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In Situ Conversion of Artificial Proton-Rich Shell to Inorganic
Maskant Toward Stable Single-Crystal Ni-Rich Cathode

Haoyu Xue, Yongzhi Liang, Yuxiang Huang, Yuchen Ji, Zhongxing Xu, Xinhan Chen,
Honghao Wang, Jiajie Liu, Khalil Amine, Tongchao Liu,* Xinghua Tan,* and Feng Pan*

Single-crystal high-nickel oxide with an integral structure can prevent
intergranular cracks and the associated detrimental reactions. Yet, its low
surface-to-volume ratio makes surficial degradation a more critical factor in
electrochemical performance. Herein, artificial proton-rich (ammonium
bicarbonate) shell is successfully introduced on the nickel-rich

LiNig 9,€00 osMn 4,0, single crystals for in situ electrochemically conversing
into inorganic maskant to enhance stability of cathode. The process is that the
surficial enriched proton, once released from the ammonium bicarbonate
shell (proton reservoir) during 1st charge, is immediately captured by LiPFg, in
situ electrochemically conversing to LiF and Li; PO, sub-nano particle dense
maskant (sub-nano F-&P-maskant). The in situ formed compact nano
F-&P-maskant significantly resists the cathode against electrolyte attack and
improves the surface stability of particles during long-term cycling.
Consequently, this surface modification enables 95% capacity retention after
100 cycles at a high voltage of 4.5 V in the half cell and 83% capacity retention
after 800 cycles in the full cell. This work demonstrates a strategy for

next generation of high energy batteries.!]
However, severe electrochemical degrada-
tion driven by surface reaction,?! structure
degradation’®! and lattice strain at high-
delithiation states continues to impede their
widespread commercialization. Addition-
ally, conventional poly-crystalline Ni-rich
cathodes suffer from intergranular and in-
tragranular cracks due to the anisotropic
volume change, particularly abrupt contrac-
tions at high delithiation states,[*! which
unavoidably exposes more reactive surfaces
and exacerbates the issues aforementioned,
leading to rapid capacity degradation. In
contrast, single crystalline cathodes with
enhanced morphological integrity elimi-
nate intergranular cracks and enhance mor-
phological integrity.5] Whereas, surface
parasitic reactions, though reduced in sin-
gle crystal cathode, are still unavoidable.

reconstructing the protective layer using the rational design of surficial

enriched proton shells for advanced lithium batteries.

1. Introduction

Lithium-ion batteries with high energy density and durable cy-
clability have become a key focus to meet the rapidly growing
demands of electric vehicles. Among the current state-of-the-art
cathodes, LiNi,Co,Mn, O, (NCM) with nickel content exceed-
ing 90% has emerged as a promising candidate cathode for the

Unlike polycrystalline cathodes where Li
ions can move through both grain bound-
aries and lattice, in single crystal cathodes,
Li ion transport from the bulk of single
crystal to electrolyte must occur through their surface, which
make the surficial degradation a more critical factor for their
performance. This underscores the need for effective strategies
to improve the surface tolerance and stability of single crystal
cathodes.

Surface coating is one of the most effective approaches to alle-
viate the surficial side reaction between electrolyte and cathode.®!
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And, the structure configuration of the coating layer, includ-
ing the constituent, thickness and uniformity, dominates the ef-
fect of Li* transport properties (such as ionic conductivity and
diffusion homogeneity) and long-term surface stability.”] How-
ever, conventional coating engineering with uneven distribution
proves difficult to meet with the multiple requirements men-
tioned above, which as a result restrict the effects in capacity
delivering®! and long-term cycling.”! Recently, parallel research
in our group have found that the part conversion of the coating
layer during electrochemical cycling can form improved recon-
structed interlayer beyond the original one.'”) Yet, in situ full
transformation of the coating layer and the related optimization
mechanism for the corresponding reconstructed layer in enhanc-
ing cycle performance is rarely reported.

Proton, proved by previous researches,!'] can react with the
LiPF, to generate LiF and Li,PO,. The LiF- and and Li,PO,-
involved artificial covering have been realized ideal maskants
due to their strong mechanical strength, super chemical sta-
bility, and low Li* diffusion barrier.”!?] Hence, the F- and P-
based maskant formation can be potentially driven by the pro-
ton as well. Whereas, the positive discussion of proton utiliza-
tion and the correlative F- and P-based maskant is rare. One of
the main reasons is that it is hard to automatically formation
of the compact inorganics-rich surface layer on the electrode by
the well-distributed trace proton in the electrolyte. This under-
scores the potential strategies to controllably introduce locally
high-concentration protons on the cathode surface to form a com-
pact F- and P-based maskant.

