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In situ TEM visualization of LiF nanosheet
formation on the cathode-electrolyte interphase
(CEl) in liquid-electrolyte lithium-ion batteries

Qingyong Zhang,'¢ Jiale Ma,*¢ Liang Mei," Jun Liu,* Zhenyu Li,>* Ju Li,>* and Zhiyuan Zeng"?/-*

SUMMARY

The formation behaviors of LiF nanocrystals have been studied on
anodes in Li-ion batteries; there is no research work reporting LiF
crystal growth on cathodes. Here, we report a real-time LiF crystal
formation on positively charged titanium (Ti) electrodes in an elec-
trochemical liquid cell with 150-nm-thick Li hexafluorophosphate
(LiPFs)/propylene carbonate (PC) liquid electrolyte loaded. The LiF
nanocrystals show two-dimensional (2D) morphologies on the elec-
trode surface, which can serve as a cathode electrolyte interface
(CEl). Furthermore, the merging of LiF nanosheets was also
observed, which may underlie the self-healing ability of LiF-based
CEls. Theoretical modeling indicates that there are two types of
LiF formation paths on positive voltage-biased Ti electrodes. This
work shows the remarkable morphing mobility and self-healing abil-
ity of LiF nanosheets and sheds light on strategies of modulating LiF
nanocrystals and cathode surface chemistry for improving battery
performance and cycle life.

INTRODUCTION

Li-ion batteries are key energy storage devices. However, safety concerns' and short
lifespan? induced by Li dendrite formation and exfoliation of anode materials®* limit
their application. Solid electrolyte interphase (SEI) can block electrons, allow Li ions
to pass through, and suppress Li dendrite growth, which is critical for sustaining high
performance. Thus far, extensive research processes on anode SEI have achieved
profound development and understanding.”’ SEI usually forms at the first several
cycles on anodes via the reduction of solvent in the electrolyte,® and its structure
and chemistry actively evolve in the ensuing charge/discharge cycles.”'? It was pro-
posed that SEl contains a compact inorganic inner layer with low resistance and
porous organic outer layer with high resistance,’"'?
is composed of Li,O, LiH, and LiF."*""® The inner SEI inorganic layer is generated
because negatively charged electrodes repel anions from the inner layer.'® LiF-

and the compactinorganic layer

rich SEl improves the rate capability of anodes due to the fast diffusion of Li* through
the SEl layer and the thermodynamic stability of LiF on both ends of the voltage win-
dow."” In addition, LiF plays an important role in the cyclability of the anode. For
example, fluorinated SEI can regulate the Li deposition and enhance the stability
and safety of the anode,’® and the LiF-organic bilayer interphase improves the
cycling performance of batteries that contain micro-sized Si, Al, and Bi anodes
and commercial LiFePO4 and LiNiggCop 15Al0.0502 cathodes.'” Zhang et al. re-
ported that LiF acts as artificial SEI that can prolong the cycle life of the LisTisO1,
(LTO) electrode via the LiF film separating electrolytes from LTO and suppressing

the decomposition of LiPF,.” The SEl-functionalized membrane derived from the

Progress and potential

For Li-ion battery cathodes, the
electrochemical reaction between
electrode and electrolyte can
consume electrolytes and
promote LiF nanocrystal
formation on the cathode surface.
LiF separates cathodes from
electrolytes, which is beneficial to
battery performance. However,
limited characterization
techniques hinder the mapping
out of dynamic deposition
behaviors of LiF crystals during
cathode reactions; this has long
bedeviled the battery field. We
captured the dynamic deposition
behaviors of LiF nanocrystals on
positively charged Ti electrodes
via in situ liquid cell TEM, and we
identified the structure of the LiF
nanocrystals by selected area
electron diffraction patterns. We
also observed the merging,
detachment, and movement of LiF
nanocrystals, which show a
remarkable morphing mobility
and self-healing ability of LiF
nanocrystals. Our results deepen
the understanding of LiF
nanocrystal formation on
cathodes and provide guidance to
modulating LiF nanocrystals for
improving cathode performance.
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LiF-decorated layered carbon structure can hinder electron transfer and thus avoid Li
deposition.”’

