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Concurrent electrode-electrolyte interfaces engineering via
nano-Si;N, additive for high-rate, high-voltage lithium metal
batteries

We developed a nano-Si;N, multifunctional electrolyte additive:
(M modifying the Li* solvation to form an anion-derived SEI
layer, (2) forming a Si,N-based fast Li*-conductive SEI layer,
(3) mitigating H-transfer through EC-Si;N, interactions,

and (4) scavenging HF to minimize corrosive side reactions.
(M and (2) enhance Li metal cyclability, and (2) provides

fast interfacial kinetics, overcoming the trade-off between
cyclability and rate performance. (3) and (4) improve the
oxidation stability of electrolytes. Consequently, nano-Si;N,
improves cyclability, rate performance, and high-voltage and
high-temperature tolerance.
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Broader context

Concurrent electrode—electrolyte interfaces
engineering via nano-SizN4 additive for high-rate,
high-voltage lithium metal batteries¥

Jinuk Kim, @ 2 Dong Gyu Lee, " Ju Hyun Lee,i* Saehun Kim, (2 +°

Cheol-Young Park,? Jiyoon Lee,” Hyeokjin Kwon,? Hannah Cho,? Jungyoon Lee,®
Donghyeok Son,? Hee-Tak Kim, €22 Nam-Soon Choi, 2 *@ Tae Kyung Lee (2 ** and
Jinwoo Lee (%) *?

Electrolyte engineering is emerging as a key strategy for enhancing the cycle life of lithium metal
batteries (LMBs). Fluorinated electrolytes have dramatically extended cycle life; however, intractable
challenges in terms of rate capability and fluorine overuse persist. Here, we introduce a lithiophilic,
solvent-interactive, and fluorine-free nano-SizN,4 additive that facilitates the fine-tuning of weak Li*
solvation to form inorganic-rich solid—electrolyte interphase (SEI) layers. Additionally, the alloying and
conversion reactions between nano-SisN4 and Li generated a fast Li*-conductive SEl, overcoming the
poor rate performance of weakly solvating electrolytes. Simultaneously, nano-SisN4 interacts with
ethylene carbonate (EC), minimizing hydrogen (H)-transfer reactions and scavenging HF, thus increasing
the high-voltage tolerance. Consequently, nano-SisN4 extends the cyclability of the commercial
carbonate-based electrolyte in 360 W h kg *-level Li||LiNiggC001Mng10» (NCM811) pouch-cells,
resulting in 74% capacity retention after 100 cycles, whereas failure occurred without it. Our study
provides an in-depth understanding of the working mechanisms of suspension electrolytes through
comprehensive analysis.

Electrolyte engineering has emerged as a pivotal strategy for enhancing the cycle life of LMBs. In particular, weakly Li‘-solvating electrolytes (primarily
fluorinated electrolytes) induce the formation of an anion-derived, inorganic-rich SEI layer, significantly extending the cycle life of LMBs. However, these

electrolytes present three challenging trade-offs: (1) inducing clustering of Li" ions and anions, leading to sluggish Li* transport and reduced rate performance;

(2) elevating the fluorine content in the electrolyte, prompting economic and environmental concerns, thereby constraining sustainability; and (3) readily

decomposing to form corrosive hydrofluoric acid (HF) under elevated temperatures and high voltage. In this study, we introduced a lithiophilic, solvent-

interactive, and fluorine-free nano-Si;N, additive to address the above challenges. Nano-Si;N, fine-tunes the Li* solvation environment to a weaker state, while

facilitating the formation of Li;N- and Li,Si,N,-based fast Li"-conductive SEIs through alloying and conversion reactions with Li, thereby overcoming trade-offs.

Concurrently, nano-Si;N, strongly interacts with the electrolyte solvent, reducing its oxidative decomposition. Furthermore, nano-Si;N, scavenges corrosive HF,

significantly reducing cathode degradation. Consequently, our designed electrolyte achieves an extended cycle life under practical conditions (N/P = 2 and E/C =
2.5 g Ah™Y), including high voltage (4.5 V vs. Li/Li"), high rate (1C), and high temperature (50 °C).
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1. Introduction

As the threat of global warming intensifies, a growing move-
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with energy densities higher than those of commercial lithium-
ion batteries (LIBs, ~250 W h kg™ ').>® LMBs have emerged as
the most promising candidates, primarily owing to the low
reduction potential (—3.04 V vs. standard hydrogen electrode)

