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The growing demands for high-energy density electrical energy storage devices stim-
ulate the coupling of conversion-type cathodes and lithium (Li) metal anodes. While
promising, the use of these “Li-free” cathodes brings new challenges to the Li anode
interface, as Li needs to be dissolved first during cell operation. In this study, we have
achieved a direct visualization and comprehensive analysis of the dynamic evolution of
the Li interface. The critical metrics of the interfacial resistance, Li growth, and solid
electrolyte interface (SEI) distribution during the initial dissolution/deposition pro-
cesses were systematically investigated by employing multidimensional analysis meth-
ods. They include three-electrode impedance tests, in situ atomic force microscopy,
scanning electrochemical microscopy, and cryogenic scanning transmission electron
microscopy. The high-resolution imaging and real-time observations show that a loose,
diffuse, and unevenly distributed SEI is formed during the initial dissolution process.
This leads to the dramatically fast growth of Li during the subsequent deposition, devi-
ating from FicK’s law, which exacerbates the interfacial impedance. The compactness of
the interfacial structure and enrichment of electrolyte species at the surface during the
initial deposition play critical roles in the long-term stability of Li anodes, as revealed
by operando confocal Raman spectroscopic mapping. Our observations relate to ion
transfer, morphological and structural evolution, and Li (de)solvation at Li interfaces,
revealing the underlying pathways influenced by the initial dissolution process, which
promotes a reconsideration of anode investigations and effective protection strategies.
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Carbon neutrality has become a global imperative to combat the climate crisis. Achieving
this will require more aggressive measures to dramatically cut greenhouse gas emissions
and transition to clean energy sources. Numerous efforts have been devoted to developing
new electrical energy storage devices/technologies to surpass the limits of Li-ion batteries
(1, 2). Lithium metal batteries represent promising candidates due to their highly negative
potential (-3.04 V vs. standard hydrogen electrode) and exceptionally high theoretical
specific capacity (3,856 Ah kg™') of the Li anode; a value that is over 10 times that of the
graphite anode found in current Li-ion technologies (3, 4). When considering alternative
cathode materials, efforts have gradually shifted from Li-containing cathodes (such as
LiFePO, and LiNiCoMnO,) to high-energy density “Li-free” cathodes (such as sulfur and
oxygen) that are based on conversion mechanisms (5). This brings new challenges related
to the dynamic evolution and interfacial reactions at the surface of the Li electrode. Pairing
a Li metal anode with a Li-free cathode implies that such batteries are assembled in the
charged state. During battery discharge, the dissolution of Li metal occurs. This process
releases Li ions that migrate to the cathode to facilitate the conversion reactions (6, 7). The
initial dissolution (I-Dis) process is critical and significantly influences many important
metrics of the interfacial performance at the Li metal anode in subsequent cycles, such as
the ion transfer rate, morphological uniformity, conductivity distribution, etc.

Li undergoes repeated dissolution and deposition cycles during cell operation. The
reversibility of Li dissolution/deposition processes and the interfacial roughness are highly
dependent on the homogeneity and distribution of the solid interfacial interface (SEI)
which forms on the surface of the bulk Li via chemical/electrochemical reactions between
the Li metal and electrolyte components. The microstructures at the Li/SEI and SEI/
electrolyte interfaces, and the ionic resistance and transport inside the SEI play key roles
in the morphological evolution during Li deposition/dissolution (8—11). A defect free,
smooth Li surface, coupled with a homogeneous SEI (ideally ionically conducting but
electrically insulating) is the prerequisite for uniform Li growth. In addition, Li ion sol-
vation structures and the dynamic (de)solvation processes upon cycling can significantly
affect ion interactions in the electrolyte and electrochemical reactions at the interfaces.
These processes have attracted increasing attention in recent years in an effort to relate
their effects to electrode performance (12, 13).
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Significance

We present a systematic
investigation of the dynamic
evolution of Li interfaces via
operando visualization tools.

In situ AFM and SECM enable
mapping the morphological
evolution of the Li metal and the
SEl during the initial deposition/
dissolution processes. They show
dramatically fast Li growth and a
nonuniformly distributed SEI
when Liis initially dissolved,
causing a significant interfacial
impedance and cycling
deterioration in subsequent
cycles. Employing operando
confocal Raman mapping, we
found that the real-time
decomposition of salt anions and
the release of solvent fragments
during the initial deposition are
key to stabilizing the interface,
likely via stable SEI formation.
Our results provide fundamental
insights into Li dissolution/
deposition dynamics and the
development of operando
visualization for advanced
electrical energy storage devices.

Author contributions: S.L. and H.D.A. designed research;
S.L, M.C,, and M.R.K. performed research; S.L., M.C,,
M.R.K,, J.S., LLF.K, and RW. contributed new reagents/
analytic tools; S.L., M.C., M.RK., L.FK., RW., and H.D.A.
analyzed data; and S.L., M.C,, L.F.K., and H.D.A. wrote the
paper.

Reviewers: J.R.-L., University of Illinois Urbana-
Champaign; and K.S., California Institute of Technology.
The authors declare no competing interest.

Copyright © 2023 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
ruiwen@iccas.ac.cn or hdal@cornell.edu.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2220419120/-/DCSupplemental.

Published February 7, 2023.

10of 11


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ruiwen@iccas.ac.cn
mailto:hda1@cornell.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2220419120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2220419120/-/DCSupplemental
https://orcid.org/0000-0002-2571-8954
http://orcid.org/0000-0002-1303-1362
mailto:
mailto:
https://orcid.org/0000-0002-3948-356X
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2220419120&domain=pdf&date_stamp=2023-2-7

Downloaded from https://www.pnas.org by CORNELL UNIVERSITY E-RESOURCES AND SERIALS MANAGEMENT on February 14, 2023 from IP address 128.253.144.187.