In fact, in LiPF, containing electrolytes, LiF is not only present in SEIl on the anode
side, but also exists in the cathode electrolyte interphase (CEl) on the cathode
side.???® For instance, LiF was detected on the LiNiO, electrode upon immersion
in electrolytes of 1 M LiPFg4 in ethylene carbonate (EC):dimethyl carbonate (DMC)
(1:1).** Using the same electrolyte, the CEl composition on LiCoO, comprising O-
C=0, Li,CO3, LixPF,O,, and LiF, and the composition remains unchanged after
the first cycle.?® With electrolyte 1.3 M LiPF, in EC/ethyl methyl carbonate (EMC)/di-
ethyl carbonate (DEC) = 3/2/5 (v/v) used, on the LiNig sMn; 504 surface, LiPF,O,,
PF.(OH),, and LiF were detected when the cell was charged to 4.2, 4.7, and 4.9
V%% In electrolyte of 1 M LiPF, + EC:DMC (1:1), Li,COg, LiPF,, P-O, P-F, and LiF
were detected on the surface of LiNig.gCog.15Alp.050; after being charged to 3.6,
4.0, and 4.75 V.?” In electrolyte of 1 M LiPFy in EC:EMC (4:6 by weight), after being
cycled for 200 cycles, the CEl composition on LiNig74Mng 14C001O, contained
RCOsli, Li,COg, LixPF,O,, Li-B-O, and LiF.?® LiF in CEl may play an important role
in the electrochemical performance and cycle life of the cathode material. For
example, a LiF-coated LiNig §Cog.1Mng 1O, cathode can enhance high-temperature
performance and improve rate ca|oabi|ity.2(7 LiF-modified LiNi;,3Co1,3Mn4,30, has
shown better low-temperature performance and rate capability than unmodified
LiNiy,3C01,3Mn4,30,. Because LiF may decrease the dissolution of metal ions, the
conductivity of the surface layer is enhanced through partial F-substitution.

Given the importance of LiF, the formation mechanism of LiF was of interest. Two
types of electrochemical reactions were attributed to the formation of LiF. One is
the reduction of LiPF4 on anodes®'*? at a potential range of 0.4-0.6 V vs Li/Li*, which
results in the formation of LiF and LiXPFy.31'33'34 Another is the oxidation of sol-

Vent35,36

on the cathode, and the oxidation potential varies with different elec-
trodes. For commonly used solvents such as propylene carbonate (PC) and EC,
the oxidation reaction is a ring-opening reaction,>~*! but the reaction path is not
clear. Hence, numerous ex situ and in situ analytical tools were used to characterize
the generated LiF crystals. The ex situ characterization techniques include X-ray
photoelectron spectroscopy (XPS),"’**“**** double-resonance solid-state NMR
spectroscopy,*” time-of-flight secondary ion mass spectrometry (ToF-SIMS),*® trans-
mission electron microscopy (TEM),”+?® and cryo-scanning TEM (STEM).*” However,
due to the water and air sensitivities of the sample, some structural changes occur
during the ex situ characterization processes, which is why in situ characterization
techniques such as non-destructive analysis tools are widely used to capture dy-
namic electrode reactions in Li-ion batteries during the charge/discharge pro-
cess.”*®>" The majority of reports focused on SEI,**°* and few reports were
focused on LiF. It is still unclear why LiF can form on the cathode side, and in situ

studies of LiF electrodeposition have not been achieved thus far.

Here, we report a real-time LiF formation on positively charged titanium (Ti) elec-
trodes in LiPF4/PC electrolytes via in situ TEM by using an electrochemical liquid
cell with 90-nm-thick patterned Ti electrodes as the working electrode (WE) and
the counter electrode (CE). Note that while typically, people use Cu and Al as the
current collectors or electrodes in Li-ion batteries, we use Ti as the WE because
the liquid cell nanofabrication process cannot successfully pattern Cu and Al elec-
trodes with good conductivity on the Si substrate. This may be because the adhesion
between Cu (Al) and Si substrate is not good or because the patterned Cu (Al) elec-
trodes are too thin (90 nm) and too easily oxidized. Our in situ experiments
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Figure 1. A schematic of the experimental setup for the in situ TEM study of LiF electrochemical
deposition

(A) A customized electrochemical TEM sample stage.

(B) An electrochemical program is applied to the electrochemical cell using an electrochemical
workstation.

(C) An electrochemical liquid cell that fits the sample stage in (A).

(D) In situ deposition of LiF nanosheet on positively charged Ti electrodes; some are detached from
the Ti electrode.

combined with density functional theory (DFT) calculations allow for an in-depth un-
derstanding of LiF growth behavior on positively charged electrodes.

RESULTS AND DISCUSSION

Nucleation, growth, dissolution, and characterization of LiF nanocrystals
Figure 1 is a schematic illustration showing the real-time monitoring of the electro-
chemical reaction using an electrochemical liquid cell after the loading of the Li-ion
battery electrolyte (1 M LiPF, dissolved in PC) in a liquid cell. The sealed liquid cell
was mounted onto the self-designed TEM holder. With electrochemical testing pro-
gram cyclic voltammetry (CV) applied on pattern Ti electrodes (as shown in Fig-
ure 1B) through the connecting wires that were embedded in the TEM holder, LiF
nucleation and growth behaviors were captured on the Ti WE in the SiN, window
area as revealed by in situ TEM (as shown in Figure 1C). Here, we traced LiF forma-
tion during CV measurement, with cell voltages ranging from 4 to —4 V versus
pseudo-reference electrode Ti (PSE Ti) at a scan rate of 100 mV/s (as shown in Fig-
ure S1). Due to the limited space inside the liquid cell, there was no Li-metal refer-
ence electrode, and thus the CE also worked as the reference electrode.