This journal is © The Royal Society of Chemistry 2025
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and high theoretical capacity (3860 mA h g~ ') of Li. However,
significant challenges still exist in extending the poor cycle life of
LMBs, especially under practical conditions (negative to positive
ratio, i.e., N/P ratio <2, and electrolyte to capacity ratio, ie., E/C
ratio <3 g Ah™") because the highly reducing nature of Li leads to
uncontrolled (electro)chemical reactions with the electrolytes.*>
Consequently, an inhomogeneous and thick SEI layer forms,
resulting in electrolyte depletion, increased interfacial resistance,
and the development of Li dendrites and dead Li.°™®

Electrolyte engineering is a pivotal approach to address
these challenges. Notably, a higher anion/solvent ratio (i.e., weaker
Li* solvation) in the Li* solvation shell leads to the formation of
anion-derived, inorganic-rich (i.e., LiF-rich) SEI layers as Li' under-
goes desolvation during electrodeposition near the surface of
Li."®" The resulting LiF-rich SEI layer inhibits the growth of Li
dendrites*™* owing to its high Young’s modulus (64.97 GPa)'®
and enhances the cycle life through its high band gap (8.9 eV)"’
and low electrolyte swelling ratio.'®'® Moreover, a weaker Li*
solvation environment has been found to enhance high-voltage
tolerance by mitigating Al dissolution***' and tuning the
cathode-electrolyte interface (CEI) layer.>>>® Several strategies
have been proposed to modulate the Li* solvation environment,
including (1) high-concentration electrolytes (HCEs),*"** (2)
localized high-concentration electrolytes (LHCEs),*° (3) solvent
fluorination,'®*"** and (4) weakly Li* solvating solvents.>"**°

Nonetheless, intractable challenges persist in electrolytes
and must be addressed to realize the practical implementation
of LMBs. The primary challenge revolves around the trade-off
between long-term cyclability and rate capability, which is
influenced by the Li" solvation environment. Weak Li" solvation
prolongs the cyclability of LMBs yet induces the clustering of
Li* ions and anions, consequently diminishing the rate capability.
Conversely, strong Li" solvation predominantly enhances rate
capability owing to fast ion conduction.'®*” However, this leads
to the formation of an organic-rich SEI layer, which compromises
the cyclability of Li. Another challenge is the correlation between
the cyclability and the fluorine content of the electrolyte.
Most electrolyte engineering approaches aim to improve the cycla-
bility of LMBs by increasing the fluorine content of salts,>"*®
solvents,'®?'?? and diluents.?*° However, excessive use of fluor-
ine can raise economic and environmental concerns, along with
potential risks to human health, thus limiting its sustainability.*®
The other challenge is ensuring high-voltage tolerance. Continuous
oxidation of the electrolyte not only leads to an unstable CEI
but also leads to structural degradation of the cathode.*’
Furthermore, fluorinated electrolytes tend to form hydrofluoric
acid (HF),*" which causes severe corrosion to both the CEI layer
and the cathode.** Therefore, a novel approach to addressing
these challenges is crucial for realizing practical LMBs.

Herein, we introduce a lithiophilic, solvent-interactive, and
fluorine-free nano-Si;N, additive (Fig. S1, ESIY) to a carbonate-
based electrolyte (Blank: 1 M lithium hexafluorophosphate
(LiPFg) in EC:diethyl carbonate (DEC) (1:1 vol%) + 10 wt%
fluoroethylene carbonate (FEC); x wt% nano-SizN, in the Blank
is denoted as x-SN) to address the above challenges (Fig. 1).
Nano-SizN, fine-tuned the Li* solvation environment, leading