2of 11

The utilization of Li-free cathodes has added new challenges
regarding interfacial stability and performance at the Li anode due
to the I-Dis process. Using three-electrode cells, Kasemchainan
et al. separated deposition from dissolution processes at the Li/solid
electrolyte interfaces, underscoring that the larger polarization dur-
ing dissolution plays a dominant role in triggering dendrite forma-
tion upon subsequent deposition (14). The asymmetry in the
voltage profiles between initial deposition (I-Dep) and dissolution
cases is closely linked to the full-life cycling performance of the Li
metal anode (15-17). Recent studies have reported that pitting
phenomena frequently occur on multiple sites during Li dissolu-
tion, which can degrade the morphological uniformity and exac-
erbate polarization losses (18-21). Thorough and comprehensive
insights into the dynamics of the Li dissolution process require the
use of operando methods in order to 1) visualize the interface(s)
inside working cells, 2) elucidate how pits, dendrites, SEI, species
in solution, and Li solvated structures evolve, and 3) establish the
differences under different deposition and dissolution sequences.
This is necessary to identify performance limiting processes and
develop solutions that will enable the transition to Li-free cathode
materials.

In this study, using Li-S cells as a model system, we inves-
tigate the differences in the Li interfaces during dissolution
and deposition processes, through complementary characteri-
zation methods including electrochemical impedance spectros-
copy (EIS), in situ atomic force microscopy (AFM), scanning
electrochemical microscopy (SECM), cryogenic scanning
transmission electron microscopy (cryo-STEM), electron ener-
gy-loss spectroscopy (EELS), and operando confocal Raman
imaging. The use of three-electrode cells enables decoupling
the contributions from individual electrodes. It was found that
the overall resistance in Li-S batteries is predominantly con-
trolled by the Li metal anode. The interface present during the
[-Dis process exhibits larger and unevenly distributed interfa-
cial resistances, compared with the I-Dep one, which continues
to influence the subsequent deposition/dissolution processes.
Morphological evolution was monitored for both cases using
in situ AFM. Rapid dendritic Li growth was observed after the
first dissolution process, accompanied by a fast increase of the
interfacial roughness and possible breaks of the SEI. SECM
enables mapping the compactness and distribution of the SEI,
providing direct evidence that the SEI exhibits a higher elec-
tronic conductivity and reduced uniformity when Li is first
dissolved. A more compact and evenly distributed SEI is
formed during the I-Dep as indicated by cryo-STEM EELS.
Additionally, the evolution of different electrolyte species that
react with Li during I-Dep and I-Dis were visualized in real
time by operando Raman imaging. The increased concentration
of the Li salt and solvent fragments near the Li electrode surface
during the I-Dep process play key roles in the interfacial reg-
ulation, enabling a stable and uniform interface formation for
subsequent cycles. In contrast, it is much more difficult to
modify the interface during the I-Dis process, which illustrates
the underlying reasons for the rough and heterogeneous inter-
face when Li is first dissolved. This emphasizes the importance
of interfacial stabilization during the initial Li dissolution pro-
cess. By combining multidimensional characterization tech-
niques, we have achieved a detailed understanding of the Li
interfaces undergoing different deposition/dissolution pro-
cesses. These could, in turn, systematically provide insights into
the interfacial mechanisms of the resistance and morphological
evolution, SEI distribution, electrolyte decomposition, and Li
solvation processes, providing fresh impetus to reconsider
anode protection during the dissolution process.

https://doi.org/10.1073/pnas.2220419120

Results and Discussion

Identifying Impedance Contributions Using Three-Electrode
Cells. In an effort to separate the contributions of the Li metal
anode from overall interfacial processes inside Li-S batteries,
a three-electrode cell was employed where the current passes
between the working electrode (WE) and counter electrode (CE),
while the potential changes of the WE and CE are measured with
respect to a reference electrode (RE). Fig. 14 presents a schematic
illustration of the three-electrode cell setup. A homogeneous
slurry of sulfur: polyvinylidene fluoride: super P (8:1:1) coated
onto carbon paper was employed as the WE. Li foil was used as
CE and RE. 1.0 M lithium bis(trifluoromethanesulfonyl)imide
(LiTESI) in 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME)
(1:1) was used as the supporting electrolyte. A cyclic voltammetric
(CV) profile performed in the three-electrode cell is shown in
SI Appendix, Fig. S1.

EIS measures the faradic impedance to a small amplitude sinu-
soidal voltage excitation as a function of excitation frequency.
From an analysis of the real and imaginary impedance components
one can extract the heterogeneous charge transfer parameters
allowing quantification of complex interfacial phenomena. Fig. 1B
displays the Nyquist plots of the S/electrolyte and Li/electrolyte
interfaces during the first cycle in a three-electrode cell. Nyquist
plots of the C/Li,S; electrolyte interfaces are shown in ST Appendix,
Fig. S2. These indicate that the separation of the semicircles at the
S interface (Fig. 1 B, Lef?) can be related to the deposition of
sulfide species. The technique of distribution of relaxation times
(DRT) was used to transform the frequency domain-based
Nyquist plots into time domain-based DRT spectra, with the aim
of distinguishing/separating the specific electrochemical processes
(Fig. 1C) (22, 23). In the spectra obtained for the S electrode,
three major peaks located in the 107, 107, and 10-s regions were
observed. These can be roughly attributed to the solution resist-
ance, charge transfer at the C/electrolyte interface, and charge
transfer at the S/electrolyte interface, respectively. SI Appendix,
Fig. S3 shows the schematics of the S and Li interfaces. The split
of the peak in the 1- to 10-s region during the discharge process
is due to the lithiation of S, corresponding to the increase of the
second semicircle (the one at low frequency) in the Nyquist plot.

In comparison, the DRT spectra of the Li electrode exhibit a
much more complex impedance distribution with larger values.
The evident split and resistance increase in the peaks in the regions
of 107 t0 107 s and 107 to 10 s indirectly reflect the heteroge-
neity of the interfacial morphology, conductivity and SEI distri-
bution at Li interfaces during the discharge/charge reactions. We
further employed equivalent circuits to analyze the impedance
evolution at the two electrodes (S Appendix, Fig. S4). The values
of the resistances at the S and Li interfaces are shown in Fig. 1D,
with Ry, R,, and R representing the solution resistance and charge
transfer resistances at the conductive agent/electrolyte and the
deposited product/electrolyte interfaces, respectively. In the Li
case, R, and R; are combined to represent the resistances at the
Li and SEl/electrolyte interfaces. The results are consistent with
the DRT analysis, which exhibits larger values of interfacial resist-
ances at the Li metal, revealing that the major contribution to the
overall cell resistance and interfacial heterogeneity comes from the
Li/electrolyte interfaces.

