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Tailoring Breathing Behavior of Solid Electrolyte Interphases
Unraveled by Cryogenic Transmission Electron Microscopy

Xuyun Guo, Xiaogiong Du, Valeria Nicolosi, Biao Zhang,* and Ye Zhu*

The cycling stability of batteries is closely related to the dynamic evolution of
solid electrolyte interphases (SEls) in response to the discharging/charging
processes. Here, the state-of-the-art cryogenic transmission electron micro-
scopy (cryo-TEM) and spectroscopy are utilized to probe the SEI breathing
behavior induced by discharging/charging on the conversion-type anode made
of Fe,03 quasi-cubes. The incorporation of the identical-location strategy
allows the tracking of the evolution of the same SEls at different charge

to trigger electrolyte decomposition and
result in SEIs on the anode surface.ll SEls
mainly form in the first few cycles typically
consisting of both inorganic and organic
species,l’] which feature a large irrevers-
ible capacity and low initial Coulombic
efficiency (ICE). The desirable SEI layers
need to be ionically conducting but elec-
tronically insulating, which is essential

states. SEI breathing is shown to involve swelling (contracting) upon lithia- for
tion (de-lithiation) driven by the reversible compositional change. Bare Fe,0;
anodes develop an unstable SEI layer due to the intermixing with the lithia-
tion product Li,O, which exhibits a large thickness variation upon breathing
as well as excessive growth. A transition from organic to inorganic-type SEI

is also identified upon cycling, which gives rise to significantly increased SEI
resistance. To tailor the SEI behavior, N-doped carbon coating is applied on
Fe,0; (Fe;O; @CN), which can effectively separate the lithiation product from
SEI. A thinner and chemically more stable SEI layer develops on Fe,O; @CN,
resulting in remarkably enhanced cycling stability compared to bare Fe,0;.
This work demonstrates the importance of understanding and optimizing the
dynamic behavior of SEls to achieve better battery performance.

1. Introduction

Solid electrolyte interphases (SEIs) play an irreplaceable role in
rechargeable batteries.!! Due to the higher Fermi levels of anodes
relative to the lowest unoccupied molecular orbital (LUMO)
of electrolytes, electrons migrate from anodes to electrolytes
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conducting reversible discharging/
charging reactions without further electro-
lyte decomposition.l’! Tremendous research
efforts have been dedicated to under-
standing the SEI formation and properties,
aiming to optimize battery performance.!®!
Both electrolyte and anode surface can
directly affect the characteristics of SEIs,
including thickness,”) morphology,® and
composition,”) which further impacts the
cyclic performance. For instance, the chem-
ical composition of SEIs especially the dis-
tribution of inorganic components critically
affects their ionic conductivity and mechan-
ical stability, playing a critical role in battery
stability.') An optimized SEI layer can pas-
sivate the anode surface and maintain its integrity upon cycling
with selflimiting thickness, which enables long-term stability
without electrolyte degradation; while, the repeated cracking and
healing process of an unstable SEI layer can lead to continuous
consumption of electrolyte and working ions, causing irrevers-
ible capacity loss upon cycling."

With the significant progress on understanding their struc-
ture and properties, SEIs have still been acknowledged as the
least understood component in batteries, with many aspects
remaining elusive. In particular, all the discharging/charging
processes must go through SEIs, which may alter their char-
acteristics dynamically and lead to distinct properties at dif-
ferent charge states. The drastic change in the operation
condition, the electrochemical environment, and the anode
volume upon discharging/charging cycling may also cause the
dynamic response of SEIs. In spite of early studies revealing
the development of SEIs after increasing number of cycles,"?!
the dynamic behavior of SEIs at different charge states was not
systematically investigated until Bryngelsson et al. who utilized
X-ray photoelectron spectroscopy (XPS) to unveil the swelling
(contracting) of the SEI layer upon lithiation (de-lithiation)
on a graphite anode, with the disparate SEI composition also
identified between the two processes.®l Such SEI “breathing”
behavior™ has been further observed on various materials
including the conversion-type Fe,O; anode and the novel Si
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anodes (Table S1, Supporting Information).l®! All these pio-
neering works mainly used spectroscopy-based approaches to
probe SEIs. Even though there is an agreement on the dynamic
nature of SEIs, the opposite SEI breathing behavior in response
to lithiation/de-lithiation was reported,®>d leaving contro-
versy in this underexplored phenomenon. Moreover, the origin
of SEI breathing behavior may be associated with the revers-
ible formation of some inorganic/organic compounds,’® but
exactly what components of SEIs may react reversibly during
discharging/charging cycling is still largely unknown. Given
that SEI breathing could potentially influence both stability and
capacity of batteries,’] it demands further investigation, espe-
cially the direct microscopic observation with chemical sensi-
tivity, to better elucidate such dynamic behavior.