This journal is © The Royal Society of Chemistry 2025
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to the formation of a more anion-derived, inorganic-rich SEI
layer compared to the Blank. Furthermore, nano-SizN, directly
participated in the formation of Li;N- and Li,Si,N.-based SEI
layers via alloying and conversion reactions with Li. The high
Li" conductivities of the Li;N (up to 10 ° S em™')** and Li,Si,N,
(up to 107* S cm™")** SEI layers enhance the rate performance
despite the lower ionic conductivity of 3-SN (see the detailed
discussion in Fig. S2, ESIf), which overcomes the trade-off.
Moreover, the fast Li'-conductive SEI layer promoted spherical
Li growth,*>*® thus enhancing the cycle life of 3-SN. Simulta-
neously, nano-Si;N, enhanced the oxidation stability of the
Blank. In particular, EC strongly interacts with nano-Si;N,,
resulting in a reduction in its H-transfer reaction. Additionally,
as confirmed by '°F nuclear magnetic resonance (NMR), nano-
Si3N, scavenged corrosive HF, significantly reducing the structural
degradation of the NCM811 and CEI layers. As a result, our
designed electrolyte has achieved extended cycle life under
various practical (N/P = 2 and E/C = 2.5 g Ah™") conditions,
including high-voltage (4.5 V vs. Li/Li"), high-rate (1C), and high-
temperature (50 °C), not only compared to the Blank but also to
previously reported nano-silica additives."”” Moreover, 3-SN deliv-
ered 74% capacity retention over 100 cycles in a 360 W h kg™ -
level (N/P = 2 and E/C = 2.5 g Ah ') pouch cell, whereas the Blank
caused cell failure. This marks the first confirmation of the
feasibility of applying suspension electrolytes in practical pouch
cells (Table S1, ESIY).

2. Results and discussion
2.1. Impact of nano-Si;N, on the Li* solvation environment

EC is a commonly used solvent in LIBs due to its strong
solvating power, attributed to its high dielectric constant
(89.78) and donor number (16.4 kcal mol *)."* However, in
LMBs, EC tends to produce an inadequate organic and Li,CO3-
rich SEI layer because of severe (electro)chemical decomposi-
tion by Li."®*® Therefore, regulating the reactivity of EC with Li
and controlling the composition of the SEI layer to ensure an
extended cycle life are imperative.

Fig. 2 illustrates the impact of nano-SizN, on the Li" solvation
environment and the resulting improvements in the electro-
chemical performance. As the nano-Si;N, content increased
from 0 to 5 wt%, a noticeable upfield shift was observed in the
7Li NMR (Fig. 2a), indicating an increase of electron density
of the Li", likely due to the increased Li"-anion coordination or
Li"-nano-Si;N, interactions. Consequently, this led to weaker Li"
solvation, and the effect gradually diminished as the concen-
tration increased (Fig. 2b). Moreover, we quantitatively measured
the relative solvation energy in a H-cell.’® The open-circuit
voltage (OCV) of 3-SN is —41 mV, while that of the Blank is
—24 mvV. This implies that 3-SN has a weaker Li" solvation
environment, with a higher AG,y, of 1.6 k] mol " than the Blank
(Fig. 2c and d). Fig. 2e illustrates the interaction between nano-
SizN, and EC/DEC (Blank solvent) using Raman spectroscopy.
In the Blank solvent, both EC and DEC exhibited doublet peaks
of ue—o at 1796, 1807 cm ™', and 1740, 1770 cm ™ *, respectively.”*

Energy Environ. Sci., 2025, 18, 3148-3159 | 3149
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Fig. 1 Design logic for introducing a nano-SisN4 additive for concurrent electrode—electrolyte interface engineering. Conventional fluorinated
electrolytes, including HCEs, LHCEs, and fluorinated solvents, exhibit a highly weak Li* solvation environment. On the other hand, the nano-SizN,4
additive facilitates slightly weaker Li* solvation compared to the Blank, resulting in a minor ionic conductivity decrease. It will be mitigated by SEI layer
engineering, which involves the alloying and conversion reaction of nano-SizsN4 with Li metal. As a result, our electrolyte design effectively overcomes
two key trade-offs: those between cycle life and rate performance, and the excessive use of fluorine. Moreover, nano-SizN,4 acts as an HF scavenger. The

initial structure of CEl and the cathode can be maintained by nano-SisN4 even under high-voltage and high-temperature operation.

The EC peaks of 3-SN showed a positive shift at 1798 and
1810 cm ™', which represents a more pronounced shift com-
pared to DEC (less than 1 cm ). This suggests that the oxygen
within the C=O bond of carbonates, particularly EC, interacts
with nano-Si;N,.”?