Furthermore, using a three-electrode Li—Li—Li cell, we ana-
lyzed the evolution of interfacial impedances at the Li/electro-
lyte interfaces during the electrodeposition and dissolution
processes; 50 mM Li,Sg was added to the electrolyte, forming
a sulfide-rich SEI layer similar to the case in Li-S batteries.
Fig. 1E presents the Nyquist plots at the WE-Li (I-Dis) and
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Fig. 1. Separating impedance contributions from Li metal anode. (A) Schematic of three-electrode cell. (B-D) Impedance tests for the three-electrode Li-S-Li
cell (electrolyte: 1 M LiTFSI in DOL/DME). (B) Nyquist plots of the S/electrolyte and Li/electrolyte interfaces at different stages of the initial discharge and recharge
processes. (C) DRT spectra transformed from the Nyquist plots in B. (D) Values of the interfacial resistances fitted to the equivalent circuit at the S/electrolyte and
Li/electrolyte interfaces, respectively. We combined the values of R, and R; in the Li case since only one extended semicircle was observed in the Nyquist plots in
B. (E-G) Impedance tests for the three-electrode Li-Li-Li cell (electrolyte: 50 mM Li,Sg, 1 M LiTFSI in DOL/DME). (E) Nyquist plots of the WE-Li/electrolyte interfaces
(I-Dis) and the CE-Li/electrolyte interfaces (I-Dep) during galvanostatic dissolution and deposition processes at a current density of 3.0 mA cm™ using a three-
electrode Li cell. Li would be deposited onto the CE when it is dissolved from the WE. (F) DRT spectra transformed from the Nyquist plots in E. (G) Corresponding
values of the resistances fitted to the equivalent circuit at the I-Dis and I-Dep Li/electrolyte interfaces, respectively. For the I-Dep case, the values of R, and R; were
combined after the first deposition process due to the merging of the semicircles in the Nyquist plots. R, R,, and Ry in D and G represent the interfacial resistances
fitted to the equivalent circuit shown in S/ Appendlix, Fig. S4. In B and E, the dots are raw data, and the connecting lines are fitting curves from the equivalent circuit.

CE-Li/electrolyte (I-Dep) interfaces. A small semicircle can be
observed at both WE and CE after cell assembly (red). After
resting at open circuit (OCP) for 150 min (blue), an additional
semicircle is formed due to the formation of the SEI at the
OCP. The voltage—time curves during the electrodissolution
and deposition processes are shown in S7 Appendix, Fig. S5. We
acquired Nyquist plots for both WE and CE after every half
cycle. The Nyquist plots show two semicircles at the WE-Li/
electrolyte interfaces, where Li is dissolved first, while they

PNAS 2023 Vol.120 No.7 e2220419120

merge into one after the first deposition process at the CE-Li/
electrolyte interfaces. We refer to this as the “lips phenomenon,”
with two curves on the upper side and one on the bottom. This
lips phenomenon, that shows the larger resistances and heter-
ogeneities of the first-dissolved Li, remain after the subsequent
dissolution/deposition and cycling (green, cyan, and purple
curves in Fig. 1E), confirming the important role of the depo-
sition/dissolution sequence on the long-term performance, as
previously reported (15, 16).

https://doi.org/10.1073/pnas.2220419120 3 of 11
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Fig. 1F shows the DRT transformations of the Nyquist plots.
On both electrodes, the formation of the SEI after resting leads
to an increase of all the peaks at different relaxation times. For the
[-Dis electrode, the peak at 1 to 10 s clearly splits after the first
dissolution process, significantly increasing during the subsequent
reactions, which can be due to morphological changes such as pit
formation, dendritic Li growth, etc. However, for the I- Dep pro-
cess, the peak in the middle relaxation time (107 w0 107" 5) dis-
appears after the first deposition, with the spectra remaining
almost unchanged afterward. Similar phenomena were observed
in an electrolyte without polysulfides indicating that their presence
is not necessary for observing such phenomena (S7 Appendix, Fig.
S6). The corresponding values of the resistances fitted to equiva-
lent circuits are presented in Fig. 1G, showing the larger interfacial
resistances and heterogeneities of the I-Dis electrode as well. These
differences are attributed to the different morphological evolution
at the interfaces, which is further illustrated in the following in situ
AFM observations. A schematic, presented in S/ Appendix, Fig.
S7, provides a detailed explanation.

The kinetics of SEI growth at OCP and the effects of poly-
sulfides were also explored (SI Appendix, Fl,;,y S8). The linear rela-
tionship of the resistance vs. time”” plot suggests a
diffusion-controlled process. Further analysis reveals that the SEI
growth rate decreased after adding the polysulfides; illustrating

the polysulfides’ benefits for Li interfacial modification and SEI
stabilization.

In situ AFM Study of the I-Dis Process on Li Morphological
Evolution. To better understand the large resistance from the
standpoint of the morphological evolution, we employed in situ
AFM to monitor the Li growth processes in real time when Li
was first deposited or dissolved. Fig. 24 provides a schematic
of the three-electrode Li—Li—Li cell used for the in situ AFM
study. Fig. 2B shows the voltage trace durlng the first deposition
process at a current density of 3.0 mA cm™. Fig. 2C provides
the AFM images captured at different reaction states of the
first deposition process, as marked on Fig. 2B. When Li is first
deposited (Fig. 2C and Movie S1), a Li island of about 5 pm,
was observed at 20 min as marked in the P1 AFM image. This
Li island gradually expanded from the surface over the next 20
min. In addition, some small protrusions evolved/grew in the
surrounding areas as shown in 1rnage P2. After 1 h of deposition
(a specific capacity of 3.0 mAh cm™, image P3), the size and
shape of the island remained essentially the same. The changes
in its volume could be approximately measured as the reaction
proceeded, which indicated that the growth rate significantly
decreased in the later stages (SI Appendix, Fig. S9). As shown
in Fig. 2D, the evolution of the interfacial roughness exhibited
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Fig. 2.