Cryogenic transmission electron microscopy (cryo-TEM)
has been recently demonstrated as a powerful tool to image
radiation-sensitive electrode materials and SEIs at the atomic
level.'®l Applying cryo-TEM in the ex situ manner, the dynamic
behavior of SEIs has been revealed on Sil®*! and Li metal
anodes.?”l On the other hand, most of the cryo-TEM works
only compared SEIs from different samples after discharging/
charging, rather than tracking the evolution of the same SEIs.
It leads to the inevitable question whether the identified SEI
difference truly reflects its dynamic evolution or is actually
due to sample-to-sample variations. To address this question,
we here incorporate the identical-location strategy to the state-
of-the-art cryo-TEM, which allows us to directly compare the
same SEIs at different charge states. Using this setup, we probe
SEIs on the conversion-type Fe,0; anode, whose SEI breathing
behavior has never been observed microscopically. The Fe,0,
anode materials are synthesized with the unique morphology
of quasi-cubes and well-defined facets, enabling easy identifica-
tion of SEI layers developed on top. We explicitly unveil the SEI
breathing behavior and the associated structural and chemical
evolution, which lasts up to ten cycles. Long-term cycling has
also been carried out to derive the influence of SEI breathing
on the electrochemical stability. We further apply N-doped
carbon coating to remarkably enhance electrochemical cycling.
This model system provides a platform to disclose the effect
of carbon coating on the SEI breathing behavior, explaining
the underlying SEI origin for this widely adopted strategy in
boosting the battery’s stability.

2. Results and Discussion

2.1. SEI Breathing on Bare Fe,0;

Fe,0; is synthesized by the hydrothermal method as detailed
in the Experimental Section. X-ray diffraction (XRD, Figure 1a)
identifies the obtained phase to be hematite o-Fe,O; (PDF#00-
001-1053) without any noticeable trace of the second phase.
Electron energy loss spectroscopy (EELS, Figure 1b) mapping
confirms the constituent elements of Fe and O. High-angle
annular dark-field scanning TEM imaging (HAADF-STEM,
Figure 1ce) and selected area electron diffraction (SAED,
Figure 1d) further reveal that o-Fe,0; is in the form of single-
crystal quasi-cubes =200 nm in size, with {112}- and {0 1 2}-ter-
minated surface facets. Using the backscattered electrons (BSE)
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to acquire surface-sensitive images in STEM, the BSE-STEM
image in Figure 1f better illustrates the well-defined flat facets,
which offer an ideal base to study the behavior of SEIs devel-
oped on top. Electrochemical performance of Fe,03 quasi-cubes
is tested in Li-ion half cells. Even though a high reversible
capacity of =936.5 mAh g! with 75.9% ICE is obtained in the
first cycle (Figure 1g), an obvious capacity fading can be seen
within the first 100 cycles (black curve in Figure 1i).

To investigate the structure origin for the cycling instability of
Fe,0; quasi-cubes, we perform cryo-S/TEM with the identical-
location strategy to track the evolution of both Fe,O; and the
developed SEI upon discharging/charging cycling. To minimize
the potential effects of beam exposure on the behavior of sus-
ceptible SEI, we only carry out two S/TEM observations on each
tracked sample, that is, one pristine and one after cycling in the
coin cell. As shown in Figure 2a,b, after the first discharging
(lithiation), the Fe,O; quasi-cube becomes inflated and coars-
ened, covered by a very thick and low-density SEI layer =74.3 nm
as indicated by the lower intensity shell. The SEI appears to be
porous as shown in Figure 2¢, presumably owing to the gas (H,,
CO,, or C,H,) generation associated with the debased decompo-
sition of carbonate-based electrolyte solvents on Fe,O; surface
during SEI formation.?!! High-resolution TEM (HRTEM) iden-
tifies that the SEI consists of Li,O (COD #1010064 in Crystal-
lography Open Database) nanocrystals embedded in an amor-
phous matrix (Figure 2d), as verified by both SAED (Figure 2f)
and Li K-edge EELS fine structures (Figure 2g).?4

