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Multi-functional nitrile-based electrolyte additives
enable stable lithium metal batteries with high-
voltage nickel-rich cathodesT
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A rechargeable lithium (Li) metal anode combined with a high-voltage nickel-rich layered cathode has been
considered a promising combination for high-energy Li metal batteries (LMBs). However, they usually suffer
from insufficient cycling life because of the unstable electrochemical stability of both electrodes. In this
work, we report an advanced multi-functional additive, 1,3,6-hexanetricarbonitrile (HTCN), in a conventional
carbonate-based electrolyte. This rationally designed electrolyte formation generates an ideal cathode
electrolyte interphase (CEI) for LiNiggCop1Mnp 1O, (NCM811) and a solid electrolyte interphase (SEI) for Li
metal, successfully realizing stable ion transport kinetics. Then, theoretical calculations, physical
characterization and electrochemical tests confirm that HTCN is more easily adsorbed on the NCM811
surface where it is oxidized to construct a stable CEl film involving the detachment of the CN group in

a linear chain. Simultaneously, HTCN shows a more negative electron affinity and is easier to reduce,
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Accepted 14th January 2025 constructing a robust SEI film resulting from the detachment of the CN group in the side chain.

Consequently, the assembled 50 pm-thin NCM811//Li (9.0 mg cm~2 of mass loading) delivers a desired

DOI: 10.1039/d4sc08045a energy density of ~330 W h kg~ at the cell level and an excellent cycling stability of 120 cycles with 88%
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1. Introduction

Lithium (Li) metal is considered to be the “holy grail” of the
anode for next-generation energy storage batteries due to its
ultra-high theoretical specific capacity (3860 mA h g™, almost
ten times that of commercial graphite) and ultra-low redox
potential (~3.04 V vs. the standard hydrogen electrode, SHE)."*®
Rechargeable Li metal batteries (LMBs) produced with various
cathode materials, especially the high-voltage LiNij3Co0y.1-
Mn, ;0, (NCM811) cathode, have recently received widespread
attention.”® However, the high reactivities of Li and NCM811
electrodes with conventional carbonate electrolytes result in
various non-negligible problems,"** which hinder the practical
application of high-energy NCM811//Li batteries. The main
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issues faced by nickel-rich NCM811 cathodes are structural
damage of the active material resulting from the uneven
cathode electrolyte interface (CEI) film and corrosion by
hydrogen fluoride (HF) acid.***® On the side of the Li metal
anode, the fundamental problem is the instability of the solid
electrolyte interface (SEI),">*® which leads to uneven current
distribution on the Li surface and thus triggers the dendrite
growth and the accumulation of dead Li.**"** Therefore, it is
critical to synchronously enhance the interfacial stability of the
NCM811 cathode and Li metal anode required for high-energy
LMBs.

Many functional electrolytes from the perspectives of
designing solvents, salts and additives at the molecular level
have been developed.*=*° After in-depth consideration of cost
and the process, it is a promising method to construct thin and
uniform CEI/SEI films to separate electrolytes and electrodes by
adding additives known as “vitamins” of batteries.*’** More-
over, the development of multifunctional additives that not only
form CEI/SEI films but also inhibit the generation of HF has
tremendous application advantages.***® Therefore, it is essen-
tial to develop electrolyte additives with multiple functions.
Nitrile additives are widely used in high-voltage Li-ion batteries
(LIBs). The prevailing mechanism is that nitriles can effectively
coordinate with transition metal ions and participate in the
formation of the CEI/SEI films,*** but they have rarely been
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used for LMBs because of their strong reducing activity.***> For
example, even with ultrahigh concentration salt (10 M) in
acetonitrile (AN) solvent, the Coulombic Efficiency (CE) of a Li//
Cu cell is still poor at =14%.* Therefore, selecting a nitrile
additive with suitable reductive activity so that it decomposes to
form CEI/SEI films but does not decompose excessively is vital
for developing high-energy LMBs.

In this work, a novel multi-functional nitrile additive, 1,3,6-
hexanetricarbonitrile (HTCN) with linear and side-chain CN
groups, is proposed for improving the electrochemical perfor-
mance of the high-voltage NCM811 cathode and Li metal anode.
The underlying film-forming mechanism was thoroughly
studied by electrochemical characterization and theoretical
calculations. The results show that HTCN can preferentially be
adsorbed and oxidized to form a stable CEI rich in CN-
containing species, involving the detachment of the CN group
in the linear chain and the repolymerization of F~, which
significantly inhibits the electron exchange between the elec-
trolyte and NCM811 cathode (Fig. 1). Meanwhile, lower electron
affinity energy drives the preferential reduction of the HTCN
additive resulting from the detachment of the CN group in the
side chain and the participation of PFs~ anions in the poly-
merization, followed by forming a SEI film rich in crosslinked
polymers, which suppresses the electrolyte decomposition and
dendrite growth. Besides, the stronger binding intensity
between HTCN and PFes~ than that of solvents efficiently
prevents the generation of harmful HF. Based on the above
advantages, both NCM811//Li and Li//Li half-cells present stable
cycle stability. More significantly, a desired energy density of
330 W h kg™ at the cell level and an excellent cycling stability of
120 cycles with 88% capacity retention at 1C for 50 pm-thin Li//
NCM811 (9.0 mg cm > of mass loading) full batteries are
achieved.