In situ AFM study of Li deposition and dissolution at the Li/electrolyte interface. (A) Schematic of the three-electrode Li-Li-Li cell (electrolyte: 50 mM Li,Sg,
1 M LiTFSI in DOL/DME). (B) Voltage trace of the galvanostatic I-Dep process at a current density of 3.0 mA cm™

. (C) AFM images of the Li metal during the first

deposition process with images taken every 20 min. (D) Quantification of the roughness evolution during the first deposition process. (E) Voltage trace for the
I-Dis case (first dissolution and the subsequent deposition), at 3.0 mA cm 2 dissolution for 0.5 h; and 3.0 mA cm™ then 0.25 mA cm™2 deposition for 750 s and
5,400 s, respectively. (F) Corresponding AFM images of the Li metal at different reaction states as marked on E. (G) Quantification of the roughness evolution for
the I-Dis case. (H) Linear fitting of the roughness to the square root of the capacity for both I-Dep (R* = 0.944) and I-Dis (R* = 0.671) cases.
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a similar trend as the volume change of the island; that is, an
initial growth followed by a plateau. A clear linear relationship
was observed between the roughness and the square root of the
capacity (red curve in Fig. 2H), indicating a diffusion-controlled
Li growth process. This kind of surface growth model implies a
balanced relationship between the rates of SEI formation and Li
deposition, which avoids forming deleterious Li dendrites (24,
25). After the subsequent dissolution process, small SEI clusters
could be clearly observed on the Li island (S7 Appendix, Fig. S10),
suggesting that the SEI is dynamically growing and can remain,
at least partially, during the I-Dep process.

In contrast, Fig. 2 £~G and Movie S2 present the in situ visu-
alization of Li metal interfaces when Li is first dissolved. Fig. 2F
shows the voltage trace of the first dissolution and the following
deposition processes. The AFM images in Fig. 2F show the mor-
phological evolution at different reaction states marked on Fig. 2F.
The pristine Li surface, before reactions, is shown in image SO
After applying a current density for dissolution of 3.0 mA cm™
for 0.5 h, a large pit was found at the surface, as circled out in
image S1. S/ Appendix, Fig. S11 provides 50-pum x 50-um images,
which indicate that pits form in multiple regions. Upon switching
the polarity (deposition after dissolution), a number of Li branches
grew out of the bulk Li durlng the initial 750 s with a specific
capacity of 0.625 mAh cm” (1mage SP2). A smaller current den-
sity of 0.25 mA cm ™ was then applied for detailed observation.
During the subsequent deposition process, to a capacity of 1.0
mAh cm™, the sizes of the Li branches increased, merged into
large clusters, and covered almost all of the pristine surface that
was initially observed (images SP3 and SP4). Fig. 2G shows the
corresponding quantification of the interfacial roughness. A com-
parison of the roughness fittings for both cases is presented in
Fig. 2H. For the I-Dis case, a rapid and significant increase in the
interfacial roughness clearly deviates from Fick’s law (blue curve
in Fig. 2H), which can be due to excess of Li ions near the surface
and the localized break of the SEI. This in situ AFM imaging
confirms our findings from impedance testing, revealing that the
morphological evolution during the dissolution process can sig-
nificantly interrupt the uniform Li growth. SECM was then
employed to understand, in detail, the effects of I-Dis on the
conductivity and distribution of the SEL

Comparison of the SEI Compactness and Uniformity by SECM
and Cryo-STEM EELS. SECM is a powerful tool for the analysis
of surface conductivity, providing complementary information
on the topographical evolution from AFM observations. The cell
configuration of the SECM test was similar to that used for the
in situ AFM study: a three-electrode Li-Li-Li cell for performing
the Li dissolution/deposition reactions. However, it needs to be
emphasized that the working principle is different. The SECM
experiment utilizes an ultra-micro electrode (UME) as the probe,
which records the Faradic current of an electroactive species
(known as a redox mediator) as it interacts with the substrate,
enabling a chemically selective probe of the local electrochemical
activity (26-28). Fig. 34 shows the hemispherical diffusion of the
mediator to the tip far away from the substrate.

Feedback from the substrate is reflected by the perturbation of
the redox current when the tip approaches the substrate surface.
As shown in Fig. 3B, when the tip is brought near a conductive
substrate, regeneration of the mediator occurs via nonlocal elec-
tron transfer-driven concentration gradients near the probe. The
resulting increase in the flux of the mediator to the probe causes
an increase in the measured current, termed positive feedback. In
contrast, an insulating substrate blocks the diffusion decreasing
transport of the mediator and results in a lower current at the

PNAS 2023 Vol.120 No.7 e2220419120

probe (negative feedback, Fig. 3C). The approach curves, plots of
the normalized tip current vs. tip-to-substrate distance, respec-
tively, representing the positive and negative feedbacks are shown
in Fig. 3 D and E, respectively. Note that the polysulfides in the
electrolyte are oxidized to elemental sulfur at potentials positive
of 2.7V, similarly at potentials negative of 2.3 V the polysulfides
are reduced to Li,S,/Li,S, fouling the probe. Methyl viologen
(MV?*), with a reduction potential of 2.4 V vs. Li"/Li, was chosen
as the mediator to avoid the redox processes of the polysulfides in
solution. A schematic of the reaction potentials is presented
(SI Appendix, Fig. S12) for clearer explanation/understanding.