Figures 2A-2F show the sequential images that reveal the evolution of LiF nanocrys-
tals nucleated on the Ti electrode under CV, which were captured by in situ TEM (also
see Video S1). The WE was cycled between 4 and —4 V (versus PSE Ti). Figures 2G-2L
are the simulated three-dimensional (3D) LiF crystals corresponding to Figures 2A—
2F, which clearly show the nucleation, growth, tilting, and dissolution of LiF
nanocrystals. Here, cell potential cannot reflect the real state of the WE since the
reference electrode is absent, but the state of WE can be determined by the current.
Figure 2M shows the corresponding applied electrical potential and measured elec-
tric current from frame A to frame F. Figure 2N is the measured area of the deposited
LiF crystal that projected on the plane of the Ti electrode and the SiN, membrane
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Figure 2. Morphology evolution of LiF crystal on Ti electrode and its crystal structure identification

(A-F) Time series of TEM images illustrate the formation of LiF nanosheet on positively charged Ti electrodes.

(G-L) 3D images corresponding to (A)-(F) display the behavior of nanosheet clearly.

(M) Corresponding voltage loaded on the electrochemical liquid cell and measured current from electrochemical workstation.

(N) The projected area of LiF nanosheet as a function of time during cyclic voltammetry in the voltage range of 4 to —4 V at a scan rate of 100 mV/s.
(O) TEM image of the in situ-formed LiF nanosheet in the liquid cell.
(P) The selected area electron diffraction (SAED) pattern of the nanosheet collected in the red dashed circle area in (O).

(perpendicular to the electron beam direction). The intersections of vertical dashed
lines with the voltage-current curve and area curve in Figures 2M and 2N are the spe-
cific potential, current, and area that correspond to Figures 2A-2F. As a side note, in
Figure 2A, there are some dark spots on the observed electrode. The dark spots on
the Ti electrode are from residual photoresists during the E-cell fabrication process
instead of electrolyte decomposition deposits, since they were observed at the
beginning of the in situ TEM test, as shown in Video S1 (see also Figure S2A).
Most dark spots on the Ti electrode remain unchanged during the in situ TEM
test, as shown in Figures 2A-2F, which confirms that the dark spots were not from
electrolyte electrochemical decomposition. However, a few dark spots changed dur-
ing the in situ TEM observation process, as highlighted in Figure S3 with red circles.
This may originate from some side reactions between the residual photoresist and
electrolyte under the electron beams. From Figures 2A and 2B, the voltage of WE
(versus PSE Ti) varies from 1.32 to 0.47 V, and there is a deposit nucleating on the
electrode (also see Figures 2G and 2H). Then, from Figures 2B to 2D, the corre-
sponding voltages of WE (versus PSE Ti) are 0.47, 0.42, and —0.68 V, respectively,
and the LiF nanosheet grows in the vertical direction (perpendicular to Ti electrode
plane and SiN, window plane, as shown in red concentric circles in Figure 2B; also
see Figure 2H) at the beginning. The nanosheet quickly touches the top chip of
the liquid cell on the SiN, window due to the limited internal space (150 nm) of
the liquid cell in the thickness direction. In this case, the nanosheet tilts and slides
from the vertical direction to the horizontal direction to accommodate the fast
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increasing dimensions of the grown nanocrystal (see Figures 2D and 2J). Figures 2D
and 2E show that the nanosheet grows gradually as the voltage of WE (versus PSE Ti)
changes from —0.68 to 0.03 V, and red arrows in Figures 2D and 2E indicate the hor-
izontal growth direction. The projected area of the nanocrystal becomes increasingly
larger during this period, as shown in Figure 2N. According to Figure 2M, the
measured current corresponding to Figures 2A-2E is positive (anodic current), which
means that the WE is positively charged. Thus, deposit forms on the positively
charged Ti electrode.

From Figure 2F (also Figure 2L), we found that at ~288 s, the measured current
changes to negative for the second time. In the meantime, the nanosheet seems
to dissolve. For Video S1, the video began at ~20 s after the beginning of the CV
test, so for the second time that the current changes from positive to negative
(288 s), the corresponding time in Video S1 should be 268 s. To double confirm
the dissolution process of the LiF nanosheet, the area change of the LiF nanosheet
on the horizontal plane during a period of 268-288 s in Video S1 was extracted and
analyzed as shown in Figure S4. It indicates that the LiF nanocrystal did dissolve un-
der negative current. Actually, at 167 s, the current changes from positive to nega-
tive for the first time as shown in Figure 2M; this negative current remains for a very
short time and it does not lead to a decreasing trend of the area but just a plateau, as
shown in Figure 2N.