To evaluate the impact of modifying the Li*
environment on the cyclability of Li, we conducted modified
Aurbach’s coulombic efficiency (C.E.) tests®® (Fig. 2f and
Table S2, see the detailed discussion in Fig. S3, ESIt). As shown
in Fig. 2f, 3-SN exhibited a significantly higher C.E. under high
current density (2 mA cm™*) compared to the Blank (Blank:
95.79% and 3-SN: 98.62%), along with less than half of the
nucleation overpotential (Blank: 98.9 mV, 3-SN: 47.1 mV).
Moreover, through a series of electrochemical tests, we verified
that 3-SN shows a lower nucleation and growth overpotential,
along with enhanced cyclability of Li, specifically at high
current densities (Fig. S4-S9, Tables S3 and S4, see the detailed
discussion in Fig. S9, ESIT). In contrast, the absence of improve-
ments in the C.E. with the application of 3 wt% of other metal

solvation

3150 | Energy Environ. Sci., 2025, 18, 3148-3159

nitrides and boron nitride indicates that the enhanced cyclabil-
ity of 3-SN results from the alloying and conversion reactions of
nano-Si;N, (see the detailed discussion in Fig. S10, ESIf).
Fig. 2g and h illustrate the Tafel plot and its exchange current
density. The exchange current density of 3-SN was 32% higher
than that of the Blank. This suggests that the interfacial
reaction kinetics of Li are improved® due to the fast Li'-
conductive Si,N-based SEI layer.** Consequently, the faster
Li'-conductive SEI layer and lower nucleation overpotential
facilitate the growth of larger and more spherical Li nuclei
(Fig. S11, ESIf).*>%%°

Furthermore, we theoretically analyzed the solvation environ-
ment using nano-Si;N, as the suspension electrolyte via mole-
cular dynamics (MD) simulations. The solvation environment of
Li" was investigated using the Blank and 3-SN. For 3-SN, a
significant decrease in the ratio of EC participating in Li"
solvation was observed compared with the Blank, along with
the substantial involvement of nano-Si;N, in the Li" solvation
environment (Fig. 3a and b and Fig. S12, and Table S7, ESIY).

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee03862b

Open Access Article. Published on 13 February 2025. Downloaded on 3/17/2026 7:37:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Energy & Environmental Science

——5-SN
A — 3-SN -0.40 °

—1-SN
= Blank N

3-SN

f
=]
»
N

I N
2
£ -0.44 3
9
AN i e %
= 0461 . 1:49% -
\. ) P | B [T B A
~ 18N
-0.48+— . - : . ‘ E
-0.40 -0.44 -0.48 -0.52 o 1 2 3 4 5 >
“Li shift (ppm) Content of Si;N, suspension (wt %) @
[
c d £
0 5
Ref: 1M LiFSI DMC N
10 —~ 41 4.0 v, o TR I NP
‘% Blank
Sl €
£ = 3 24 DEC EC
= 24 mV < : (Ve=0) (Ve=0)
.30 ~c4m > 21
= 8
-40 2 1
41 mv N
50 0 I | I S B T B
Blank 3:SN Blank 3-SN 1700 1720 1740 1760 1780 1800 1820 1840
Raman shift (cm™)
f —— Blank 9 . ) —— Blank h
Initial C.E (%) Total C.E (% '
109 |—3sN ' i) ) : —3-SN 34 275
. Blank 96.45 95.79 1 :
)
% 3-SN 97.35 98.62 E NE 200 32%
g 05 gf 5 2
2 E <
> 98.9 mV 31 £
! 3 9
471 mV =
0.0 r_I——J 2
T T T T T T T T T T T T
0 5 10 15 20 -0.15-0.10-0.05 0.00 0.05 0.10 0.15 Blank 3.SN

Time (h) Voltage (V)

Fig. 2 Characterization of the Li* solvation environment and its impact on electrochemical performances. (a) and (b) The “Li NMR results of the Blank
and 1, 3, and 5-SN. The “Li NMR results were obtained by using NMR coaxial inserts with an inner tube containing a 1 M LiCl D,O reference solution. (c)
The potentiometric measurements of OCVs in an H-cell comparing two different electrolytes (reference electrolyte: 1 M LiFSI DMC (dimethyl
carbonate)). (d) Calculated solvation free energies from (c). () Raman shifts between the Blank solvent and x-SN. The doublet peaks correspond to
the vibrational modes of the C—0 bonds (vc—o) present in EC and DEC, due to Fermi resonance. (f) Modified Aurbach’s coulombic efficiency tests under
high current density (2 mA cm™2, detailed in supplementary methods, ESI+). (g) Tafel plots of the Blank and 3-SN in Li||Li symmetric cells. (h) Calculated

exchange current densities from (g).