We first employed a stainless-steel substrate to calibrate the
setup by adjusting the tilt (87 Appendix, Fig. S13). Afterward, a
flat and fresh piece of Li foil was secured on top using double-sided
Cu tape. The CV profiles measured on top of the Li and stain-
less-steel substrates are shown in ST Appendix, Fig. S14A. They
both show an anodic current positive of 2.4 V, Whlch could be
due, at least in part, to the side reactions between MV?* and the
electrolyte. Resting at OCP, the reactions would reach equilibrium.
The differences in the current responses when the tip approaches
the substrate provide a measure of the local conductivity, which
indicates the distribution and heterogeneity of the SEI (29-31).
As shown in the approach curve in SI Appendix, Fig. S14B, the
current remains constant as the tip approaches the Li, and then
shows an evident drop as it reaches the SEI region. Fig. 3 Fand G
present the in situ scans of the SEI evolution when Li is first
deposited or dissolved, respectively. For both cases, negative feed-
backs throughout the surface were detected homogeneously in a
200 x 200 um” region before applying any current, showing that
the SEI is formed at OCP via chemical reactions. To mitigate the
influence of the surface helght differences, we employed a smaller
current density of 0.5 mA cm™* for Li deposition and dissolution.
As Liis first deposited, more regions exhibiting negative feedback
were observed on the left side (marked as I in the 10-min image
of Fig. 3F), which reveals the further growth of the SEI under
negative potentials. The current increase during the remaining 20
min of Li deposition can be related to the thinning of the SEI
layer as the volume of the Li electrode grows due to the plated Li
beneath the SEIL. During the subsequent dissolution process, no
evident changes in the average current were detected, even though
small local fluctuations were observed. Fig. 3H presents the evo-
lution of the average normalized current and the quantified het-
erogeneity as the deposition/dissolution proceeded. The cyan line
illustrates a completely insulated and uniformly distributed SEI
during the I-Dep. However, the uniformity and compactness of
the SEI decrease significantly when Li is first dissolved (Fig. 3G).
Two regions II and III were marked on the image at 10-min dis-
solution, which, respectively, exhibited a decrease and increase in
the local current. This heterogeneity is directly due to the uneven
topographical evolution, which remains and is even exacerbated
during the remaining 20 min of dissolution. Furthermore, the
average normalized current rapidly increased when Li was subse-
quently deposited. Localized positive feedback was observed
(region IV, 60 min image), providing direct evidence of breaks in
the SEI layer. The orange curve in Fig. 3H shows the correspond-
ing quantification, indicating a nonuniform and partially
destroyed/broken SEI layer for the I-Dis case.

The raw tip currents during the interfacial evolution of the Li
metal are provided in S/ Appendix, Fig. S15. Supplementary exper-
iments were performed using ferrocene (Fc) as the mediator in an
electrolyte without polysulfides. The evident heterogeneities and
localized positive regions on the SECM maps clearly show the
breaks of SEI layer during the I-Dis—subsequent deposition pro-
cesses (SI Appendix, Fig. S16). In an effort to verify the
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Fig. 3. Investigation of the SEI evolution using SECM. (A-E) SECM working principles. (A) Hemispherical diffusion to an UME probe far from the substrate. (B)
Positive feedback at a conductive substrate. (C) Negative feedback blocked by an insulating substrate. (D and E) SECM approach curves at a conductive and
insulating substrate, respectively. Iy and L represent the normalized tip current and tip-to-substrate distance. (F and G) In situ scans of SECM maps when Li is
first deposited and dissolved, respectively (electrolyte: 5 mM MV?*, 50 mM Li,S, 1 M LiTFSI in DOL/DME). Each sequence includes a set of 30-min deposition
and dissolution processes. SECM imaging was taken every 10 min. The scale bars are 20 um. (H) Quantification of the changes of tip current vs. reaction time.

compactness and composition of the SEL, cryo-STEM EELS was
carried out on both I-Dis and I-Dep samples.

For high-resolution structural and chemical characterization of
the SEI layer in both I-Dep and I-Dis cases, electron transparent
cross-sections of the Li—electrolyte interface were prepared using
the cryogenic focused ion beam (cryo-FIB) lift-out technique (32,
33). Dendrites were located within each cross-sectional lamella
and imaged using both annular dark field (ADF) STEM imaging
and EELS elemental mapping (87 Appendix, Fig. S17). High-
resolution cryo-STEM imaging shows the dendrite-electrolyte
interface. These images alone, however, do not immediately reveal
the structure of the SEI layer (Fig. 4 A and D). With the addition
of spectroscopic mapping by cryo-STEM EELS (Fig. 4 Band E),
we observed a significant increase in the concentration of oxygen
along the edges of the lithium dendrite structure. This region of
high oxygen counts and low carbon counts, relative to the electro-
lyte, is indicative of the SEI layer (34). We can see from the ele-
mental maps that the SEI layer is generally more evenly distributed
in the I-Dep case compared with the I-Dis case. Elemental con-
centration profiles across the dendrite-electrolyte interface (Fig. 4
Cand F) reveal that the SEI consists of two distinct regions. The
inner layer is a compact layer, identified by low lithium and carbon
concentrations and a high concentration of oxygen. The outer
layer is a diffuse region of the SEI and is identified by decreasing
oxygen counts and an increase in carbon concentration. While the
inner, compact layer of the SEI in both I-Dep and I-Dis cases is
similar in approximate thickness (-120 nm for I-Dep and ~100 nm
thick for I-Dis), the outer diffuse region is clearly distinct in both

https://doi.org/10.1073/pnas.2220419120

samples. For the I-Dis dendrite, we see that the diffuse region,
containing significant cross-over of carbon and oxygen, is slightly
thicker (-110 nm thick) than the corresponding compact region.
The outer SEI layer is significantly more abrupt in the I-Dep case,
with the diffuse region being about half as thick (-60 nm) as the
inner layer. The fine structures of lithium, carbon, and oxygen
within the SEI region are shown in S Appendix, Fig. S18. The
lithium and oxygen fine structures in both I-Dis and I-Dep cases
are nearly identical, and closely match the structure of Li,O (34).
The carbon fine structure shows higher carbonate bonding (C=0)
than C-H bonding in the SEI layer. These results indicate an
uneven, loose, and diffuse SEI layer on the first dissolved Li, which
could be due, at least in part, to the different electrolyte reactions
at the Li interface during the I-Dep/I-Dis processes.

Analyzing the Electrolyte Decomposition via Operando Confocal
Raman Mapping. To better understand the interfacial reactions
involving electrolyte decomposition and Li solvation during the
deposition and dissolution processes, we employed operando
confocal Raman microscopy to monitor and analyze the real-time
changes of different electrolyte components near the Li electrode
surface (35, 36). Using a spatial pinhole to block out-of-focus
light, confocal microscopy enables imaging of the exact focal plane
(Fig. 5 A, Lef?). The coin cell casing was modified for operando
observation. As shown in the schematic (Fig. 5 A, Right), the
edge of the Li that we observe was placed in the middle of the
observation window, as marked with a red curve. The yellow region
in the observation window indicates the polysulfide electrolyte.