In this work, by adopting an artificially uniform ammonium
bicarbonate shell as proton-reservoir on the single crystal nickel-
rich cathode LiNi;q,Coy o Mn,,0, (SN92-H), we demonstrate
that the surficial enriched proton can in situ converted into
sub-nano F-&P-maskant in combination with LiPF, during the
first electrochemical cycle. Illustrated by the comprehensive
characterization of operando Fourier-transform infrared spec-
troscopy (FT-IR), in situ ultraviolet-visible spectroscopy (UV),
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMs)
and Cryogenic transmission electron microscopy (cryo-TEM), the
in situ conversion of the proton-enriched shell to sub-nano F-&P-
maskant was systematically revealed. The resulting compact sub-
nano F-&P-dense maskant is effective in defending the cathode
particle from the attack of electrolyte and suppressing the corre-
lated lattice oxygen loss and transition metal dissolution. As a re-
sult, the SN92-H exhibits significantly improved electrochemical
performance, with 95% capacity retention after 100 cycles within
the voltage range of 2.75-4.5 V in half cells, and notably excellent
capacity retention of 83% after 800 cycles in full cells. This article
highlights an inspiring route of coating layer in situ reconstruc-
tion and provides a comprehensive understanding of the protons
in forming the sub-nano F-&P-maskant.

2. Results and Discussion

2.1. Construction of Artificial Proton-Rich Shell

The proton reservoir, ammonium bicarbonate, was uniformly
deposited on the commercial single crystals nickel-rich
LiNi; ¢,Co( ooM1 ,0, (SN92, the morphology and surface
structure are shown in Figures S1 and S2 (Supporting Informa-
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tion) and the element ratio is displayed in Table S1Supporting
Information) via sealed tube heating method. As characterized
by high-resolution TEM (Figure 1a), there was a 5-7 nm amor-
phous layer on the surface of the SN92-H particle after the low
temperature annealing of the mixture (SN92 and ammonium
bicarbonate). To clearly figure out the reaction route and com-
position of the amorphous layer, energy dispersive spectrometer
(EDS) and X-ray photoelectron spectroscopy (XPS) were con-
ducted. According to the TEM-EDS (Figure 1b) and SEM-EDS
(Figure S3, Supporting Information) images, apart from the
inherent transition metal element of Ni, Co and Mn, N and C
elements also uniformly distribute on the SN92-H particles,
demonstrating that the amorphous layer containing N and C
elements. In sharp contrast, the SN92 shows negligible N and
C elements (Figure S4, Supporting Information). The further
XPS test proved the presence of NH,* and CO,2~ on the surface
of SN92-H (Figure 1¢,d).["®! Thus, the amorphous layer coating
on the particle could be attributed to ammonium bicarbonate
(proton-rich shell). The probable reaction route could be pictured
as the following invertible equation:

NH,HCO, = NH, + H,0 + CO, (1)

During the heating process, the ammonium bicarbonate de-
composed into NH;, CO, and H,O gas, and then uniformly re-
generated as ammonium bicarbonate on the particle surface by
chemical vapor deposition during the cooling process.'*] No-
tably, proton is homogeneously introduced on the SN92-H par-
ticle via ammonium bicarbonate coating and then would be in
situ converted to sub-nano F-&P-maskant (discussed later). Lab-
oratory XRD measurements (Ac, = 1.54059 A) and the correlated
Rietveld refinement results further proved that with the proton-
rich shell, the SN92-H kept the same space group of hexagonal
R3 m with SN92. According to the details of Rietveld refinement
(Tables S2 and S3, Supporting Information), the calculated lattice
parameters of SN92-H are a = b = 2.875(3) A and ¢ = 14.185(6)
A, which are near the same as that of SN92 (a = b = 2.875(2) A
and ¢ = 14.185(3) A), illustrating the negligible bulk change after
the coating process. Overall, a uniform surficial enriched proton
shell was successfully introduced on SN92 through chemical va-
por deposition of proton-carrier ammonium bicarbonate.

2.2. In Situ Electrochemical Conversion of the Proton-Rich Shell

As expected, the homogeneous proton-rich shell would react and
transform to compact sub-nano F-&P-maskant. Through com-
bination of operando FT-IR and in situ UV, the in situ conver-
sion process was carefully examined. According to the operando
FT-IR of SN92 (Figure 2a), a clear variation of electrolyte could
be pictured along with the voltage upward and depth of electro-
chemical reaction. The ethylene carbonate (EC) at 1800 cm™,
dimethyl carbonate (DMC) at 1736 cm™! and LiPF at 843 cm™!%]
gradually decreased, whereas correlated side product of dehydro-
genated EC (de-H EC) at 1827 cm™!, VC (also regarded as de-
2H EC) at 1830 cm™! and dehydrogenated oligomers with EC-
like rings at 1763 cm™! gradually increased, which was consis-
tent with previous researches.!*! In sharp contrast with the SN92,
the operando FT-IR pattern (Figure 2b) of SN92-H performed
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Figure 1. Construction of proton-rich shell. a)The high-resolution TEM image of SN92-H. b)The TEM-EDS mapping of SN92-H with even distribution
of Ni, Mn, Co, N and O elements. c,d) The XPS spectra of N 1s (c) and C 1s (d) for SN92 and SN92-H. e,f) Powder XRD pattern and Rietveld refinement

plot of SN92 (e) and SN92-H (f), respectively.