EELS mapping also detects the presence of C, O, and Li ele-
ments throughout the whole SEI layer (Figure 2e), resulting in
the low-density shell in Figure 2b. As no C is detected in pris-
tine Fe,O; (Figure S1, Supporting Information), it must be the
product of electrolyte decomposition during SEI formation and
constitutes the amorphous matrix observed in Figure 2d. EELS
fine structures further reveal the presence of C=C and C=0
bonding, as indicated by their characteristic edges shown in
Figure 2g. The weak C=C bonds may come from ethylene and
fluoroethylene carbonate (FEC) derived products with alkene
groups: The former is the product when ethylene carbonate
(EC) is reduced to organic lithium ethylene di-carbonate (LEDC)
or mono-carbonate (LEMC),?} while the latter is related to FEC
decomposition.? The C=0 bonds could be related to Li,COs,
polymerized vinylene carbonate (poly(VC)), and lithium alkyl
carbonates such as lithium methyl carbonate (LMC), LEDC,
and LEMC species.[”® As the presence of Li,CO; cannot be
detected by SAED, HRTEM, or EELS fine structures, its con-
tent in the SEI should be relatively low and the detected C=0
signal is primarily from the amorphous organic carbonates in
SEL. On the other hand, EELS mapping unveils that the inner
quasi-cube contains mostly Fe with little O and Li (Figure 2e),
indicating the formation of metallic Fe from the lithiation reac-
tion (Equation (1)), which has also been confirmed by the SAED
pattern shown in Figure 2f. The absence of Li,O in the Fe core
is further verified by EELS fine structures (Figure S2, Sup-
porting Information), which suggests that the lithiation reac-
tion is conducted through the diffusion of O onto the surface
to oxidize Li, leaving reduced metallic Fe in the core and a thick
Li,O layer on the surface. This may be due to the faster diffu-
sivity of O than Fe in Fe,0; lattice.?! Given that such Li,O is
uniformly intermixed with the amorphous C-rich phase from
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Figure 1. Characterization and electrochemical performance of Fe,O3 quasi-cubes. a) XRD patterns of Fe,Os, polypyrrole coated Fe,O; (Fe,O;@PPy),
and N-doped carbon coated Fe,03 (Fe,O;@CN) with the standard pattern of o~Fe,O; (PDF#00-001-1053) at the bottom. b) HAADF-STEM image and
EELS maps. c) HAADF-STEM image. d) SAED pattern. e) Aberration-corrected HAADF STEM (AC-HAADF-STEM) image and corresponding atomic
model of a-Fe,0;. f) BSE-STEM image (the same area as [c]) of Fe,O; quasi-cubes. Selected galvanostatic discharge and charge curves of g) Fe,O3 and
h) Fe,O;@CN under the current density of 1 A g7, i) Cyclic performance of Fe,O3 and Fe,O;@CN under the current density of 1A g™

electrolyte decomposition, we still consider it as part of the SEI
in this analysis.

Fe,0, +6Li* +6e” — 3Li,0+ 2Fe (1)

21i,0+ Fe—3e” — LiFeO, +3Li* (2)

Strikingly, after the first charging (de-lithiation), the SEI
thickness dramatically reduces to only =13.2 nm (Figure 2h—j),
demonstrating SEI breathing upon discharging/charging
cycling. HRTEM identifies the presence of both LiFeO, (COD
#1541312 in Crystallography Open Database) and residual Li,O
nanocrystals (Figure 2k). SAED further shows that LiFeO,
is the dominant Fe phase after the full charging (Figure 2m),
which should form from oxidation of Fe in contact with Li,O
following Equation (2), in line with the previous study.”’]
The formation of LiFeO, rather than Fe,O; has been attrib-
uted to the difficulty of losing one electron for LiFeO, to be
fully de-lithiated under the normal potential.l’®l Both HRTEM
(Figure 2k) and EELS fine structures (Figure 2n) confirm the
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presence of residual Li,O in the SEI layer, which however
cannot be detected by SAED (Figure 2m), probably owing to
their ultrasmall particle size with rather weak diffraction sig-
nals. Moreover, the C K-edge after de-lithiation (Figure 2n) pre-
sents remarkable difference compared with the fully discharged
state (Figure 2g), with substantial enhancement of C=C signal
relative to C=0. This suggests that the carbon species with
C=0 bonding as identified in lithiated SEI diminishes upon
de-lithiation, which is responsible for the declined SEI thick-
ness. Therefore, the observed SEI breathing can be attributed
to the reversible reaction of C=0 containing species as well as
Li,O upon discharging/charging cycling.

The SEI breathing continues in the subsequent discharging/
charging cycles. As shown in Figure S3, Supporting Infor-
mation, the SEI formed on the Fe,O; quasi-cube after 10th
discharge also has a large thickness of =678 nm and abun-
dant Li,O (Figure S3a—f, Supporting Information). After full
charging, the SEI thickness reduces to =15.8 nm (Figure S3g-1,
Supporting Information), slightly thicker than that after the
first cycle (=13.2 nm) and still with the formation of LiFeO, in
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Figure 2. |dentical-location cryo-S/TEM characterization of SEI formed on bare Fe,O; quasi-cubes in the first cycle. a—g) HAADF-STEM images of an
Fe,05 quasi-cube before (a) and after (b) the first full discharge (D1st), and the corresponding TEM (c) and HRTEM images (d). HAADF-STEM image
and EELS maps (e), SAED pattern (f), and Li and C K-edge EEL spectra (from the selected rectangular region in [e]) after the first full discharge (D1st)
(g). h—-n) HAADF-STEM images of an Fe,O3 quasi-cube before (h) and after (i) the first full charge (Clst), and the corresponding TEM (j) and HRTEM
images (k), HAADF-STEM image and EELS maps (l), SAED pattern (m), and Li and C K-edge EEL spectra (from the selected rectangular region in [I])

after the first full charge (Clst) (n).