To further confirm that the in situ-formed nanosheet is LiF crystal, we stopped the
electrochemical reaction and dried the liquid cell in the glove box. Then, we loaded
itinto TEM for final morphology and crystal structure identification. As shown in Fig-
ures 20 and 2P, the LiF morphology in Figure 20 is consistent with the final
morphology in the video. The lateral size is approximately hundreds of nanometers
(also see the magnified TEM of the LiF crystal shown in Figure S5). The selected area
electron diffraction (SAED) pattern (in Figure 2P) of the nanosheet shows a face-
centered cubic structure with lattice spacings of 1.4240, 1.1625, and 1.0068 A, which
are assigned to the (220);r, (222).;r, and (004)_;r planes, respectively. Based on the
identified planes, the zone axis of this deposited LiF nanocrystal is [110]; this is the
first direct evidence that the LiF nanocrystal can form in situ on the positively charged
Tielectrode. To exclude the electron beam effect on the LiF deposition during the in
situ TEM movie capturing process, we have also created a control experiment in a
liquid cell under CV test without the TEM recording process. Then, we stopped
the electrochemical reaction and dried the liquid cell in a glove box and loaded
the electrochemical liquid cell into TEM for final morphology checking. We still
saw the LiF nanosheets on the Ti electrode, as shown in the TEM image and SAED
image in Figure S6A, and also the magnified TEM in Figure S6B (with marked red cir-
cle indicating the SAED collecting area). Hence, the electron beam effect during the
in situ TEM capturing process for the formation of LiF crystals can be excluded.

There is no full surface coverage by any CEl layer, whether amorphous or crystalline,
but only partial coverage by LiF. SEl mainly formed on the anode or Li-metal during
the first few charge/discharge cycles, especially in the discharge process—that is,
during the reduction process.**>** Note that the electrochemical reaction in the
Li-ion battery electrolyte on the Ti electrode without intercalation provides an op-
portunity to capture the LiF nanosheet on the surface of the Ti electrode. As shown
in Figures S7B and S7E, the potential of Ti CE versus Li/Li* changes dramatically
when current flows through the electrode. The potential of the cells used in our
experiment represents the difference between the potential of WE (Uwe) and the po-
tential of CE (Ucg). Thus, the cell potential cannot reflect the exact Uwg, which is
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based on the comparison of CV curves (as shown in Figures S7A, S7C, S7D, and S7F),
which means that the applied cell voltage cannot indicate whether oxidation or
reduction reaction occurs on the WE. In other words, without a reference electrode
applied in the tiny liquid cell, the cell voltage cannot indicate whether the electrode
is positively charged or negatively charged. Hence, in the self-designed electro-
chemical liquid cell, we used the current measured in the electrode as the indicator
of the electrode state. Figure S8 shows how to determine the oxidation/reduction
state of the WE based on current. When the current is positive (anodic), the electrode
is positively charged and an oxidation reaction occurs on the electrode. Otherwise,
the electrode is negatively charged and a reduction reaction (cathodic current) oc-
curs on the electrode. It is noteworthy that the CV curves in Figures S7TA-S7C are
discontinuous. This is because we start the CV tests from the open circuit potential
(OCP) and scan for only one cycle, so the discontinuity is inevitable.

Although we have accomplished the real-time imaging of electrochemical reactions
in commercial electrolyte LiPF,/PC for Li-ion batteries using TEM, there are still
drawbacks in the setup. For instance, since a Li-ion source electrode was lacking in-
side the liquid cell to supply the consumed Li ions during reactions, it is expected
that the concentration of Li ions in the electrolyte changes during the reaction.
The total Li consumption in the electrolyte has been estimated.’® However, such
changes do not drastically affect the deposition kinetics. We have observed LiF
deposition on the positively charged Ti electrode, and the observed LiF formation
was doubly confirmed by ex situ liquid cell experiments. Furthermore, we have
also conducted ex situ experiments by using the commercial cathode material Li-
Nig.eC00.1Mng 102 (NMC811). For this battery, we used Li foil as the anode and
LiPF4/PC as the electrolyte. LiF was also detected in the CEl after being charged
to 4.3V (versus Li/Li"), as confirmed by XPS (in Figure S9). For other transition metal
oxide-based cathodes in LiPF4 containing electrolytes, LiF was also detected in
CEI.?>7?® Therefore, using Ti as the cathode electrode for LiF crystal investigation
is reasonable. In future in situ liquid cell TEM experiments, adding Li-metal sources
as well as additional reference electrodes in the electrochemical liquid cell is neces-
sary for a direct comparison of the electrochemical reactions under TEM with those
in real Li-ion batteries.

Nucleation, growth, moving, merging, and dissolution of LiF nanocrystals

For LiF nanosheet nucleation and growth in battery electrolytes, instead of one large
nanosheet formed on the Ti electrode in a fixed position (shown in Figures 2A-2F
and Video S1), small nanosheets with detachable or movable features were also
captured on Ti electrode, as shown in Figures 3A-3F and in Video S2. Figures 3G-
3L are the simulated 3D LiF crystals corresponding to Figures 3A-3F. Figures 3A
and 3G show a bare Ti electrode with no LiF nanosheet deposited on it. As
mentioned before, some dark spots on the Ti electrode are from residual photore-
sists during the E-cell fabrication process (see Figure S2A). Dark spots are also
observed in Video S2 (see Figures S2B and S10). There are seven dark spots on
the SiN, area and the Ti electrode area (marked with black circles). From Figures
ST0A-S10F, these seven spots remain unchanged in the whole process (see the com-
parison between Figures ST0A and S10F), which means they do not participate in the
reaction. In comparison with Figure ST10A, there are some newly emerging dark
spots as shown in Figures STOB-S10E. We assign them to LiF nanocrystals, which
is confirmed by the SAED pattern shown in Figure 2P. The LiF nanosheets mainly
formed on Ti electrodes in the period of 0-11 s (Figures 3A-3E), during which
time the Ti electrode was positively charged. The LiF deposition behavior is consis-
tent with Figure 2 and Video S1. The difference with Figure 2 (Video S1) is that LiF
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Figure 3. Deposition behaviors of LiF nanocrystals on Ti electrode

(A-F) Time series of TEM images illustrate the formation of LiF nanosheets on Ti electrodes and the
flake movement on Ti electrodes.