no obvious signal changes of both electrolyte and side product
until the cell was charged up to ~4 V. A logical explanation is
that the ammonium bicarbonate coating layer blocks the reac-
tion between the electrolyte and active material when the volt-
age is below 4 V. Upon charging to the decomposition voltage
of carbonate at ~4 V,[17] the ammonium bicarbonate was decom-
posed and the corresponding signals of additive and side prod-
ucts were detected by FI-IR. To further demonstrate the blocking
effect of ammonium bicarbonate, a coin-type cell with ammo-
nium bicarbonate cathode and Li metal anode was examined in
the same electrolyte and the corresponding electrochemical pro-
file (Figure S5, Supporting Information) showed a typical decom-
position plateau at &4 V, which was consistent with the operando
FT-IR. The SN92-H exhibits more LiPF, decomposition but less
organic electrolyte decomposition at 4.4 V (Figure S6a,b, Support-
ing Information). We speculated that the interfacial proton from
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the decomposed proton-rich shell (ammonium bicarbonate) can
react with the LiPF and then hinder the side reaction with the
organic electrolyte with the assistance of the correlated product
(the sub-nano F-&P- maskant as proved latter). Moreover, in situ
UV (Figure 2¢,d; Figure S7, Supporting Information) was further
conducted to monitor the chemical reactions between the parti-
cle and electrolyte. Within the wavelength range of 280-330 nm,
a broad peak non-selectively appeared and gradually grew for Ni-
based SN92, Co-based LiCoO, and Mn-based LiMn, O, and there-
fore could be regarded as the decomposition products of elec-
trolyte (Figure S8, Supporting Information).'®! The decomposi-
tion products progressively increase for SN92 with voltage up-
ward, whereas the correlated signals for SN92-H appear only af-
ter charging to ~4.0 V, consistent with operando FT-IR. Interest-
ingly, a distinctive peak at the 394 nm of Ni ions dissolution!**! ap-
pears simultaneously with the electrolyte decomposition for the

© 2024 Wiley-VCH GmbH

85U8017 SUOWIWOD SAIER.D 8 cedt[dde au Aq peusenob ale Sao1e YO 8SN JO SaInJ 10} ARIq1T 8UIUO 8|1 UO (SUOTHPUOD-PUR-SLLIBY WD A8 |Im ARe.q Ul |Uo//Sty) SUORIPUOD pue swie 1 8y} 88S [5202/TT/9T] Uo Ariqiauljuo A8 |Im ‘Usyzusys JO umo L AISIeAIuN A 098STHZ0Z BWPR/Z00T OT/I0p/W0d" A8 1M AeIq Ul juo"psoueApe//sdny Wwoly papeojumod ‘. ‘G202 'S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
vc183p Oligomer1763 ; Oligomer 1763 )
a — SN92 '-'F'Fﬁl343 b — SN92-H VC183?501800 I DMCi736 LiPF6843
| A E
= W LA %
1 L 1 4\ : o 1 /
| N ~— -
h 1 : H :
! | \/\/ T
I\ ad : P
1 ! P
i i $ H 1 ]
P = ! ! |
Eoor i 5 5 1
; i i N - i e = T -
36 40 44 1840 1760 900 850 800 3.2 36 40 44 1840 1760 900 850 800
Voltage (V) Wavenumber (cm™) Wavenumber (cm™) Voltage (V) Wavenumber (cm”) Wavenumber (cm™)
Intensity Intensity
C —SN92 d —SN92- 0.035
0.031 0.031
0.027 0.027
0.023 ~4.0V 0.023
0.019 0.019
0.014 0.014
0.010 0.010
0.006 0.006
N 0.002 1 0.002
36 40 44 300 350 400 450 500 36 40 44 300 350 400 450 500
Voltage (V) Wavelength (nm) Voltage (V) Wavelength (nm)

Figure 2. Characterizations of the cathode/electrolyte interface reaction in st cycle. a,b) Operando FT-IR difference spectra in C=0 and P-F stretching
region on SN92 (a) and SN92-H (b) surface during charging to 4.4 V at the initial cycle. Inserted dashed lines depict the finger peak of different com-

positions: VC (1830 cm™"), EC (1800 cm™"), Oligomer (1763 cm~'), DMC

(1736 cm™"y, LiPFg (843 cm™). ¢,d) In situ UV spectra of electrolyte within

SN92 (c) and SN92-H (d) half cell during charging to 4.3 V at the first cycle.