addition to residual Li,O. Upon further cycling, the SEI layer
continues to grow, with the thickness =19.6 nm after 40 cycles
(Figure S4, Supporting Information) and =143.4 nm with the
dendrite structure after 100 cycles (Figure 3a,b). The LiFeO,
core still maintains integrity after 100 cycles (Figure 3b); thus,
the observed capacity loss in Figure 1i is mainly because Li ions
become trapped in the growing SEI. On the other hand, the
residual Li,O crystals inside SEI exhibit larger sizes (Figure 3c)
after 100 cycles (=10.2 nm) than those formed after 1 cycle
(=5.1 nm). Moreover, substantial amount of LiF can be detected
after 100 cycles by EELS (Figure 3e,f), presumably from accu-
mulated decomposition of LiPFg electrolyte and lithium alkyl
carbonates.?3¢l The SEI dendrites grown outside the LiFeO,

Adv. Energy Mater. 2023, 13, 2300240 2300240 (4 of 12)

core contains C, LiF, and Li,O, with Li,O rich on the surface
(Figure 3e), which needs to consume a large amount of Li and
electrolytes during its formation. The substantial increase of
Li,O and LiF with low ionic conductivity in SEI should be det-
rimental to ion transport and cause capacity loss.?”! Together
with the excessive and continuous growth of SEI, this explains
the capacity fading revealed in Figure 1i.

2.2. SEl Breathing on Fe,0;@CN

The identified SEI breathing on Fe,O; cycling causes large
thickness variation, which is partly due to the incorporation of
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Figure 3. Identical-location cryo-S/TEM characterization of SEI formed on bare Fe,O; quasi-cube after 100 cycles. a—f) HAADF-STEM images on an
Fe,03 quasi-cube before (a) and after 100 times full charge (C100th) (b), and the corresponding HRTEM image (c), SAED pattern (d), HAADF-STEM
image and EELS maps (e), and Li K-edge EEL spectra (from the two selected rectangular regions in [e]) after 100 times full charge (C100th) (f).

a large amount of Li,O from lithiation. This may prevent the
formation of a steady SEI layer, leading to the continuous SEI
growth and the associated capacity loss as observed above. To
improve the cycling stability, we apply PPy coating on the sur-
face of Fe,0; quasi-cubes (Figure S5, Supporting Information),
aiming to separate the lithiation products from the surface SEI.
After carbonization at 400 °C, an amorphous N-doped carbon
(CN) layer results with the thickness =16 nm (Figure 4a,b). The
carbon content is determined to be 10.1 wt% by thermogravi-
metric analysis (TGA, Figure S6, Supporting Information).
The basic structure and morphology of o-Fe,0; quasi-cubes
remain unaltered during both PPy coating and subsequent
carbonization, as revealed by XRD (Figure 1a), aberration-cor-
rected (AC) STEM (Figure 4c), HRTEM (Figure 4d), and SAED
(Figure 4e). It should be noted that higher annealing tempera-
ture (500 °C and 600 °C) will induce phase transition from
o-Fe,03 to ¥Fe,0; (Figures S7-S9, Supporting Information).
The CN coating layer leads to the crumpled surface of Fe,0;@
CN revealed by BSE-STEM image (Figure 4f), in contrast to the
smooth surface of bare Fe,O; quasi-cubes (Figure 1f). EELS
mapping demonstrates uniform distribution of C and N ele-
ments in the surface layer of Fe,O;@CN (Figure 4b), which
shows the signs of the C=C bond as well as the potential C—O/
C—C/C—N bonds (Figure 4g).*% Fe,0;@CN in Li-ion half cells
shows similar reversible capacity (936.7 mAh g™) compared
to bare Fe,0;, but slightly lower ICE (71.1%) in the first cycle
(Figure 1h), which could be attributed to the larger surface area
of the crumpled coating layer in contact with electrolytes. The
dQ/dV (Figure S10, Supporting Information) and cyclic voltam-
metry (CV, Figure S11, Supporting Information) curves suggest
that this carbon coating layer does not affect the electrochem-
ical mechanism of Fe,O; upon Li storage. On the other hand,
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Fe,0;@CN exhibits excellent cyclic capability, maintaining a
high capacity of 1105.4 mAh g™ over 1000 cycles under 1 A g™
(red curve in Figure 1i), in contrast to the obvious capacity deg-
radation in bare Fe,03;. The CN coating should have the con-
finement effect to maintain the integrity of Fe,O;@CN during
cycling. However, as Figure 3b does not show obvious loss of
active material, we attribute the distinct cyclic stability of bare
Fe,0; and Fe,O;@CN to their SEI properties tailored by CN
coating.