This indicates that nano-SizN, influences and regulates the
solvation environment around Li" by decreasing the solvation
ratio of EC to DEC, which is consistent with experimental
observations. Based on the MD simulation results, we addi-
tionally performed density functional theory (DFT) calculations
to investigate the interaction characteristics of nano-Siz;N, and
EC molecules through the calculations of binding energies
between the o-Siz;N, (101) surface (Fig. S13, ESIT) and electrolyte
molecules (i.e., LiPFs, EC, DEC, and FEC). We found that the EC
had strong chemical binding with the Si dangling atom of
the «-Si3N, (101) surface (Fig. 3c and Fig. S14-S17, ESIt), as
experimentally demonstrated in Fig. 2e. Its involvement in
chemical bonding with the double bond O of EC and its strong
binding strength suggest that strong chemical binding with
nano-SizN, can critically inhibit the oxidation decomposition of
EC. Although the DEC molecule also showed covalent bonding
with the «-Si3N, (101) surface, the binding strength was much
weaker than that of the EC molecule. Moreover, Li* showed
ionic interactions with the N dangling atom of nano-SizNy,

This journal is © The Royal Society of Chemistry 2025

which supports the results of the NMR measurements (Fig. 2a)
and MD simulations.

2.2. Bi-layered SEI formed by nano-SizN,

As confirmed by molecular simulations (Fig. 3), nano-SizN,
reduced the number of solvent molecules in the Li* solvation
shell, presumably forming an inorganic-rich SEI layer. Furthermore,
we hypothesized that the alloying and conversion reactions of
nano-Si;N, contributed to the formation of Si,N-based SEI
layers, enhancing the interfacial kinetics (Fig. 2f-h). Time-of-
flight secondary ion mass spectrometry (TOF-SIMS) provided
clear evidence that 3-SN formed a less-organic-based SEI layer
(Fig. 4a). Conversely, 3-SN predominantly formed an inorganic
SEI layer originating from the reductive decomposition of
LiPF, (Fig. 4b). These findings were further corroborated by
the X-ray photoelectron spectroscopy (XPS) results (Fig. S18,
ESIt). In addition, we confirmed the presence of the SEI layer
associated with nano-Si;N,. SIN~ encompasses both nano-
SizN,4, which has not yet contributed to the SEI layer, and

Energy Environ. Sci., 2025, 18, 3148-3159 | 3151
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Li,SiyN,, arising from the conversion reaction of nano-Si;N,
into the SEI layer (Fig. 4c). In contrast, LiSi~ includes Li,Si,N,
and the Li,Si,, resulting from the reaction between Li and
nano-Siz;N,. Unlike SiN™, LiSi™ is barely located in the topmost
region of the SEI layer, indicating that alloying and conversion
reactions commence in close proximity to the Li. The XPS
results further reinforced these observations, providing a
plausible mechanism for the formation of the SEI layer
facilitated by nano-SizN, (Fig. S19-S22, see the detailed
discussion in Fig. S19 and S22, ESI}). Furthermore, this
bi-layered structure of the SEI layer, which is composed of
the Si,N-based inner SEI layer, and LiF-rich outer SEI layer,
synergistically enhances the cycle life of Li and delivers
tolerance to chemical corrosion (see the detailed discussion
in Fig. S23 and S24, ESIt).

Cryo-transmission electron microscopy (Cryo-TEM) images
revealed noticeable differences in the SEI layers between the
Blank and 3-SN. In the case of the Blank, an 11 nm-thick
SEI layer was formed, with the only identified crystalline SEI
layer being Li,O, as observed in the fast Fourier transform
(FFT) patterns®® (Fig. 4d and e). Conversely, the SEI layer
formed by 3-SN was comparatively thinner (9 nm), and dis-
played FFT patterns of Li,O, Li,SiN, and Li;5Si, (Fig. 4f and g
and Fig. S25 and Table. S8, ESIt). Additionally, Li,SiN, and
Li;5Si, were detected between the Li and SEI layers, indicating
that the alloying and conversion reactions occur in close
proximity to the Li, as corroborated by TOF-SIMS and XPS
(Fig. 4c and Fig. S19-S22, ESI{). The SEI layer generated
by nano-SizN, enhances Li" conductivity, thus significantly