SN92-H as the SN92 does not perform. A logical explanation can
be demonstrated as that the proton reacts with the LiPF, to gen-
erate the HF. The Lewis acid HF would undoubtedly attack the
crystal and result in the Ni ions dissolution, which further proves
the existence and the conversion of the proton on the interface.
Similar to the FT-IR result, the decomposition signal intensity
of the organic components for SN92-H at 4.3 V in UV pattern
(Figure S9, Supporting Information), is significantly lower than
that of SN92. The XPS spectra of C 1s (Figure S10, Supporting
Information) additionally support the findings as the SN92 ex-
hibits a higher ratio of OCO,. All in all, the decomposition and
resulting invalidation of the proton-rich shell in the first cycle is
convinced, which means the functional components during the
long-term cycling is others (most likely the compact sub-nano F-
&P-maskant as characterized later).

To further demonstrate that the converted interlayer of SN92-
H consists of LiF and Li; PO, sub-nano particle after the first cy-
cle, cryo-TEM, ToF-SIMs, and XPS were employed to monitor
the composition around the surface area. With the visualization
of the maskant component from cryo-TEM (Figure 3a), a com-
pact (=2 nm) maskant built up by sub-nano crystals can be ob-
served. The regions outlined in purple and pink are identified
via HRTEM to ultrasmall Li;PO, and LiF particle with sub-nano
thickness, respectively. In contrast, the interlayer formed after
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cycling SN92 exhibits an island-like distribution with an amor-
phous/organic texture, which offers limited protection to SN92
in subsequent cycles (Figure S11, Supporting Information). Fur-
ther surface structure is shown in Figure 3b and Figure S12 (Sup-
porting Information), a clear and uniform rock salt layer, rang-
ing from 2-4 nm, was observed on the surface of cycled SN92-
H, which may due to the electrophilic attack from Lewis acid
HF during the proton-rich shell conversion process,[?! whereas
the rock salt regions for SN92 are island-like. Raman spectra
(Figure S13, Supporting Information) further prove that the sur-
face layered structure was converted to NiO and CoO struc-
ture for SN92-H after the first cycle. Moreover, based on the
result of XPS (Figure 3c,d), it is clear that SN92-H exhibited a
higher concentration of LiF and Li; PO, compared to the SN92.
A similar phenomenon can also be observed from the ToF-SIMs
(Figure 3e) as the SN92-H exhibits higher contents of LiF,~ and
PO, fragments than SN92. Moreover, the chemical distribution
map (Figure 3f,g; Figure S14, Supporting Information) clearly il-
lustrates the LiF,~ and PO,~ components are uniformly wrapped
on SN92-H, while they are island-like distributed on SN92. Corre-
spondingly, the normalized depth profile for SN92-H (Figure 3h)
also shows that both LiF,~ and PO, fragments stabilize at a con-
stant value with an etching time of 50s. In sharp contrast, the
normalized depth profile of LiF,~ and PO, fragments for SN92

© 2024 Wiley-VCH GmbH

85U8017 SUOWIWOD SAIER.D 8 cedt[dde au Aq peusenob ale Sao1e YO 8SN JO SaInJ 10} ARIq1T 8UIUO 8|1 UO (SUOTHPUOD-PUR-SLLIBY WD A8 |Im ARe.q Ul |Uo//Sty) SUORIPUOD pue swie 1 8y} 88S [5202/TT/9T] Uo Ariqiauljuo A8 |Im ‘Usyzusys JO umo L AISIeAIuN A 098STHZ0Z BWPR/Z00T OT/I0p/W0d" A8 1M AeIq Ul juo"psoueApe//sdny Wwoly papeojumod ‘. ‘G202 'S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SORNCF s OMATERTALS

www.advancedsciencenews.com www.advmat.de

FrE AL e
e, 37 11N

c Iia SN92 1cycle SN92-H 1cycle

[ LiF

695 690 685 680 695 690 685 680
Binding Energy (eV) Binding Energy (eV)

SN92-1cycle SN92-H 1cycle

140 135 130 140 135 130
Binding Energy(eV) Binding Energy(eV)

e m — SN92 Tcycle ZToJ — sno2 1cycle h
—— SN92-H 1cycle —— SN92-H 1cycle

‘@
c
2
s
o
Q
N
So4f® » -&»"“6"‘:«&9“"’ Rt g
E wwa'}*" wﬂ e w“"’%a "?*
So2f y
L 1 1 L 1
44.9 45.0 451 62.8 62.9 63.0 63.1
Mass/Charge (m Q") Mass/Charge (m Q') 0 % 190 Timezss;ttleconds)200
P
| i Electrolyte e Capture b 9 Q’ Electrolyte
Release [K\ / g ﬁr
Pile up