We then explore the discharging/charging behavior of
Fe,O0;@CN using identical-location cryo-S/TEM to compare
with that of bare Fe,0s. As illustrated in Figure 5, after the first
discharging (lithiation), the Fe,O;@CN quasi-cube becomes
distorted and coarsened, covered by a =42.3 nm thick outer
layer (Figure 5b), much thicker than the pristine CN coating
(=19.7 nm shown in Figure 5a). HRTEM can resolve a SEI layer
only 76 nm thick outside CN coating (Figure 5c), which is not
only thinner but also denser than that on bare Fe,0; (Figure 2c).
It reflects the passivation effect from the CN coating, which
could decrease/suppress catalytic effects of electrolyte with Fe
nanoparticles formed from the reduction of Fe,0;,3 resulting
in a thinner SEI layer.3? The C K-edge EELS in Figure 5g shows
clear difference from that of the pristine Fe,O;@CN (Figure 4g)
but largely resemble those of the discharged Fe,O; (Figure 2g),
suggesting similar C species in the formed SEIs (i.e., lithium
alkyl carbonates and poly(VC) species). Most excitingly, CN
coating does lead to two Li,O layers as unveiled by EELS (white
dashed line in Figure Se): The outer layer contains discrete Li,O
nanocrystals embedded in the amorphous matrix (Figure 5d),
which corresponds to CN coating plus the SEI layer; while,
the inner layer consists of dense Li,O as the lithiation product
of Fe,0; (Equation (1)), as evidenced by SAED (Figure 5f). It
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Figure 4. Characterization of Fe,O;@CN quasi-cubes. a) HAADF-STEM image, b) HAADF-STEM image and EELS maps, c) AC-HAADF-STEM image
and the corresponding atomic model of o-Fe,O3, d) HRTEM image, e) SAED pattern, f) BSE-STEM image (the same area as [a]), and g) C K-edge EELS

from the surface CN layer on the Fe,O;@CN quasi-cubes.

demonstrates the effectiveness of CN coating in isolating the
lithiation products from SEI. The observed thick surface layer
in Figure 5b is ascribed to the combination of the Li,O-rich
inner layer, the CN coating, and the SEI layer.

SEI breathing is still observed on Fe,O;@CN. After the first
charging (de-lithiation), the surface layer thickness decreases
to =23.4 nm (Figure 5i), only =3 nm thicker than the original
CN coating (=20.2 nm, Figure 5h). HRTEM and SAED reveal
the presence of LiFeO, covered by an amorphous C layer
without any trace of residual Li,O (Figure 5j,k,m), suggesting
the complete conversion of Li,O in contact with the Fe core
(Equation (2)). Li K-edge fine structures confirm the absence of
Li,O but the presence of Li,C in the SEI (Figure 5n),B3% which
is consistent with the nearly identical distribution of Li and C
shown in Figure 51. This indicates that the reduced Li tends to
intercalate into CN coating to form amorphous Li,C,* which
makes it difficult for de-lithiation owing to the slow kinetics of
Li deintercalation from the amorphous Li,C.**l The C K-edge
EELS (Figure 5n) exhibit the characteristics of amorphous C
without C=0 signals, similar to the pristine CN coating shown
in Figure 4g. It evinces that the C signal mostly comes from CN
coating containing Li,C, with little contribution from residual
SEI after the first cycle, in accordance with the small thickness
increase detected in Figure 5i. With little SEI formed after the
first cycle, the detected SEI components from discharging, such
as Li,O and carbon species with C=0 bonding, should revers-
ibly participate in the electrochemical reactions during de-litha-
tion; and thus, cause SEI breathing. The irreversible capacity
(Figure 1h) measured from the first cycle may be mainly attrib-
uted to the irreversible formation of Li,C in CN coating.