(G-L) 3D images corresponding to (A)-(F) display the nucleation, growth, merging, and
detachment of LiF nanosheets.

(M) Corresponding voltage loaded on the electrochemical liquid cell and measured current from
the electrochemical workstation.

(N) Whole-area evolution of LiF nanosheets as a function of time during cyclic voltammetry in the
voltage range of 4 to 0V, with a scan rate of 100 mV/s.

nanosheets formed in Figure 3 (Video S2) can detach from the Ti electrode and move
under an electric field, while the LiF nanosheet formed in Figure 2 (Video S1) did not
move. That is why the total projected area of the generated LiF nanosheets in Video
S2 dramatically decreases during the electrochemical process in the liquid cell, as
also shown in Figure 3N. Figures 3B and 3H elucidate the nucleation of LiF nano-
sheets on positively charged Ti electrodes at 3.8 V (versus PSE Ti). Then, nanosheets
grow and merge at 3.6 V (versus PSE Ti) in Figures 3C and 3I, and nanosheets move
at 3.25V (vs PSE Ti) in Figures 3D and 3J. Then, the half-detachment and movement
of LiF nanosheets caused disappearance at 2.92 V (versus PSE Ti) in Figures 3E and
3K. Finally, with the applied voltage decreasing from 4 to 0 V, the measured current
changed from positive to negative (starting from 28.2 s), and the deposited nano-
sheets gradually dissolved, as shown in Figures 3F and 3L (also see Figure S11
and Video S2). Based on the observation of Figures 3A-3L and Video S2, for the first
time, we directly observe the self-healing behavior of LiF nanocrystals, which is
consistent with the previous literature.®’:>® Combining Figures 2A-2L (Video S1)
with Figures 3A-3L (Video S2), we can conclude that LiF nanosheets can cover the
surface of the cathode electrode to prevent the side reaction between electrode
and electrolyte. If the film is broken during the charge-discharge process, this self-
healing behavior of the LiF nanocrystal could greatly improve the cycle performance
of the battery.

DFT calculations to elucidate the formation mechanism of LiF crystals

Since the structure of the 2D nanosheets was confirmed as crystalline LiF by SAED
(Figure 2P), albeit with many defects such as grain boundaries and not perfectly stoi-
chiometric, its formation mechanism attracted our attention. To further elucidate the
LiF deposition mechanism on positively charged Ti electrodes, joint DFT (JDFT)
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Figure 4. Theoretical calculation of PF,~ decomposition near PC solvent or on Ti electrodes

(A) Decomposition of PFs ™ near (1)-(IV) PC solvent and (V)—(VIII) Ti electrode. Initial configurations of
(1) PFg + PC and (V) PF4 + Ti,, are shown in the first column. Optimized configurations of (Il) PF,~ +
PC*, () PFs~ + PC, (IV) PRy~ + PC™, (VI) PR~ + Ti,,", (VII) PR~ + Ti,, and (VIII) PFy~ + Ti,~ are shown
in the second to fourth columns. All of the configurations are surrounded by implicit solvent. The
number of additional electrons in JDFT are listed above the configurations. Atoms C, O, H, Ti, P,
and F are light gray, red, white, heavy gray, cyan, and blue, respectively.

(B) Side view of structural optimization of (I) Li terminated and (Il) F terminated LiF/Ti interface.
Atoms Ti, Li, and F are gray, orange, and blue, respectively. The boundaries of the surface slabs are
marked by black lines.

simulation was used to investigate the charged electrolyte/electrode interface at
atomistic and electronic scales. The simulations in this section attempt to answer
the following questions: (1) how did fluoride ions dissociate from LiPFs and (2)
how did LiF grow on the Ti electrode and then detach?

Generally speaking, on the negative electrode, the LiF in SEl was a decomposition
product of fluorinated ions, solvents, and additives on the anode surface. Here,
the decompositions of PF4 ™ in two different environments, either near the PC solvent
or on the Ti electrode, were investigated. As shown in Figure 4, in the first case, PF,~
and PC* spontaneously decompose into PFs, C4HsO3, and hydrogen fluoride (HF)
(Figure 4A, 1), while PFs~ is stable near neutral and negatively charged PC (Fig-
ure 4A, lll and IV). The structure-optimization trajectory can be found in Videos S3
and S4. The decomposition of PF,~ was simulated by the JDFT method
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Figure 5. Oxidation of PC and its product promotes the decomposition of PFs~
(A) Production of PC" via oxidation of PC.
(B and C) Two paths that PC" promotes the decomposition of PF4™.