H* H* Discharge

ompact maskant

Cathode

Cathode

(;1’ Organic Electrolyte  *¥, PFe @) Sub-nano LiF and Li;PO,

Figure 3. Morphology and composition characterization of the maskant. a) The cryo-TEM images of SN92-H. b) The high-resolution TEM images of
the SN92-H and the corresponding FFT among different areas. c,d) The XPS spectra with the same intensity scale of F 1s (c) and P 2p (d) for SN92
and SN92-H. e) TOF-SIMS spectra of LiF,~ (left) and PO,~ (right) on SN92 and SN92-H. f,g) Chemical mapping of LiF,~ and PO, for the electrode
of SN92 (f) and SN92-H (g) with the same intensity bar. h) Normalized depth profiling of several secondary ion fragments of interest for SN92-H.
i) Schematics of the in situ conversion of the interfacial enriched proton to the sub-nano LiF- and Li; PO4-maskant.
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(Figure S15, Supporting Information) reached a stable value at
the etching time of 25s. All these results reveal that due to the
presence of proton-rich shell, the SN92-H possesses thicker and
more uniform LiF and Li,PO, sub-nano particles on its surface
after the first electrochemical cycle compared to the SN92, in-
dicating the protective maskant was successfully constructed on
the surface of SN-92-H. In the electrolyte, the only component
containing F and P elements is LiPF;. Based on the above re-
sults, one can conclude that the abruptly produced local high-
concentration proton by decomposition of proton-rich shell was
immediately captured by LiPF and nucleated to LiF and Li,PO,
sub-nano particles (Figure 3i).!''‘] The spatial distribution of the
mechanical property of modulus was acquired from atomic force
microscopy (AFM, Figure S16, Supporting Information).[!! The
modulus was more homogeneous for SN92-H after one cycle,
compared to the unevenly distributed modulus of SN92. In ad-
dition, the thermal stability of the samples was examined by
differential scanning calorimetry (DSC) characterization on the
full charged state (4.4 V). Compared to SN92, SN-92-H exhibits
higher thermal stability as the exothermic reaction peak shifted
toward a higher temperature by 10 °C and the heat release de-
creased by 114.7 ] g~!(Figure S17, Supporting Information). In
general, the uniform proton-rich shell is transformed into ho-
mogeneous and compact maskant with a high ratio of LiF and
Li,PO, sub-nano particles, which are expected to hinder the side
reactions between the SN92 particle and electrolyte in the subse-
quent cycles.

2.3. Electrochemical Performance

The effects of the sub-nano F-&P-maskant, derived from the
proton-rich shell, and optimal synthesis conditions were evalu-
ated through electrochemical testing (Figure 4; Figure S18, Sup-
porting Information). As presented in Figure 4a, both SN92 and
SN92-H behaved the similar initial electrochemical profiles and
delivered nearly the same capacity of ~220 mAh g=! at 0.1 C
(1 C =200 mA g') within the voltage range of 2.75-4.5 V (vs
Li/Li*), which demonstrates that the in situ converted LiF and
Li;PO, sub-nano particles provide Li* transports channel and do
not result in energy density loss as general coating does.[*322] Af.
ter 100 cycles under 4.5 V cut-off voltage at 0.5 C (Figure 4b;
Figure S19a,b, Supporting Information), the SN92-H still main-
tained 186.6 mAh g=! with a capacity retention of 95% (vs the
initial capacity of 198.0 mAh g=!). Whereas, the SN92 only de-
livered 172.9 mAh g=! with a capacity retention of 87%. The cor-
responding differential capacity (dQ dV!) profile during cycling
was displayed in Figure 4c,d. It was obvious that both SN92 and
SN92-H suffered a series of phase transitions, including hexag-
onal 1 to monoclinic (H1-M), to hexagonal 2 (M-H2), to hexag-
onal 3 (H2-H3) during the charging process, and then under-
went the reverse sequence during discharging.[?*) The peak cor-
responding to the H2-H3 for SN92 gradually decreased during
cycling, whereas that of SN92-H performed negligible change,
illustrating the reversible H2-H3 transition with the help of the
proton-converted sub-nano F-&P-maskant. Besides, H3-H2 tran-
sition peak of SN92 continuously shifted toward the lower voltage
during cycling depicting gradually increased polarization, which
was inhibited in SN92-H. After 120 cycles at 1 C (Figure 4e;
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Figure S19¢,d, Supporting Information), SN92-H still exhibits a
capacity retention of 91% much higher than 78% for SN92. Par-
ticularly, both the SN92-H and SN92 deliver better capacity reten-
tion at a slow rate of Li extraction even at a higher cutoff voltage
of 4.5 V, which may be due to the slow migration rate of Li ions
in high nickel single crystal.l?*! In order to evaluate the potential
for commercial application, full cells with the sample as cathode
and graphite as anode were examined within the voltage range of
2.65-4.3 V at 1 C (Figure 4f). The SN92 and SN92-H full cells de-
livered near the same capacity with 209.8 mA g=!, 209.2 mA g!
at0.1C, and 180.2 mA g7!, 180.1 mA g~' at 1 C, respectively. The
SN92-H full cell performed excellent long-term cycling stability
with capacity retentions of 87% and 83% after 400 cycles and 800
cycles, respectively. In sharp contrast, the SN92 only kept 71%
and 66% of the initial capacity after 400 cycles and 800 cycles,
respectively. All in all, the in situ constructed sub-nano F-&P-
maskant at the initial cycle significantly improved the long-term
cycling stability of SN92-H.