When completing the 10th discharge on Fe,O;@CN
(Figure S12a,b, Supporting Information), an =16.7 nm SEI
layer outside CN coating can be seen (Figure S12c, Supporting
Information), with Li,O nanocrystals embedded (Figure S12d,
Supporting Information). CN coating still confines plenty of
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Li,O as an inner layer (Figure S12e, Supporting Information).
After the 10th charging, a thin SEI layer (=4.0 nm) containing
Li,O remains outside CN coating (Figure S12g—j, Supporting
Information), in contrast to the indistinguishable SEI after
the first cycle (Figure 5j). It suggests that SEI on Fe,O;@CN
develops in a slower way than on bare Fe,0;, probably because
CN coating is chemically more stable than the o-Fe,05 surface
that has substantial catalytic activity.?®! The Li,C phase is also
detected due to Li intercalation into CN coating (Figure S12k,
Supporting Information). Upon further cycling on Fe,0;@
CN, the SEI layer after 40 cycles largely resembled that formed
after 10 cycles, with the thin Li,O-contained SEI layer forming
outside the Li,C-contained CN coating (Figure S13, Sup-
porting Information). The scanning electron microscopy (SEM,
Figure S14, Supporting Information) further evidences that
the overall morphologies of Fe,O;@CN electrode are almost
unchanged after 40 cycles. This structure remains stable after
100 (Figure 6) and 200 cycles (Figure S15, Supporting Infor-
mation), which should facilitate the fast ion transfer and
improve the long-term electrochemical stability. Therefore, the
remarkably improved cyclic stability of Fe,O;@CN is attrib-
uted not only to the formation of the thin SEI layer from the
passivation effect of CN coating but also to the more steady
SEI behavior, presumably due to the effective separation of
lithiation products from the SEI layer. No LiF is detected for
Fe,0;@CN even after long-term cycling, indicating suppressed
decomposition of the electrolyte (Figure S16b, Supporting
Information).

2.3. A Comparison of SEI Breathing Behavior
The behavior of SEI breathing on both Fe,03 and Fe,O;@CN is

summarized in Figure 7. With the size of Fe,0Oj; cores and thick-
ness of SEIs derived as illustrated in Figure 7a,b, both quantities
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Figure 5. Identical-location cryo-S/TEM characterization of SEI formed on Fe,O;@CN quasi-cubes in the first cycle. a—g) HAADF-STEM images of an
Fe,0;@CN quasi-cube before (a) and after the first full discharge (D1%") (b), and the corresponding TEM (c) and HRTEM images (d). HAADF-STEM
image and EELS maps (e), SAED pattern (f), and Li and C K-edge EEL spectra (from the selected rectangular region in [e]) after the first full discharge
(D1st) (g). h—-n) HAADF-STEM images of an Fe,O;@CN quasi-cube before (h) and after the first full charge (Clst) (i), and the corresponding TEM (j)

and HRTEM images (k), HAADF-STEM image and EELS maps (l), SAED pattern (m), and Li and C K-edge EEL spectra (from the selected rectangular

region in [l]) after the first full charge (Clst) (n).

increase after discharging and decrease after charging, mani-
festing the oscillation or breathing behavior as shown in the
yellow regions in Figure 7c,d. As illustrated in previous sec-
tions, such SEI breathing is mainly associated with the revers-
ible reaction of C=0 containing species and Li,O in SEIs,
which accounts for the higher than the theoretical value for
Fe,0; (848 mAh g! for forming LiFeO,). Bare Fe,0; exhibits
larger volume expansion as well as SEI thickness variation, the
latter of which is largely due to the incorporation of lithiation
product Li,O in SEIL. Such unstable SEI evolves into the den-
drite morphology with large thickness after 100 cycles, causing
capacity fading in bare Fe,0;. Using CN coating to effectively
separate the lithiation product from SEI, a much more steady
SEI breathing behavior is achieved in Fe,O;@CN (Figure 7d),
explaining its excellent cycling stability. The passivation effect
of CN coating may also facilitate the formation of the thinner
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SEI layer (al,2 > b1,2), in addition to the separation of the lithi-
ation product from SEI.

Besides the smaller variation in SEI thickness, Fe,O;@CN
also shows stable SEI composition upon cycling as revealed
by EELS fine structures summarized in Figure 8 Figure S16,
Supporting Information. For bare Fe,0; after cycling, the Li
K-edge shows that the dominant Li species in SEI are Li,O,
until 100 cycles when substantial LiF signal is detected from the
decomposition of LiPF; electrolyte and lithium alkyl carbonates
(Figure 8a).1’7l The F K-edge signal further confirms the pres-
ence of F species (Figure S16a, Supporting Information). The
lithium alkyl carbonates decomposition is also verified by the
C K-edge fine structures, exhibiting the relatively decreasing
C=0 signal compared to the C=C signal with more cycling
(Figure 8b). This reflects that the C=O containing species
such as poly(VC)) and lithium alkyl carbonates are decreasing

© 2023 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 8. Comparison of EEL spectra of a,c) Li K-edge and b,d) C K-edge from bare Fe,O3 (a,b) and Fe,O3;@CN (c,d) surfaces after charging.

in the cyclic reactions. Together with more LiF formation, it
evinces a gradual transition from organic into inorganic-type
SEI for Fe,03 during long-term cycling. This contradicts the
earlier XPS study on Fe,O; which suggests a stable SEI com-
position upon cycling.®¥ In contrast, Fe,0;@CN develops
stable SEI consisting of Li,O (Figure 8c), C species consist-
ently (Figure 8d), and negligible F species (Figure S16b, Sup-
porting Information), with no substantial change up to 200
cycles. Especially, the decomposition products with both C=C
and C=0 binding are well kept during the cycling, evincing a
stable SEI formation on the Fe,O;@CN surface. Such a SEI
with abundant organic and inorganic species can not only
enhance the elastomeric properties but also facilitate fast Li dif-
fusion. Therefore, the lack of organic-to-inorganic SEI transi-
tion in Fe,O;@CN should result in both higher cycling stability
(Figure 1i) and lower SEI resistivity.