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2220419120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220419120#supplementary-materials

Downloaded from https://www.pnas.org by CORNELL UNIVERSITY E-RESOURCES AND SERIALS MANAGEMENT on February 14, 2023 from IP address 128.253.144.187.

Dendrite

Electrolyte

1.2 —

9 ~120nm a)-;r

S bOp=—=—" W

© 0.8 .

= — Li

S06{ — o

S04 —cC

{ o

$0.2 AN

§o.om —
0.2

F 0 100 200 300 400
1.2 —

~100nm { ~110nm

=10
5

&o.ew\ /
c

2 021 My

0 100 200 300 400
Distance (nm)

Fig. 4. Cryo-STEM spectroscopy analysis of distinct dendrite-electrolyte interfaces. (A and D) Cryo-ADF-STEM image of lithium dendrite in deposition (4) and
dissolution cases (D), respectively. (B and E) Corresponding cryo-STEM-EELS elemental maps, in which lithium, oxygen, and carbon concentrations are mapped
as red, blue, and green regions, respectively. (C and F) Elemental concentration profiles of the dendrite-electrolyte interfaces, including lithium, oxygen, and
carbon, with the profile regions shown in B and E, respectively. Compact and diffuse layers of the SEI are identified by blue and teal arrows, respectively. Li-Li
symmetric coin cells with polysulfide electrolyte (50 mM Li,Sg, 1 M LiTFSI in DOL/DME) were employed. All scale bars are 200 nm.

We focused on this Li edge and observed the Li deposition/
dissolution process from the cross-sectional direction. A full
spectrum of the electrolyte near the Li electrode at OCP is shown
in SI Appendix, Fig. S19. Fig. 5B presents the voltage trace when
a constant current density of 3.0 mA cm™* was applied to drive Li
deposition and dissolution. The dynamic evolution of the Raman
spectra during deposition and dissolution are shown in Fig. 5C,
which tracks the changes in the concentration of polysulfides
and LiTFSI at the electrode interfaces. The peak regions at 395,
449, 535, 742, and 1,243 cm™', which are highlighted in red,
orange, yellow, blue, and purple, respectively, are attributed to the
stretching vibrations of the central and terminal S-S bonds in S >,
the stretching vibration of S-S in S;7, the bending vibration of
C-N-C bond, and the stretching vibration of CF;, respectively.
Thus, these peaks can be used to represent the different components
in the electrolyte solution: long-chain folysulﬁdes (typically Sg*),
intermediate polysulfides (typically S,7), S5, and Li salt (LiTFSI)
(37—41). The spectral series shows evident decreases in S,” species
with a concurrent increase of the LiTFSI concentration at the
electrode interfaces.

Fig. 5D presents an overlay of the optical image of Li (Lef?)
and the confocal Raman mapping of the electrolyte near Li
(Right, red: Sg*, blue: C-N—C). The optical images during the
initial Li deposition processes are shown in SI Appendix, Fig.
S$20. The local current densities at the edge positions that we are
focusing on can be higher than 3.0 mA cm™. The extent of Li
growth shows a linear relationship with the square root of time,
suggesting a diffusion-controlled process. As shown in Fig. 5 F
and F, we simultaneously visualized the Li deposition/dissolution
from the optical imaging and the changes in electrolyte species
near Li from Raman mapping. Similar to the trends from Raman
spectra, the intensity of the red regions (long-chain polysulfides)
decreases, and that of the blue one (LiTFSI) increases and
becomes dominant after the whole deposition and dissolution
processes. Fig. 5G presents the quantified evolution of the Sg*",
S¢Sy, C-N-C, and CF; species in normalized intensities,

PNAS 2023 Vol.120 No.7 e2220419120

derived from the operando Raman mapping results. The inten-
sities of the polysulfides continuously decreased during the whole
deposition and dissolution processes, which is due to reduction
of polysulfides at the electrode forming short-chain sulfides
including S;™. Interestingly, the intensities of the LiTFSI frag-
ments, C-N-C and CF,, significantly increase during the first
deposition process, while change only slightly during the subse-
quent dissolution process. We believe that this reflects the fact
that during Li deposition TFSI" can be reduced (and form part
of the SEI) while during the subsequent dissolution, such pro-
cesses are unlikely, which can be related, at least in part, to the
stronger interaction with Li ions of TFSI” when compared with
S (SI Appendix, Fig. S21).

Fig. 5H shows the quantified evolution of the polysulfides and
Li salt fragments during the I-Dis process. The corresponding
spectra, and optical images combined with operando mappings
are presented in S/ Appendix, Fig. S22. The intensity of the poly-
sulfides decreases during the whole dissolution and deposition
processes, which is consistent with the case when Li is first depos-
ited. However, the decomposition of LiTFSI is evidently sup-
pressed during the deposition after the first dissolution process.
We further studied these phenomena with X-ray photoelectron
spectroscopy (XPS) (8] Appendix, Fig. S23). The Cls spectra show
an evident higher ratio of CF; on the I-Dep sample, revealing the
higher intensity of LiTFSI. In addition, the elemental ratios of C
and O are higher for the I-Dis case from the analysis of atomic
distribution. The higher amounts of organic fragments and lower
of LITESI would lead to an organic-rich, diffuse SEI, which agrees
with the STEM-EELS mapping observations. This results in the
decreased de-solvation of Li ions during the subsequent deposition
process, leading to the suppression of LITFSI supply, and in turn,
restraining the further formation of SEI at Li interfaces under cell
operation.

