM images
at three applied current conditions confirm that lithium particles
nucleate (SI Appendix, Fig. S15) with uniform and smooth
morphologies and that dendrites are prevented, even at 3 mA.
The distinct lithium evolution behaviors that the reflectance
spectra revealed with different electrolyte systems demonstrate
the accuracy, practicability, and multifunctionality of our in
operando plasmonic monitoring platform.
In summary, we developed an in operando plasmonic moni-

toring technology that is able to quantitatively and rapidly ana-
lyze the morphology evolution of lithium metal under various
operation and electrolyte conditions. Two different pathways of
lithium metal morphology evolution can be identified by this
developed nondestructive optical spectroscopy technology. It is
expected that this technology can serve as a transformative
platform for investigating lithium morphology during electro-
chemical operations. The technology of plasmonic monitoring
may also help to speed up electrolyte design and development
because of its facile and real-time advantages.

Methods
Fabrication of the Planar Lithium Metal Battery. The lithium source, deposited
electrodes, and transparent electrolytes are the three essential components
of a typical planar battery. To construct our planar battery, we employed
LiFePO4 as the lithium source, a tungsten film patterned with silver triangle
arrays as the selective lithium deposition electrodes, and a liquid electrolyte
(1.0 M LiPF6 in 1:1 vol/vol ethylene carbonate/diethyl carbonate with 2 wt %

Fig. 5. In operando optical characterization and comparison of three different electrolyte systems. In operando optical reflectance of electrochemical lithium
deposition behavior in electrolyte of 1.0 M LiPF6 in 1:1 vol/vol diethyl carbonate/ethylene carbonate with 2 wt % vinylene carbonate (A), 1.0 M LiTFSI in
1:1 vol/vol DOL/DME (B), and 1.0 M LiTFSI in 1:1 vol/vol DOL/DME with 1.0% LiNO3 (C) at varied currents.
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vinylene carbonate; Zhangjiagang Guotai-Huarong New Chemical Materials Co.).
The silver-patterned tungsten electrode was obtained in three steps: a tungsten
film with a thickness of ∼100 nm was deposited on a SiO2 wafer (thickness
∼1 mm) through physical vapor deposition (PVD) (Gatan 682 system). After that,
a close-packed monolayer of SiO2 spheres (diameter of 1 μm; Alfa Aesar) was
spread on the top of the tungsten film by spin-coating SiO2 solution [30% SiO2

particles in ethanol/ethylene glycol (35 vol % each)] at a rotation speed of
5,000 rpm (37). The obtained SiO2 monolayer was then used as the template for
forming silver triangle arrays through PVD of a silver film (20 nm). The SiO2

particles were removed by sonication. The silver pattern is on one side of the
SiO2 substrate, and a piece of LiFePO4 conducted out by copper tape was put on
the other side of the SiO2 substrate. Two electrodes were entirely covered by
another piece of SiO2 substrate and sealed by epoxy resin with a hole left to fill
with electrolyte. The device was then transferred into a glove box filled with
argon gas, followed by the addition of electrolyte to fill the region between the
silver triangle arrays and LiFePO4. Lastly, the whole battery was sealed by
epoxy resin.

In Operando Optical Measurement. A system based on a microspectropho-
tometer (microscope objectives with 10× magnifications, PV20/30 from
CRAIC Technologies) was employed to acquire the reflection spectra at a
fixed test position (nearest area to the LiFePO4 electrode), with the tungsten
film soaked in electrolyte as the reference. The variation of relative re-
flectance is due to the different electrolyte thickness. At the same time, an
electrochemical workstation (Biologic SP-20) was used to control the lithium
deposition/stripping through galvanostatic cycling and to measure the time-
dependent potentials.

Morphology Characterization. The morphologies and structures during the
fabrication processes and lithium deposition were characterized by SEM
(Dual-Beam FIB 235; FEI Strata). During ex situ characterization of the lithium
morphology, the battery was opened in the argon glove box after lithium
deposition and optical reflectance measurement, after which the electrode
was rinsed with fresh diethyl carbonate and dried. Electrodes were mounted
onto SEM stages and sealed in argon-filled transfer vessels for immediate SEM
observation.

Numerical Simulation. The calculated reflectance spectra were performed by
the finite-difference time-domain method (Lumerical FDTD Solutions V8.6). A
broadband plane wave excitation (400 to 1600 nm) and periodic boundary
conditions were applied to the modeled structure. Field and power monitors
were used to collect the reflected signals and the in-plane field distributions
of the structure. Throughout the entire simulation, periodic lithium particles
and random lithium dendrites were modeled for the two observed repre-
sentative evolution morphologies. To simulate the periodic lithium particles,
the lithiumhemispheres, togetherwith the underlying silver triangle particles
arranged in a graphitelike structure (the nearest particle distance, or the
lateral period, was 577 nm), were used according to the experimental process.
The irregular silver triangle geometry was generated by a uniform silver film
subtracted from a close-packed air nanorod array (1000 nm in diameter). The
silver triangle array and the underlying tungsten film, which are located on
the quartz substrate, are 20 and 100 nm thick, respectively. The diameter of
the lithium hemispherewas time dependent and determined by the observed
ex situ state. To simulate the random lithium dendrite structure, the overall
layered geometry was the same, except that the periodic lithium hemispheres
were replaced by random lithium nanorods (simulated building blocks for
dendrites). To simulate the original situation of lithium dendrites, the bottom
position of a lithium dendrite with a diameter of 0.2 ± 0.07 μm, a length of
1 ± 0.3 μm, and a random orientation was fixed on each top of a silver tri-
angle (refer to the SEM morphology in Fig. 2D). To simulate the observed
lithium dendrite morphology, up to 200 lithium nanorods with random
positions, sizes, and orientations were added in a much larger simulation
region (3 × 3.46 μm). All of the material parameters of lithium, silver,
tungsten, and SiO2 originate from the Palik data (38). The background re-
fractive index of the simulated region is set at 1.42 with regard to the
representative liquid electrolyte (23).
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