To further interrogate the effect of SEI breathing on SEI
resistivity, we have performed electrochemical impedance
spectroscopy (EIS) measurements after different cycles. As
presented in Figures S17-S20, Supporting Information, the
semicircle existing at high frequencies typically reflects the
resistance of SEI (R2 in Figure S20, Supporting Information)
and the following semicircle at middle frequencies is related to
the resistance of interfacial charge transfer.?®! Two semicircles
are present for both samples after the first and 10th discharging

Adv. Energy Mater. 2023, 13, 2300240 2300240 (9 of 12)

(Figure S18a,c, Supporting Information), indicating consider-
able resistances for both SEIs and interfacial charge transfer.
On the contrary, for samples at the fully charged states (Clst,
C10st, and C40th in Figure S18Db,d,e, Supporting Informa-
tion), there is only one semicircle at high frequencies repre-
senting the resistance of SEIs, while the charge transfer resist-
ance becomes unobservable suggesting that the electrodes are
fully de-lithiated.3¥) For bare Fe,O; after the 100th charging
(Figures S18f and Figure S19, Supporting Information), the
increased SEI resistance is observed from the thick SEI layer
with abundant Li,O and LiF (Figure 3). Moreover, the large
charge transfer resistance is observed for this sample, pos-
sibly due to the irretrievable de-lithiation reactions. Overall, the
derived SEI resistance (Figure 7e) closely follows the variation
of SEI thickness (Figure 7d) for both samples, with Fe,0;@CN
always showing lower resistance, demonstrating the effect of
SEI breathing on the transport properties.

3. Conclusion

In conclusion, applying identical-location cryo-S/TEM on bare
Fe,0; and Fe,O;@CN quasi-cubes, we have quantitatively
measured the SEI thickness variations induced by discharging
(lithiation) /charging (de-lithiation) cycling, representing the

© 2023 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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typical breathing behavior of SEIs whose origin is identified
as the reversible reactions of C=O containing species and
Li,O in SEIs. An unstable SEI layer develops on bare Fe,O;
with a larger thickness variation upon breathing, which can be
attributed to the intermixing with the lithiation product Li,O.
It further leads to continuous and excessive SEI growth upon
cycling, resulting in the substantial capacity loss within 100
cycles. A transition from organic to inorganic-type SEI is also
identified upon cycling on bare Fe,03, which gives rise to the
larger SEI resistance. With CN coating to passivate the Fe,05
surface, the lithiation product Li,O can be effectively separated
from SEI, resulting in a thinner SEI layer with more steady
breathing behavior and less compositional variation upon
cycling. Superior cycling stability is achieved on Fe,O;@CN
compared to bare Fe,O3;. Our work highlights the significance
of understanding and tailoring the dynamic behavior of SEIs
such as SEI breathing to achieve optimal battery performance.

4. Experimental Section

Fe,O3; Quasi-Cubes Synthesis: Fe,O3 quasi-cubes were fabricated by
a modified one-step hydrothermal method.l*)l Concretely, 0.808 g of
Fe(NO3)3:9H,0 (98.0-101.0%, Alfa Aesar) and 0.125 g of Ni(OAc),-4H,0
(98+%, Alfa Aesar) were first dissolved in 10 mL of deionized (DI) water
to prepare a transparent solution. Afterward, 9 mL of ammonia solution
(28%, Alfa Aesar) was added drop by drop to the above solution under
magnetic stirring for 10 min. Then, the mixed solution was transferred
into a 50 mL Teflon lined stainless steel autoclave and kept at 160 °C for
12 h. After cooling to room temperature, the precipitates were collected
by centrifugation and washed with DI water and alcohol three times.
Last, the red precipitates were dried under vacuum at 60 °C.