2.4. Enhanced Surface Stability by Sub-Nano F-&P-Dense
Maskant

Continuous side reactions between the Ni-rich cathode and elec-
trolyte during electrochemical cycling are detrimental to the bat-
tery lifetime. After 200 cycles at 1 C, the interfacial-relevant is-
sues were further detected by the ToF-SIMs, XPS and EELS. As
shown in ToF-SIMs patterns (Figure 5a,b), the profiles of repre-
sentative fragments reveal the distinct states of the two cathode-
electrolyte interphase (CEI) films. For SN92, LiF,~, PO,~, C,HO~
and C H™, exhibited long-range distribution among the depth
and remained at a constant value with a sputtering time of
500 s, demonstrating a thick CEI from serious interaction be-
tween cathode and electrolyte. In stark comparison, the inten-
sity value of these fragments stabilized only after 200s for SN92-
H. As shown in the 3D reconstruction patterns (right area of
Figure 5a,b), the LiF,”, PO,”, C,HO™ and C;H™ fragments of
SN92-H gathered together near the surface area, whereas these
fragments extended deep into the bulk due to the thick CEI of
SN92, indicating a more compact and thinner maskant/CEI for
SN92-H. The same tendency could also be seen in other frag-
ments (C,H™, C,H™ and Li,F,~ (Figures S20 and S21, Support-
ing Information)). Further characterization of the F 1s and P
2p XPS spectra without etching (Figure S22, Supporting Infor-
mation) revealed that the long-term cycled SN92-H exhibited a
higher concentration of LiF and Li;PO, near the surface com-
pared to SN92. Therefore, we could conclude that the proton-
conversed LiF and Li,PO, sub-nano particle maskant during the
first cycle were densified and chemically stable, which persisted
self-integrity and contributed to the enhanced surface stability of
SN92-H during long-term cycling. The O 1s and Ni 2p XPS spec-
tra (Figure 5c and Figure S23, Supporting Information) with in-
creasing etching time were also conducted and revealed stronger
peak signals of crystal oxygen and nickel element among all
depths for SN92-H than SN92. These XPS results also indicated
the thinner CEI for long-term cycled SN92-H. Furthermore, the
HAADF-STEM and TEM-EELS (Figure 5d,e; Figure S24, Sup-
porting Information) were applied to examine the crystal oxy-
gen loss and surface structure degradation by interfacial reaction.
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Figure 4. Electrochemical performance. a) Charging and discharging curves of SN92 and SN92-H at the first cycle. b) Cycling stability for SN92 and
SN92-H half cells within the voltage range of 2.75-4.5 V at 0.5 C. ¢,d) Corresponding dQ dV~ profile of the 1st, 20th, 40th, 60th, 80th, and 100th cycle
for SN92 (c) and SN92-H (d). e) Cycling stability for SN92 and SN92-H half cells within the voltage range of 2.75-4.4 V at 1 C. f) Cycling performance
of full cells with SN92 or SN92-H as cathode and graphite as anode within the voltage range of 2.65-4.3 Vat 1 C.

The HAADF-STEM image taken along the [100] zone axis of cy-
cled SN92 clearly shows the irregularly shaped and thick rock
salt phase, ranging from 3 to 12 nm on the surface, and with a
large-scale mixed phase (R3 m layered and Fm 3 m rock salt from
FFT image) in the internal area. In sharp contrast, cycled SN92-
H exhibited a thinner and more uniform rock salt phase (=5 nm)
on the surface and a nearly complete layered phase in the inter-
nal area, which can be attributed to the alleviated interfacial re-
action due to the protection of the sub-nano F-&P-maskant.[2d]
The EELS line scan spectra from surface to bulk depict a sim-
ilar tendency, as cycled SN92-H showed a more prominent O
pre-edge peak at 530 eV compared to cycled SN92, indicating
less crystal oxygen loss of the former. A similar phenomenon is
observed in the HRTEM images (Figure S25, Supporting Infor-