3152 | Energy Environ. Sci., 2025, 18, 3148-3159

influencing the morphology of Li deposits (Fig. 4h-k and Fig.
$26-S28, ESIt).*

2.3. High-voltage tolerance enabled by nano-SizN,

Carbonate-based electrolytes generally possess moderate oxida-
tion stabilities; however, they are unsuitable for high-voltage
(above 4.3V vs. Li/Li*).””*® Specifically, EC is highly susceptible
to H-transfer reactions,”>>® which are thermodynamically more
favorable than other oxidation decomposition pathways.®*®!
However, our chronoamperometry results at 4.5V vs. Li/Li" of
Li||NCM811 indicated that the oxidative decomposition of 3-SN
was significantly less than that of the Blank (Fig. S29, ESIf).
Moreover, we discovered that the dissociation energy of the
C-H bond of bound-EC (i.e., EC interacting with nano-Si;N,)
was higher than that of free-EC in both 1H and 2H-transfer by
performing the DFT calculations (Fig. 5a and b). Given the
significance of the bond dissociation energy in the oxidation
stability of electrolyte solvents,> these findings imply that the
H-transfer reaction in bound-EC on the surface of nano-Si;N, is
thermodynamically less favorable than that in free-EC (details
of the H-transfer reaction are in Note S1, ESIt). Therefore, the
moderate oxidation stability of the Blank can be enhanced by
introducing nano-Si;N4, which can regulate the Li" solvation
environment and hinder the H-transfer reaction because of its
strong chemical binding to EC.

The oxidation decomposition of the electrolyte not only
leads to the formation of the CEI layer but also induces a phase
transition of NCM811 from a layered (R3m) to a rock salt
(Fm3m) structure due to the reduction of Ni*" on the NCM811

This journal is © The Royal Society of Chemistry 2025
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—

Fig. 4 Observations of the SEI layer and Li metal growth morphology. (a)-(c) TOF-SIMS analysis of Li metal anodes retrieved from Li||Li symmetric cells
after deposition in the second cycle. (a) 3D reconstruction of the TOF-SIMS signal originating from the organic SEI layer. (b) 3D reconstruction of the
TOEF-SIMS signal originating from the inorganic SEl layer. (c) 3D reconstructions of the TOF-SIMS signal originating from SizsN4 in 3-SN. The z-axis depth is
a theoretical value obtained under the same sputtering conditions applied to the lithium metal. (d)-(g) Cryo-TEM image and its fast Fourier transform
(FFT) pattern of the SE| layer after deposition under 0.5 mA cm™2, 0.17 mA h cm™~2. Information on crystal structures were obtained from the Materials
Project.®® (d) and (e) Blank. (f) and (g) 3-SN. (h) and (i) Cryo-TEM images of the Li growth morphology. (h) Blank, (i) 3-SN. (j) and (k) Cross-sectional
focused ion beam-scanning electron microscopy (FIB-SEM) images after Li deposition under 0.4 mA cm™2, 4 mA h cm~2in Li||Cu half-cells. (j) Blank, (k)
3-SN. The theoretical thickness of 4 mA h cm™2 Li is 20 pm.

surface to Ni*"." In Fig. 5¢ and d, 3-SN produced a much phase transition (Fig. S30, ESIf). Additionally, the cross-
thinner reconstruction layer (1.2-3.5 nm) than the Blank sectional images of the cycled NCM811 with the Blank display
(9.1 nm). The peak shift in the X-ray diffraction (XRD) pattern prominent cracks, whereas 3-SN maintains its initial morphol-
was more pronounced in the Blank, indicating a more severe ogy (Fig. S31, ESI).
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Fig. 5 Dissociation energy of C—H bond of EC and characterization results of the cycled NCM811 cathode and CEl layer. (a) and (b) Dissociation energies
of the C—H bond of EC and bound-EC. (a) Dissociation of the C—H bond from EC to EC (—H) and bound-EC to bound-EC (-H). (b) Dissociation of the
C-H bond from EC (-H) to EC (-2H) and bound-EC (-H) to bound-EC (-2H). Orange highlighted hydrogen atoms indicate the dissociating atoms.
(c) and (d) HADDF-STEM images of NCM811 retrieved from Li|[NCM811 after 50 cycles under 4.5-3.0 V and 0.5C/1D. (c) Blank, (d) 3-SN. High resolution
TEM images and FFT patterns of retrieved NCM811 from Li||[NCM811 after 50 cycles under 4.5-3.0 V and 0.5C/1D. (e) and (f) Blank, (g) and (h) 3-SN.