Fe,O3@ PPy Quasi-Cubes Synthesis: The coating of polypyrrole (PPy)
on the as-fabricated Fe,O; quasi-cubes was achieved based on a
modified method from previous work.l*l To prepare 5% polyvinyl alcohol
(PVA, My, 89 000-98 000, 99+%, Sigma—Aldrich) aqueous solution, 5 g
of PVA and 95 mL of DI water were added to a round-bottomed flask
under magnetic stirring and were heated to 95 °C with condensing reflux
until the solution turned fully transparent (=4 h). 50 mg of as-fabricated
Fe,O3 quasi-cubes was added to a beaker that contained 90 mL of DI
water, 10 mg of sodium dodecyl sulfate (SDS, 299.0%, Sigma-Aldrich),
and 10 mL of cooled 5% PVA solution. This mixer was first dispersed
under ultrasonication for 30 min and magnetic stirring for 2 h. Then,
it was transferred to a 0 °C ice bath under stirring for at least 1 h for
cooling down before adding 150 uL of pyrrole (98%, Sigma-Aldrich)
precursor. After stirring for 20 min to get a homogeneous dispersion,
10 mL of 0.03 mm FeCl; (FeCl;-6H,0, 97%, Alfa Aesar) aqueous solution
was added dropwise to initiate the polymerization. The solution was
under ultrasonication for 10 min and stirred for another 2 h for a
complete reaction in the ice bath. The synthesized Fe,O;@PPy samples
were centrifugated, washed with hot DI water three times, and dried
under vacuum at 60 °C.

Fe,O3s@CN Quasi-Cubes Synthesis: The Fe,O;@CN quasi-cubes were
fabricated by annealing the prepared Fe,O;@PPy in a tube furnace at
400 °C / 500 °C / 600 °C for 3 h under the N, atmosphere with a heating
rate of 10 °C min~".

Electrochemical Measurements: The coin cells were assembled using
CR2032 battery cases with an active material electrode as the working
electrode and a metallic Li plate as the counter/reference electrode. The
active material, super P, vapor grown carbon fibers (VGCF), and sodium
carboxymethyl cellulose (CMC) were mixed by hand grinding with the
mass ratio of 7: 1: 1: 1 in a mortar and the slurry was cast on Cu foil
to make the electrodes. The electrodes with a 12 mm diameter and
~1 mg cm~? mass loading were used for coin cell assembling. Lithium
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hexafluorophosphate (LiPFg), EC, dimethyl carbonate (DMC), and ethyl
methyl carbonate (EMC) were purchased from DoDo Chem and FEC
was bought from Alfa Aesar. 1 m LiPFg in EC: DMC: EMC (volume ratio
of 1: 1: 1) with 5 vol% FEC was applied as the electrolyte. One piece of
GF/D (Whatman) coupled with one piece of Celgard 2325 was used
as the separator. The galvanostatic charge/discharge was measured
on LAND battery testing system within 0-3V. EIS was performed on a
Biologic SP150 electrochemical workstation (100kHz-0.1Hz) with an
amplitude of 5 mV. CV was performed on Biologic VMP-300 within 0-3 V
at scan rate of 0.1 mV s7\.

Material Characterization: XRD patterns were collected on Rigaku
SmartLab X-ray Diffractometer with a Cu target. The TGA was carried
out on PerkinElmer Pyris T TGA in air atmosphere from 30 °C to 800 °C
with heating rate of 10 °C min~". The SEM was observed by Zeiss Ultra
plus with acceleration voltage of 5 kV and InLens detector.

Identical-Location Cryo-S/TEM Characterization: S/TEM
characterization was performed on a 200kV JEOL JEM-2100F microscope,
equipped with a Gatan Enfina electron spectrometer. EELS mapping
was carried out in STEM mode with a 13 mrad convergence angle for
the optimal probe condition. A 21 mrad collection angle was used for
EELS acquisition and an 89 mrad inner angle was used for HAADF
images collection, which could be acquired simultaneously for STEM-
EELS elemental mapping. Besides normal elemental mapping, the EELS
fine-structure maps for Li,O, LiF, and Li,C were obtained using multiple
linear least-square fitting in DigitalMicrograph (Gatan) software with
the corresponding reference spectra. AC-HAADF-STEM characterization
was performed on a ThermoFisher Scientific Spectra 300 microscope
equipped with an X-FEG/UltiMono electron source and a CEOS SCORR
fifth-order probe corrector, operated at 300 kV. A 24 mrad convergence
angle and the 45-200 mrad collection angle were used for atomic-
resolution HAADF-STEM imaging.

The Fe,O3 and Fe,O;@CN TEM samples were first dispersed on holey
carbon film-coated Cu grids. At least eight particles on one grid were
selected and examined by S/TEM before assembling into the battery for
discharging/charging cycling. After discharging/charging, the grid was
promptly taken out from the disassembled cell to avoid the possible
dissolution reaction and was mildly washed with the DMC solvent in an
Ar-filled glovebox to remove the excess electrolyte. Afterward, the grid
was transferred to a liquid nitrogen cooling holder (Gatan, model 636)
and sealed with a plastic cap wrapped by the Parafilm tape. Once out of
the glovebox, the holder was inserted into TEM as quickly as possible
to minimize air exposure. The system was stabilized for at least 40 min
after adding liquid nitrogen and the observation was carried out under
= =175 °C.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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