Adv. Mater. 2025, 37, 2415860

2415860 (7 of 11)

mation), where SN92 shows obvious distortion or the formation
of a rock-salt phase on the surface. In contrast, SN92-H main-
tains the layered structure well. Overall, with the assistance of
proton-converted compact sub-nano F-&P-maskant, the side re-
action was significantly hindered in SN92-H. And consequently,
an improvement was expected in the long-range electrochemical
cycle performance. Moreover, serious interfacial side reactions
between cathode material and electrolyte always gave rise to the
continuous dissolution of Ni ions from SN92 into the electrolyte.
Thus, the inductively coupled plasma-mass spectrometry (ICP-
OES) was performed to directly measure the concentration of
dissolved Ni ions in electrolyte after 50 cycles among a voltage
range of 2.75-4.3 V (Figure S26a, Supporting Information).!® It
was noticed that the Ni ions concentration was 3.44 mg L' in the
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Figure 5. Surface comparison after long-term electrochemical performance. a,b) ToF-SIMs depth profiles for SN92 (a) and SN92-H (b) of LiF,~, PO, ™,
C,HO™, C¢H™ and NiO,~ fragments. The correlated 3D render of LiF,~, PO,~, C,HO™ and CgH™ were pictured in the right area. ¢) The XPS spectra
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to bulk in the same area.

electrolyte of SN92 and significantly decreased to 2.42 mg L~ for
the SN92-H. The correlated 3D render of NiO,~ in Figure S26b
(Supporting Information) pictures the consistent phenomenon
as the SN92 exhibits decreased signals among the surface, illus-
trating the more serious Ni ions dissolution from the cathode
particle compared to SN92-H. Particularly, although the SN92-
H performed obvious Ni ions dissolution during the first cycle
due to the Lewis acid HF attack, the SN92-H alleviated ion disso-
lution among the subsequent cycles under the assistance of the
compact sub-nano F-&P-maskant. Additionally, SN92-H exhibit
lower electrochemical impedance spectroscopy (EIS) resistance
than SN92 after 200 cycles (Figure S27 and Table S4, Supporting
Information). Based on these results, it is obvious that SN92-H
performs the mitigated interfacial reaction and behaves thinner
CEI than SN92 after long-term electrochemical cycling.

3. Discussion

3.1. The Artificial Proton-Rich Shell, Compact Maskant, and
Surface Stability

In the traditional lithium battery system using LiPF as the
lithium salt, a long-held perspective involves proton is the reac-
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tion with the LiPF, and resulted LiF and Li,;PO,. In this work, we
successfully achieved artificially surficial enriched proton on the
nickel-rich single crystal (SN92-H) via ammonium bicarbonate
shell as proton reservoir. Through the comprehension examina-
tion by operando FT-IR, in situ UV, XPS, ToF-SIMs, cryo-TEM
and AFM, we could illustrate that the locally enriched proton
from the decomposition of proton-rich shell would, in situ con-
vert to LiF and Li;PO, sub-nanoparticle dense maskant by re-
acting with LiPF, during the first cycle. While such investiga-
tions may not stray beyond common knowledge about the pro-
ton, distinctive results were revealed as SN92-H exhibited im-
proved long-term cycling stability. Upon focusing on the CEI
thickness and corresponding side reaction degrees analyzed by
TOF-SIMs, SN92-H exhibited more significant LiPF; decom-
position induced by the introduced proton during the first cy-
cle. Excitingly, it showed an obvious alleviation of surface side
reactions during the subsequent long-term cycling compared
to SN92, consistent with its electrochemical performance. This
unusual phenomenon prompted us to investigate the differen-
tial effects between artificial proton and natural proton, which
we summarized as “local enrichment” and “compact”. For the
SN92-H, taking advantage of uniformity of proton-rich shell, pro-
tons were locally enriched on the surface in spatial attribution.
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shell, the decomposition of the LiPFg and electrolyte is hindered during the long-term cycling. Whereas the island-like inorganic maskant cannot effectively

protect the particle from the continuous attack of electrolyte, which results in thicker CEI for SN92.

Additionally, performing as the nucleation site of inorganic prod-
uct, the proton-rich shell was converted to sub-nano F-&P-dense-
maskant with high uniformity. In sharp contrast, SN92 exhibited
an island-like arrangement of maskant (Figure 6) as the natural
proton distributes randomly in system, which failed to gather and
transform to uniform and compact maskant. As a result, this in
situ formed high-quality maskant significantly hindered the in-
teraction between the cathode material and organic electrolyte
during the subsequent cycling, improving SN92-H’s surface sta-
bility, as proved by TOF-SIMs and TEM-EELS. Considering sur-
face stability from this perspective, the critical factor can be at-
tributed to proton local enrichment and resulting maskant com-
pactness. Therefore, it is not surprising that SN92-H exhibited
95% capacity retention after 100 cycles within the voltage range of
2.75-4.5 V and excellent long-term cycling retention of 83% after
800 cycles with graphite as the anode. In summary, these results
clearly demonstrate that the surficial enriched proton using uni-
formly coated ammonium bicarbonate as a carrier is an effective
strategy to defend nickel-rich single crystal cathodes against side
reactions. Moreover, this inspiring finding highlights the coat-
ing layer reconstruction strategy and the critical role of surficial
enrichment and compactness in proton utilization, potentially
accelerating the commercial application of nickel-rich single
crystals.