(Figure S12A), which is a combination of explicit solute system (DFT simulation) and
implicit solvent system (continuum model). The decomposition of PFs~ and the
charge transfer with the neighboring molecule/electrode was simulated by DFT
simulation in Figure S12B, while the solvation interaction (i.e., the solvation shell
of PC molecules), was simulated by the implicit solvent model in Figure S12C.
When the decomposition of PF,~ was investigated at positive and negative charged
states in Figure 4A, the existence of a counter charge (Figure S12D) was also incor-
porated into the implicit solvent model by solving a Poisson-Boltzmann-type equa-
tion. Note that PC can be oxidized to PC™ on the positively charged Ti electrode. In
agreement with the simulation results, the current increases along with the voltage
for two electrolytes (LiPF, in PC, PC only) in the CV curves, which occurs at a voltage
higher than 3.6 V vs Li/Li* (Figures S7A and S7D). Here, the increment of the current
is much higher in 1 M LiPF4/PC than that in the PC solvent only, which is due to the
solute conductivity effect. Specifically, two oxidation peaks were observed in Fig-
ure S7A. The peak at ~4.7 V corresponds to the oxidation of PC and the decompo-
sition of LiPFs,”” and the sharp increase of current at >5 V originated from the
decomposition of PC. The oxidation product of PC is a positively charged radical®’
shown in Figure 5A, which is in agreement with the conclusion from Figure 4A, 1. The
radical can react with PF,~ and form HF, as shown in Figures 5B and 5C. Then, the
combination between HF and Li" can be one path to generate LiF, due to the limited
solubility of LiF in PC.%°

Besides the reaction with solvent PC, the decomposition of PF,~ on Ti electrode sur-
face was investigated in Figure 4A, V=VIII. It was found that PF,~ was only stable near
a negatively charged Ti electrode in Figure 4A, VIII. Spontaneous fluorine transfer
from PF,~ to Ti can be observed on positively charged and electrically neutral elec-
trode surfaces in Figure 4A, Vland VI, respectively. The top view of the fluorinated Ti
(0001) surface is shown in Figure S13. Therefore, F~ of LiF on positively charged
Ti electrodes is generated by the decomposition of PFs~. On negatively charged
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Ti electrodes, PF,~ shows enough stability and is repelled by electrostatic interac-
tion from Ti electrodes; thus, the formation of LiF by this route is difficult. The
different stability of PF,~ at positive and negative potential can be used to under-
stand the different deposition components observed on the cathode (LiF deposi-
tion) and anode (Li deposition) in experiments.

Importantly, two types of PF,~ decomposition in Figures 4A, Il and VI dominate the
LiF formation on the positively charged electrode. The decomposition energy (Ep) of
PF,~ in the two reaction routes was calculated as follows:

or Ep = Eiot — Epr- — Epc+ (Equation 1)

Ep = Eiot — Epp,- — Exip» (Equation 2)

where Ep is the decomposition energy; E; is the system energy after PF,~ decom-
position in Figures 4A, Il and VI; and Epg,-, Epc+, and Er; + are the energies of
charged reactants. Both the Ep of PF,™ next to PC™ in Figure 4A, Il (—4.44 eV) and
PFe™ nextto Ti," in Figure 4A, VI (—3.36 eV) are quite low, which indicates the spon-
taneous decomposition of PF¢™ near or on the positive Ti electrode. The decompo-
sition of PFs ™ next to PC* (—4.44 eV) is favored slightly more than that on the positive
Ti electrode (—3.36 V). Thus, an initially charge-neutral PC solvent molecule can
serve as a pathway or intermediary agent to transfer hole/oxidation to PFs ™.

In Figures 3D and 3E, it was observed that the LiF film can desorb and move away from
the Ti electrode. To understand the cause, the Ti/LiF interface was simulated (Figure 4B,
I and Il). Two models were constructed: three layers of F and three layers of Li on the Ti
surface (Figure 4B, 1), and four layers of F and three layers of Li on the Ti surface (Fig-
ure 4B, ). The simulation results indicate that if the layer number of F is equal to that
of Li, there is nearly no difference between initial and optimized configurations. Howev-
er, if there is one more F layer involved, then three layers of 2D like LiF layers are gener-
ated. At the same time, chemical bonding between 2D LiF and F-terminated Ti surface
break down. The strong electronegativity of F is believed to be the origin of this interface
reconstruction. The breaking of chemical bonds between the fluorinated Ti surface and
2D LiF can be the reason for the detachment of the LiF film.