Given the reactions of polysulfides and LiTFSI one may ask,
how would the solvent change in real-time during both I-Dep and
1-Dis cases? SI Appendix, Fig. S24 presents the '’O chemical shifts
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Fig. 5. Operando confocal Raman mapping of Li/electrolyte interfaces (time evolution of the polysulfides and LiTFSI) during Li deposition and dissolution.
(A) Schematics of confocal microscopy imaging (Left), and the modified coin cell using Li as both electrodes in an electrolyte of 50 mM Li,Sg, 1 M LiTFSI in DOL/DME
(Right). (B) Voltage-time curves during the I-Dep and subsequent dissolution. (C) Operando Raman spectra of the electrolyte near the Li metal with 1.0 M LiTFSI
and 50 mM Li,Sg in DOL/DME. (D) Overlay of the optical image of Li (Left) and the confocal Raman mapping of the electrolyte (Right) at OCP. (E and F) Operando
scans of the Li/electrolyte interfaces during deposition (£) and dissolution (F), respectively. In D, E, and F, the red and blue colors represent the intensities of
long-chain polysulfides and LiTFSI, respectively. The scale bars are 30 pm. (G and H) Quantification of the average changes in normalized intensities vs. reaction
time during the (G) I-Dep and (H) I-Dis processes. The SDs were drawn based on three sets of operando measurements.

(from NMR measurements) of the solvents (DOL and DME)
when increasing the Li ion concentration in the solution from 0.1
to 2 M. The gradual upfield shifting and broadening of both peaks
indicates that both DOL and DME solvents are involved in the
Li solvation process (42, 43). In addition, the 0O shift shows a
larger value in DME (from -21.8 to -28.4 ppm) than DOL (from
38.2 to 36.3 ppm), reflecting the stronger interaction of DME
with the Li ions due to its bidentate binding ability. We further
analyzed the dynamic changes of the solvent from the operando
Raman spectra and mappings (Fig. 6). Fig. 6A4 presents the spectral
evolution during the I-Dep and subsequent dlssolutlon processes.
The peak regions at 870, 1,138, and 941 cm™", highlighted in gray,
green, and yellow, are ascribed to the stretching vibrations of C-O
in DME and C-O/C-C in DOL (40). Distinctive increases can
be observed for both peaks at 941 cm™' (DOL) and 1,138 cm™
(DME).

The corresponding Raman mappings are presented in Fig. 6 B
and C. Evidently, both solvents exhibit clear increases during the
[-Dep process. This increase can be due, at least in part, to the release
of free solvent during the Li de-solvation process (44). Quantification
of the three peak regions at 870, 1,138, and 941 cm™, during the
whole deposition and dissolution processes, are shown in Fig. 6D.
Following the I-Dep, the intensities of the solvents remain essentially
constant during the subsequent dissolution process. By contrast, the
intensities remain low during the whole I-Dis case (Fig. 6E), con-
sistent with the reduced Li de-solvation process and the formation
of a diffuse SEI layer as discussed above. The spectra and images for

80of 11 https://doi.org/10.1073/pnas.2220419120

the I-Dis case are presented in S/ Appendix, Fig. S25. In situ scans
of the electrolyte decomposition on the surface of the Li metal
(81 Appendix, Fig. S26) and the Cu substrate (S Appendix, Fig. S27)
show similar trends to the cross-sectional results, further confirming
the differences in the evolution of the polysulfides, Li salt, and sol-
vent during different deposition/dissolution processes, providing
important clues regarding Li solvation and interfacial stability.

In order to explain, in detail, how the Li salt anions and solvents
evolve during the different deposition and dissolution sequences,
a schematic is shown in Fig. 6F. For the I-Dep case, due to the
larger overpotential and Li de-solvation process during the initial
Li deposition, more anions and solvent fragments are formed and
accumulated near the Li interface, which serve as supplies/reactants
to strengthen the SEI, as observed by operando confocal Raman
mapping. During the subsequent dissolution process, the migra-
tion of the anions from the bulk electrolyte to the interface can
offset their consumption during the Li solvation process, main-
taining the compactness of the interfacial structure and the enrich-
ment of electrolyte species near the Li electrode. However, for the
[-Dis case, the release of Li ions during the I-Dis process disrupts
the uniformity of the interfacial morphology, ion transfer and
species distribution according to our observations, which, in turn,
leads to a disordered interfacial structure with a diffuse SEL Li
de-solvation through the SEI is significantly decreased during the
subsequent deposition process, leaving the interfacial structure
disrupted, and susceptible to further degradation during the fol-
lowing cycles. By operando visualization of the different electrolyte
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Fig. 6. Operando confocal Raman mapping of Li/electrolyte interfaces (evolution of the solvent) during Li deposition and dissolution. (A) Operando Raman
spectra of the electrolyte near the Li metal (solvent regions). (B and C) Operando scans of the Li/electrolyte interfaces during deposition (B) and dissolution (C),
respectively. In B and C, the yellow and green colors show the intensities of the peaks at 1,138 and 941 cm™", which represent DOL and DME, respectively. The
scale bars are 30 pm. (D and E) Quantification of the average changes in normalized intensities vs. reaction time during the (D) I-Dep and (E) I-Dis processes.
The SDs were drawn based on three sets of operando measurements. (F) Schematic explaining how the Li salt anions and solvent evolve during the different

deposition and dissolution sequences.

species near the Li electrode, we found that the increase in anions
and solvent fragments during the first deposition process plays a
key role in interfacial stabilization. This points to the fact that
more efforts should be devoted to interfacial protection during Li
dissolution, especially for Li free cathode batteries, from the stand-
points of regulation of ion transfer, electrolyte decomposition,
and preprotection of the interfaces.

Conclusions

In this study, we provide compelling and direct evidence that shows
the impact of the initial Li dissolution process on the distribution
and evolution of the interfacial resistance, morphology,

PNAS 2023 Vol.120 No.7 e2220419120

conductivity, and electrolyte reactions at a Li metal anode. Using
Li-S cells as a model system, we found that the overall cell resist-
ance largely derives from the Li interfaces. The I-Dis of the Li
metal leads to higher resistance and reduced uniformity. In situ
AFM and SECM images clearly visualized the dramatically fast
growth of the Li metal and evident break of the SEI in the I-Dis
case compared with the I-Dep, which is likely the underlying cause
of the significant increases in impedance. Cross-sections of the
interfaces obtained using cryo-STEM show a more loose and dif-
fuse SEI in the I-Dis case, while the I-Dep is more abrupt and
compact. Furthermore, the dynamic responses of different elec-
trolyte components near the Li electrode upon deposition/disso-
lution were visualized and analyzed using operando Raman
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imaging. The real-time decomposition of salt anions and release
of free solvent near Li during the I-Dep are key to modifying the
interface, enabling the species enrichment and structural compact-
ness. These steps cannot be achieved during the I-Dis and even
the following deposition processes, which can cause the deterio-
ration of the interface in subsequent cycles. Our results have pro-
vided key insights into the Li dissolution mechanisms through
multidimensional characterizations, enhancing our understanding
of Li interfacial evolution and prompting a shift in our thinking
to regulate the Li interface upon the I-Dis instead of the deposition
process.