Fig. 5e-h illustrate the structure of the CEI layer on the
cycled NCM811. The Blank exhibited the formation of a thick
and uneven CEI layer ranging from 4-15 nm with excessive
LiF and NiF,. The excessive fluorination originates from the
conversion of CEI components, such as Li,CO3, to LiF due to
HF generated within LiPFs-based electrolytes'®®” (see the
detailed discussion in Fig. S32, ESIt). Notably, NiF, is also
formed by HF attack after the undesirable reduction of Ni** to
Ni*" by taking electrons from the electrolyte at the deep charged
(delithiated) state of the NCM811. Conversely, the CEI layer
formed by 3-SN was thin and uniform with an amorphous
structure (3.4 nm, Fig. 5h). Two explanations support these
results. (1) The H-transfer reaction not only degrades the

3154 | Energy Environ. Sci., 2025, 18, 3148-3159

cathode but also generates HF*® (Note S1, ESIt). 3-SN is less
vulnerable to H-transfer reactions than the Blank (Fig. 5a and b),
thus it effectively minimizes the formation of HF and cathode
degradation. (2) Similar to SiO,, SizN, can act as an HF
scavenger’”’%*"% to mitigate corrosive damage of the cathode.
Previous studies have demonstrated that Si-N bonds scavenge
HF, resulting in the formation of Si-F and N-H bonds.®®
After storing the 3-SN at a high temperature of 60 °C for 7 days,
the "°F NMR reveals the absence of HF in 3-SN, demonstrating the
beneficial role of nano-Si;N, as a HF scavenger (Fig. S33, details
will be discussed in Fig. S38, ESIt). Our DFT results also reveal
that the reaction of HF with the 0-SizN, (101) surface is thermo-
dynamically favorable (Fig. S34, ESIT). Excessive formation of HF

This journal is © The Royal Society of Chemistry 2025
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can lead to the degradation of the NCMS811, Al current
collector and the CEI layer, thereby increasing the dissolution of
both Ni** and AI** (Fig. S35, ESI{).**”° In summary, the high-
voltage tolerance of 3-SN originates from its ability to reduce
H-transfer reactions and corrosive HF attacks at the cathodes,
thus mitigating the degradations of the electrolyte, cathode, and
CEI layer.

2.4. Superior electrochemical performances of 3-SN

We found that nano-SizN, led to several beneficial changes.
Subsequently, we conducted electrochemical tests under var-
ious conditions to assess its impact on the electrochemical
performance within the practical Li||[NCM811 full cell (Fig. 6).
Under mild cycling conditions, 3-SN achieved 85% capacity
retention after 150 cycles, whereas the Blank retained only 29%
(Fig. 6a and Fig. S36, ESIT). Moreover, a more pronounced gap
was observed in the electrochemical performance under higher
cut-off voltages (Fig. 6b and Fig. S37 and S38, ESIt). While the
Blank exhibited a rapid capacity decay around the 20th cycle,
3-SN maintained 80% retention even after 100 cycles. These
results were attributed to the nano-Si;N, mitigating the