Based on the in situ experimental results and theoretical calculations, we summarized the
nucleation, growth, merging, detachment, movement, and dissolution behaviors of LiF
nanocrystals on the Ti electrode and the corresponding LiPF¢/PC electrolyte decompo-
sition mechanism in Figure 6. As shown in Figure 6A, with two Ti electrodes immersed in
LiPF¢/PC electrolyte and then a voltage program (e.g., CV, linear sweep voltammetry)
applied to the Ti electrodes, on positively charged Ti electrodes, we can see several
LiF nanocrystals nucleated (Figure 6A, 1), and subsequently, some grown LiF nanocrystals
merged together (Figure 6A, l1). During this positively charged state of Ti electrodes, the
detachment of the LiF crystal was also observed (Figure 6A, ll). Finally, when we reversed
the charge state of the Ti electrode from positive to negative, the dissolution behavior of
the merged LiF crystal was observed, with the detached LiF crystal moving away and dis-
appearing (Figure 6A, IV). For the electrolyte decomposition mechanism, as shown in
Figure 6B, there are two types of electrolyte decomposition and LiF formation paths
on positively charged Ti electrodes. One is negative F~ ions transferring directly from
the PF,~ to the Ti electrode and the decomposed F~ ions combine with Li* ions and
generate LiF (Figure 6B, I); the other is by an intermediary agent of PC: PC is oxidized first,
and PC" promotes the decomposition of PF,~, which leads to the formation of
HF, and the generated HF provides the F~ ions for the formation of LiF nanocrystal
(Figure 6B, ).
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Figure 6. Formation paths of LiF crystal on positively charged Ti electrodes and its behaviors on
the electrode

(A) Schematic of nucleation, growth, merging, detachment, movement, and dissolution behaviors
of LiF nanosheets on Ti electrodes in the electrochemical liquid cell during the cyclic voltammetry
test.

(B) Two formation paths of LiF nanosheets on positively charged Ti electrodes due to the LiPF,/PC
electrolyte decomposition in the electrochemical liquid cell.

Lastly, we need to point out that electron-beam effects are unavoidable in in situ
TEM experiments. Nonetheless, beam effects can be minimized at the reduced
electron dose during imaging. To confirm that LiF deposition is not caused by
e-beam irradiation, control experiments were conducted with the same low elec-
tron beam dose (<1 eA 2 s7"), but without the programmed CV applied to the
electrochemical liquid cell. The captured video data indicate that no deposition
or reactions happened on the Ti electrode under such a low beam intensity,
even for an extended period. In addition, we conducted extra experiments by
blocking the beam in a periodic manner, and no obvious difference occurred in
the LiF deposition behavior. Another point to mention is that to achieve high
spatial resolution of the deposited LiF nanocrystals in an electrochemical liquid
cell, the liquid layer needs to be evenly distributed with a thickness equal to
150 nm. This differs from real battery configuration since real battery electrodes
are separated by a porous separator (e.g., polypropylene film). In this case, the
liquid layer is porous by filling the pores or voids of the separator; hence, the
morphology of the deposited LiF crystals in the real cathode electrode may be
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different from the morphology observed in the liquid cell and may need more
advanced techniques to image in the future.

Conclusions

In summary, we have conducted a systematic study on the formation of LiF nano-
sheets on positively charged Ti electrodes through a combination of experi-
mental data and theoretical calculations. In situ TEM observations illustrate the
nucleation, growth, merging, detachment, and movement of LiF nanocrystals
on positively charged Ti electrodes and the dissolution of LiF nanocrystals
when the electrode becomes less positively charged. Theoretical calculations
demonstrated that an intermediary PC* can promote the decomposition of
PF¢~. Fluorine can transfer from PF,~ to positively charged or electrically neutral
Ti electrodes spontaneously. Both paths can provide fluorine to form LiF naon-
sheets, and if the formed LiF is terminated by F on Ti electrodes, inter-surface
reconstruction is induced by the electronegativity of F, which may result in the
detachment and movement of LiF flakes during electrochemical reactions. Our
in situ study of LiF formation on the CEl proves that the LiF crystal has remark-
able morphing mobility and self-healing ability, which provides valuable insights
on improving the cathode surface chemistry for improved battery performance
and cycle life.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Zhiyuan Zeng (zhiyzeng@cityu.edu.hk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The data that support the plots within this article, and other findings of this study, are
available from the corresponding authors upon reasonable request.

Materials and methods

Fabrication of electrochemical liquid cell

The fabrication procedure of the electrochemical liquid cell is similar to our previous
work.*®% The liquid cells, including bottom and top chips, were fabricated using
ultra-thin silicon wafers (200 um, 4 inches, p-doped) purchased from Virginia Semi-
conductor (Fredericksburg, VA). A 25-nm-thick low-stress silicon nitride film was
evaporated on the silicon wafer as a membrane of the viewing window. The viewing
windows and two reservoirs were created by photolithographic patterning and
etching with KOH solution (with a water:KOH ratio of 2:1). The dimensions of the win-
dows are 25 x 6 pm. Two 90-nm-thick Ti electrodes were deposited on the bottom
chips with a face-to-face distance of 20 pm. The bottom and top chips were sealed
using a 150-nm-thick sputtered indium spacer. A total of 1 M LiPF dissolved in PC,
was loaded into the reservoirs with a syringe in a glove box. Liquid electrolyte flowed
into the viewing window by capillary force. We sealed the cell, including the reser-
voirs, using Cu foil and epoxy. Since the window gap is no larger than 150 nm, no
contamination from epoxy was observed during the electrochemical experiments.
The dimensions of a biasing cell are ~3 mm x 3 mm square and ~400 pm thick.
The nano-battery was put into a home-made TEM holder for TEM characterization
under bias. Both of the WE and CE were extended to two Ti pads in two reservoirs.
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Al wires were bonded onto each Ti pad. The bonded Al wires were connected to the
two Cu pads on the customized TEM holder tip. The TEM holder fits a JEOL 2100
TEM.