Materials and Methods

Battery Preparation. LiTFSI, DME, DOL, and sulfur were purchased from Sigma-
Aldrich. Li,S and Li foils were from Alfa-Aesar. For Li-S coin cells, sulfur electrodes
were prepared by coating a slurry of sulfur: polyvinylidene fluoride: Super P
(8:1:1) onto carbon paper (AvCarb EP40, Fuelcell Store). Li,Sq catholytes were
used to assemble Li-polysulfide coin cells by mixing stoichiometric amounts of
Li,S and sulfur in 1.0 M LiTFSI in DOL/DME at 60 °C overnight. Li-Li symmetric
coin cells were prepared using Li as the electrodes and 50 mM Li,Sg, 1.0 M LITFSI
in DOL/DME as the electrolyte.

Three-Electrode Impedance Test. The three-electrode cell was purchased from
MTI Corporation. By employing a separate RE, the contributions of the CE (Li in
our case), to the potential response, can be identified and a more accurate and
precise understanding of the electrochemistry occurring in the battery can be
obtained. Afour-electrode configuration was employed previously. The potential
of the RE remained essentially constant throughout the discharge/charge pro-
cesses, verifying the reliability of the RE used in our three-electrode cells (17). For
the three-electrode Li-S cells, the WE, CE, and RE were S, Li, and Li, respectively.
Three-electrode Li-Li-Li cells were employed for investigating the effects of Li
deposition/dissolution processes. Potentiostatic EIS was performed on cells at
different stages of the discharge/charge processes using a 10 mV amplitude
and a frequency range from 10° to 0.1 Hz, with a potentiostat (Biologic SP-200).
DRTtransformations were conducted by the MATLAB GUI tool box developed by
Ciucci's research team (45). In addition, the values of the interfacial resistances
were derived from the equivalent circuit (S/ Appendix, Fig. S4) using the Zview
software.

In Situ AFM. The cell for in situ AFM observation was assembled on a commercial
AFM system (Bruker, Dimension Icon AFM with Nanoscope V controllers) cou-
pled to an electrochemical workstation. All experiments were carried out in an
argon-filled glovebox (MIKROUNA Glove box, Super 1220/750,H,0 < 0.1 ppm,
0, < 0.1 ppm). The Li surface was scanned with a rectangular silicon AFM tip
(force constant of 26 N m™") in PeakForce Quantitative Nanomechanics mode.
The measurements of the roughness and volume were accomplished using
Nanoscope Analysis.

SECM. For SECM measurements, 5 mM MV?* was added to the electrolyte
as the redox mediator. Molten Li was employed as the substrate, which was
precleaned and flattened for scanning. A Pt microprobe with a diameter of
circa (ca.) 10 um was used as the tip electrode. Two Li strips were assembled
into the cell as the CE and RE. The tip electrode was placed 200 um above
the substrate. A constant potential of 2.4V vs. Li*/Li was applied when the tip
approached the substrate. The tip approach will stop when the detected current
is 70% lower or higher than the initial value, indicating negative or positive
feedback, respectively. The SECM images were captured at this height over an
area size of 200 x 200 ym with the step size of 10 um. The normalized tip
current, I, and tip-to-substrate distance, L, were calculated from the tip current
dividing the steady-state current and the travel distance divided by the tip
radius, respectively.
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Cryogenic STEM and EELS Characterization. Li-Li coin cells for both I-Dep
and I-Dis cases were prepared for cryo-STEM characterization. In order to pre-
serve the electrolyte and Li metal surface, the I-Dep and I-Dis Li-Li cells were
opened and immediately plunge-frozen into slushed liquid nitrogen. Once the
cells were vitrified, a cross-section of a dendritic site for each case was thinned to
electron transparency using an Thermo Fisher (FEI) Strata 400s DualBeam, fitted
with a Quorum PP3010T cryogenic scanning electron microscopy (cryo-SEM)/FIB
system. The electron transparent samples were then transferred to an FEI Titan
Themis STEM, operating at 300 kV, and cooled to —190 °C. During the entire
sample preparation and transfer process, the lamella remained cooled to below
—175 °C. All EELS measurements were collected using a Gatan imaging filter
Tridiem energy filter and K2 Summit direct electron detector.

Operando Confocal Raman Microscopy Characterization. A 3-mm diameter
hole was drilled in the middle of a 2032 coin cell casing for optical observation.
A Raman transmissive film was then glued onto it to ensure a hermetic seal.
Li-Li symmetric cells were used, where only one-half Li disk was employed on
the observation side. The coin cells were assembled in an argon-filled glove box
with oxygen and water levels below 0.1 ppm and 0.1 ppm, respectively. The
Raman spectra and mapping images were obtained with a WiTec Alpha300R
confocal Raman microscope. The calibration of the spectra and color contrast of the
images were set consistently for quantification and comparison; 20 cm™" regions
centered around the peak positions on the spectra were selected for mapping.
Areas in the Raman mapping were extracted and quantified by ImageJ. Upon
electrochemical reactions, changes in the areas on the mappings were converted
into corresponding normalized intensities to plot with time. Operando characteri-
zations were achieved by controlling the reaction rate of the cells and monitoring
the voltage-time responses with a potentiostat (Methrohm Autolab PGSTAT302N).

Ex Situ Characterization. During XPS, samples were analyzed using a Surface
Science Instruments SSX-100 Electron Spectroscopy for Chemical Analysis spec-
trometer with operating pressure ca. 1 x 107 torr, with survey spectra collected at
150 eV pass energy and the high-resolution scans collected at 50 eV. Aflood gun
was used for charge neutralization. Data analysis was conducted by CasaXPS with
Shirley as the background. All the samples were stored under Ar before XPS analysis.
"Liand 70 NMR spectra were acquired on a AV400 Bruker spectrometer at 50 °C.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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