Adv. Mater. 2025, 37, 2415860
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4. Experimental Section

Synthesis of the SN92-H: Commercial SN92 was mixed with ammo-
nium bicarbonate in varying weight ratios (0-2%) using a mortar and pes-
tle. The resulting mixture was transferred into a quartz tube, evacuated to
~1.0 x 1073 Pa using a vacuum pump and sealed with an oxyhydrogen
flame using a Partulab device. The sealed quartz tube was subjected to
heat treatment at varying temperatures (100-300 °C) and holding times
(5-15 min), with a heating rate of 10 °C min~'. The optimal conditions
for synthesizing SN92-H were 200 °C for 10 min, with 1% ammonium
bicarbonate.

Electronical Measurement: The electrodes were prepared by blade-
casting a slurry composed of 80% active materials, 10% poly(vinylidene
difluoride) (PVDF) and 10% carbon black onto an aluminum foil and
then drying at 80 °C in a vacuum for 12 h. The mass loading of the ac-
tive materials was ~3 mg cm™2. The 2032-type coin cells were assem-
bled in an argon-filled glovebox with H,O and O, < 0.01 ppm. In the
assembly process, the as-prepared electrode was used as the cathode,
lithium metal or pre-lithiated graphite and Celgard 2316 served as the an-
ode and separator, respectively. The solution of T mol L™! LiPF¢ in ethy-
lene carbonate/ethyl methyl carbonate (3/7 by weight) was employed as
the electrolyte. Galvanostatic charge-discharge testing was carried out us-
ing NEWARE MHWX-200. EIS test (100 kHz to 0.01 Hz) was employed
by an electrochemical workstation 1470E CellTest (Solartron, The United
Kingdom).

Materials Characterization: The HRTEM characterization was em-
ployed by using a JEM-3200FS (JEOL, Japan). The cryo-TEM characteri-
zation was employed using the same JEM-3200FS with Gatan side-entry
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cryo-transfer holder (Gatan model 910) at ~—178 °C. The SEM-EDS char-
acterization was employed by using a ZEISS SUPRA 55(Carl Zeiss, Ger-
many). The powder X-ray diffraction characterizations of NCM powders
were carried out using a D8 Disvoer (Bruker, Germany) and correspond-
ing crystal refinement was using the GSASII software. The EELS charac-
terizations of cycled NCM powders were conducted by the high angle an-
nular dark field scanning TEM (JEM ARM300F, Japan). The ICP test were
conducted by PE/Avio 220 Max (PerkinElmer, American). The XPS charac-
terization were carried out by ESCALAB 250Xi (Thermo Fisher, American).
The DSC test was employed by DSC1 (METTLER TOLEDO, Switzerland).
The Raman characterization was tested by inVia (Renishaw, The United
Kingdom).

Operando FT-IR:  An operando FT-IR spectro-electrochemical cell was
assembled in the same argon-filled glovebox as mentioned before. Com-
prised composite NCM/nickel foam current collector is the positive elec-
trode and a lithium metal is the negative electrode, separated by the glass
fiber (Whatman). Operando FT-IR was then conducted by NICOLET iS50
Frontier-Infrared Spectrometer (Thermos scientific, America) within volt-
age a range of 2.75-4.4 V at a current density of 60 mA g

In Situ UV:  An in situ UV spectro-electrochemical cell was assem-
bled in the same argon-filled glovebox as mentioned before. A comprised
composite NCM/ aluminum foil current collector is the positive electrode
and a lithium metal is the negative electrode, both of which are in con-
tact with the wire. Then the electrode slices are transferred into a Cu-
vette, which was added by 100 uL electrolyte and sealed. The in situ UV
was then conducted by Shimadzu UV3600 (Japan) and Neware CT-4008T
(China) within the voltage range of 2.75-4.3 V at a current density of
40mAg.

ToF-SIMs Characterization of Cycled Cathode: The cycled coin cells
were disassembled in an Ar-filled glove box, and the cycled cathodes were
washed with the fresh ethyl methyl carbonate solvent for three times
to dissolve the residual electrolyte. After that, the information of CEI
on the cycled cathodes was acquired from time-of-flight secondary-ion
mass spectrometry (ULVAC-PHI nanoTOF II, Japan and TESCAN SOLARIS
GMH).

AFM Study of the Cycled Cathode: The coin cells, after the initial cycle,
were disassembled and the inserted cathodes were then washed with the
fresh ethyl methyl carbonate solvent for three times as mentioned before.
In order to avoid the decomposition of the CEl, the modulus distribution
of the individual particle was conducted in an argon-filled glove box by the
atomic force microscope (Bruker Dimension Icon with TUNA, Germany)
under the peak force tapping mode. The collected data were analyzed and
pictured as 2D and 3D images by using the software Nanoscope Analysis
2.0 (Bruker, Germany).

Supporting Information

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