View Article Online

Energy & Environmental Science

H-transfer reaction and scavenging HF. The use of nano-Si;N,
as a protective layer for Li metal has been previously
reported;”"”> however, these studies did not address high-
voltage tolerance. Unlike suspension electrolyte, this approach
is inadequate for improving high-voltage stability, as it does not
directly prevent the degradation of NCM811. This limitation
was experimentally confirmed using a mechanochemical coat-
ing method”*”’® (Fig. S39, ESIt). Fig. 6c and Fig. S40 (ESIt)
illustrate the rate performance of 3-SN. At all discharge
C-rates, 3-SN consistently demonstrated a superior discharge
capacity, and the gap became more pronounced as the C-rate
increased (at 2C, Blank: 128 mA h g~*, 3-SN: 167 mA h g™ ).
Similarly, rate tests conducted under various conditions high-
lighted the exceptional rate performance of 3-SN, indicating
its potential for fast charging (Fig. S41-S43, ESIt). Moreover,
3-SN exhibited superior electrochemical performance at high
rates compared to the Blank at both 4.3 V and 4.5 V vs. Li/Li"
(Fig. S44, ESIT). These results were attributed to the decrease
in the interfacial resistance within the electrode-electrolyte
interface at both the anode and cathode (Fig. 4 and 5).
Additionally, 3-SN also delivers outstanding electrochemical
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Fig. 6 Electrochemical performances of Li|[NCM811 full-cells under practical conditions. (a)—(d) N/P = 2.5 (50 um Li || 3.8 mA h cm~2 NCM811), E/C =
4uL mAh~tin coin-cells. (a) 4.3-3.0 V, 0.2C(CC/CV: 0.05C)/0.5D. (b) 4.5-3.0 V, 0.2C/0.5D. (c) Rate test with constant charging C-rate (0.1C). (d) 4.3-3.0V,
0.2C(CC/CV: 0.05C)/0.5D, under 50 °C. (e) Comprehensive evaluation of the electrolytes. 3-SO stands for 3 wt% of nano-silica within the Blank. Li stability
represents the capacity retention in Fig. 6a and Fig. S44a (ESIt) at 150 cycles. Rate performance represents the capacity retention in Fig. S44b (ESIt),
at 70 cycles. High-voltage tolerance represents the cycle life (cycle number at 80% capacity retention) in Fig. 6b and Fig. S44c (ESIt). High-temperature
stability represents the capacity retention in Fig. 6d and Fig. S44e (ESI{), at 130 cycles. Chemical stability against HF represents the period during
which electrolyte discoloration occurs in Fig. S45 (ESIT). (f) 360 W h kg~ *-level pouch-cell, N/P = 2 (40 pm Li || 3.8 mA h cm~2 NCM811) E/C = 2.5 g Ah ™,
0.2C(CC/CV: 0.05C)/0.5D.
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Fig. 7 Overall working mechanisms of the nano-SizN,4 additive.

performance at a high-temperature of 50 °C (Fig. 6d).
The hydrolysis of LiPF, accelerates with increasing tempera-
ture, resulting in the vulnerability of the Blank to high
temperatures. Furthermore, electrochemical tests confirmed
that the high-voltage tolerance and rate performance of 3-SN
surpassed those of previously reported nano-silica additives
(Fig. 6e and Fig. S44-S46, see the detailed discussion in
Fig. $45, ESIt)."”*! 3-SN exhibited slower sedimentation com-
pared to other electrolyte additives, resulting in a negligible
effect on electrochemical performance (see the detailed dis-
cussion in Fig. S47, ESIT). We further verified the effect of the
nano-SizN, additive on a practical pouch cell (Fig. 6f and
Fig. S48, ESIf). In a 360 W h kg '-level pouch cell, 3-SN
demonstrated 74% capacity retention over 100 cycles, whereas
the Blank exhibited cell failure. This result suggests that even
under lean electrolyte conditions (2.5 g Ah™'), 3-SN suffi-
ciently wets the electrode and separator, enabling the diffu-
sion of the suspensions. Furthermore, we demonstrated that
the incorporation of nano-SizN, in lithium-sulfur batteries

3156 | Energy Environ. Sci., 2025, 18, 3148-3159

Al

can lead to long-term cyclability, even under practical condi-
tions (Fig. S49, ESIT).

3. Conclusion

In this study, we propose a multifunctional nano-suspension
electrolyte to address the trade-offs and challenges persisting in
LMB electrolytes. Nano-SizN, enhances the electrochemical
performance of LMBs in multiple ways (Fig. 7): (1) modifying
the Li" solvation environment to form an inorganic-rich SEI
layer, (2) forming a Si,N-based fast Li'-conductive SEI layer
through alloying and conversion reactions, (3) mitigating the
H-transfer reaction through EC-Siz;N, interactions, and (4)
scavenging HF to minimize corrosive side reactions. (1) and (2)
enhanced the cyclability of the Li metal, which is a crucial
weakness of carbonate-based electrolytes. Moreover, (2) provides
fast interfacial kinetics of the SEI layer, overcoming the trade-off
originating from the Li" solvation strength. (3) and (4) increase

This journal is © The Royal Society of Chemistry 2025
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the moderate oxidation stability of the carbonate-based electro-
lytes to a higher level. Consequently, nano-Si;N, in the
carbonate-based electrolyte delivered outstanding electrochemi-
cal performance (74% retention at 100 cycles) in a 360 W h kg™ -
level pouch cell. We expect that this study will provide a
comprehensive understanding of the mechanisms involved in
suspension electrolytes in LMBs, ultimately paving the way for
the use of suspensions in large-scale LMBs.
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