Two patterned Ti electrodes were used as a WE, CE, and reference electrode,
respectively. The electrolyte was 1 M LiPF, dissolved in PC. The two electrode con-
figurations were assembled in a clean room.

Characterizations

Real-time videos shown in Figures 2 and 3 of the dynamic electrochemical reac-
tions were recorded using a JEOL 2100 TEM microscope operating at 200 kV,
which was equipped with a Gatan Orius camera-facilitated frame rate of 30 fps.
TEM images and SAED pattern were acquired using a JEOL 2100 TEM micro-
scope. The electrochemical process was controlled by an electrochemical worksta-
tion (CH Instruments, model 660D series). It was used to perform in situ CV
measurements with a voltage range of 4 to —4 V and a scan rate of 100 mV/s.
The ex situ CV curves presented in Figure S7 were measured by an electrochemical
workstation (lvium-N-stat) with a three-electrode configuration. The WE was cycled
between 1.0 and 5.6 V Li/Li*, and the scan rate was 0.1 mV/s. It was used to
confirm the variation of potential of Ti CEs during measurement. The XPS spectra
were recorded by Thermo Scientific K-Alpha with monochromatic 150-W Al Ka. ra-
diation. The binding energies were referenced to the C 1 s line at 284.8 eV from
adventitious carbon. For XPS characterization, a battery charged to 4.3 V was dis-
assembled in an Ar-filled glove box and the NMC811 electrode was washed with
DMC to remove LiPFg.

DFT calculations

All of the spin-polarized DFT calculations were performed by the Vienna Ab-initio
Simulation Package (VASP)©!-62 using projector-augmented wave (PAW) pseudo-
potentials®® and the Perdew-Burke-Ernzerhof (PBE) functional.®* The cutoff energy
for the plane-wave basis was 600 eV. Electrons in the states of (3d, 4s) of Ti, (1s) of
H, (1s, 2s, 2p) of Li, and (2s, 2p) of C, O, F, and P were considered valence elec-
trons. 11 x 11 X 1-, 6 x 6 x 1-, and 3 x 3 X 1-k point grids were used for 1 x
1,2 x 2, and 4 X 4 surface slabs. There are four layers in the Ti surface slab model
and the bottom layer was fixed. The thickness of the vacuum/solution region in the
z direction is ~30 A. In the simulation of ion and solvent decomposition, the space
without atoms was filled with implicit solvent by the JDFT method, which was
coded in VASPsol.®>°® The dielectric constant ¢, of solvent PC was set to 64.0
and the ion concentration was 1 M. Other parameters of the solvation model
were not changed. In charged systems, the number of electrons in JDFT was
changed, and this part of the charge was screened by the implicit solvation model
by solving the linearized Poisson-Boltzmann equation in VASPsol. The conver-
gence for electronic energy and structural optimization was set at 1 x 107¢ and
0.02 eV/A.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2022.01.015.
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Figure S1. Cyclic voltammetry of Ti electrode in electrolyte of 1 M LiPFs in PC (Vs pseudo

reference electrode Ti (PSE Ti)).
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Figure S2. Morphologies of Ti electrodes at the beginning of in-situ Movies.
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Figure S3. The observed changes of the dark points during in-situ TEM observation in Movie

S1.
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Figure S4. Area change of LiF nanosheet at time period 268 - 288 s under negative current in
Movie S1. Area change rate (t) = [Area (268s) — Area (t)] / Area (268s).
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Figure S6. Morphology and the selected area electron diffraction (SAED) pattern of the ex-situ
formed LiF nanosheets in the liquid cell.
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Figure S7. Cyclic voltammetry curve tested in three electrodes configuration at the scan rate
of 0.1 mV/s with WE potential range 1.0 - 5.6 V Vs Li/Li*.
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Figure S8. Schematic to show how to determine the state of electrode by current. Current
flowing into electrode results in electrochemical oxidation, and reduced form is oxidized to
oxidized form. Current flowing out of electrode results in electrochemical reduction, and

oxidized form is reduced to reduced form.
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Figure S9. XPS results of different elements on the NMC811 cathode surface after charged to
4.3 V (Vs Li/Li*) in LiPFe/PC electrolyte.



Figure S10. Time series of TEM images illustrate formation of LiF nanosheets on Ti electrode
and the nanosheets movement on Ti electrode in Movie S2 [7 dark spots marked with black
circles are unchanged (unreacted) dark spots], which are corresponding to images in Figure 3A

-F.

Figure S11.Dissolution of LiF nanosheets under negative current in Movie S2.
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Figure S12. JDFT simulation of PC+PFes. The configuration is the same with that in Figure
4Alll.
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Figure S13. Top view of fluorinated Ti (0001) surface.
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