2. Experimental section

2.1 Sample preparation

The baseline electrolyte used in this work is 1 M LiPFg (>99.8%)
dissolved in ethylene carbonate (EC)/dimethyl carbonate (DMC)
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(30/70 wt%) (Guangzhou Tianci Materials Technology Co. Ltd,
China). 1,3,6-hexanetricarbonitrile (HTCN, Aladdin, >99.0%) and
adiponitrile (ADN, Aladdin, >99.0%) were added to the baseline
electrolyte to obtain the electrolyte containing a single additive.
To prepare the NCM811 cathode, 80 wt% NCM811 powder
(Ningbo Jinhe New Materials Co., Ltd), 10 wt% acetylene black
(AB, Shenzhen Kejing Star Technology Co., Ltd) and 10 wt% pol-
yvinylidene fluoride (PVDF, Shenzhen Kejing Star Technology Co.,
Ltd) were mixed in N-methylpyrrolidone (NMP) solvent to form an
NCM811 slurry. NCM811 was developed by coating slurry with
different NCM811 contents on aluminium foil after drying at 80 °
C for one hour and at 120 °C for 12 h under vacuum. The dried
NCMB811 electrodes were obtained and were then cut into round
pieces with a diameter of 12 mm and transferred to a glove box
(Mbraum Unilab, Germany), where water and oxygen contents
were strictly controlled below 0.1 ppm. The thick-Li foil in L-
NCM811//Li has a diameter of 16 mm and a thickness of 0.5 mm.
The H-NCM811//Li full cells were assembled with an NCM811
cathode and Li foil anode with a diameter of 13 mm and a thick-
ness of 50 um. The CR2025-type NCM811//Li and Li//Li coin
batteries were assembled in a glove box with Celgard 2325 sepa-
rators (diameter = 18 mm, thickness = 20 pm) containing 60 pL
of electrolyte. The preparation of the electrolyte and the assembly/
disassembly of the batteries are carried out in a glove box.

2.2 Electrochemical measurement

The cycling stability of cells was tested on a battery tester (LAND
CT2001A, China). NCM811//Li cells were charged/discharged at
0.2C (1C =200 mA h g~ ") for the initial 3 cycles and at 1C for the
subsequent cycles between 3.0 and 4.35 V with a constant
voltage at 4.35 V for 10 minutes. The rate performance of L-
NCM811//Li half cells was tested by discharging at 0.2C, 0.5C,
1C, 3C, 5C, 7C and 10C, respectively. The current density and
capacity density of the Li//Li symmetric battery are 1 mA cm >
and 1 mA h cm™?, respectively.

For the self-discharge test, L-NCM811//Li coin cells were
charged to 4.35 V at 1C and then left for 30 days to record the
potential variation after three initial cycles at 0.2C between 3
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Schematic illustration of the underlying mechanisms of baseline and HTCN-containing electrolytes.
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and 4.35 V. Linear sweep voltammetry (LSV) was carried out on
a Solartron 1480 (England) to test the oxidation stability of the
electrolyte. The V-type cells were assembled and scanned from
the open circuit potential (OCP) to 5 V with a scanning rate of
0.1 mV s~'. Electrochemical impedance spectroscopy (EIS) was
carried out using a PGSTAT-30 (Switzerland). The cells to be
tested were all in a discharge state, with a frequency range from
100 kHz to 0.005 Hz at a voltage amplitude of 5 mV.

2.3 Physical characterization

The contact angle between the separator and various electro-
lytes was tested on a contact angle system (JC2000C, China) and
the ionic conductivity of electrolytes was measured on an 856
Conductivity Module (Sweden) at room temperature. Before
characterization, the cycled cells were disassembled and the
recovered electrodes were soaked in DMC for 5 minutes, washed
3 times, and then dried naturally in a glove box for further use.
Scanning electron microscopy (SEM, FEI-quanta 250, America)
and transmission electron microscopy (TEM, JEM-2100HR,
Japan) were used to observe the morphologies of the electrode
surfaces and the interfacial films formed on the NCMS811
cathode. X-ray diffraction patterns (XRD, Rigaku Ultima IV,
Japan) of NCM811 electrodes were obtained by using mono-
chromatic Cu Ko radiation between 10° and 90° with a scanning
rate of 5° min~*. The chemical compositions and contents of
each component in the interfacial films were anatomized by X-
ray photoelectron spectroscopy (XPS, AXIS SUPRA, Japan).
Nuclear magnetic resonance (NMR) analysis was performed on
a Bruker AVANCE NEO spectrometer (Bruker, Germany). Four-
ier transform infrared (FTIR) spectroscopy was performed on
a Bruker Tensor 27 (Germany). The contents of transition
metals (TMs) deposited on the Li anodes were determined by
inductively coupled plasma atomic emission spectrometer
measurement (ICP-AES, Optima 8300, America). For Li anodes,
the cycled Li anodes were fully dissolved in 4 wt% HNO; solu-
tion and then diluted to 25 mL with deionized water to obtain
a sample solution.

2.4 Theoretical calculation

All the calculations involved in this work were performed with
the Gaussian 16 package. The molecular structures of the
solvents and additives in the electrolyte were optimized based
on density functional theory (DFT). The oxidation and reduction
activities of each molecule and cluster, as well as the binding
energies between each molecule and PFq ™, Ni** and Ni** were
calculated according to the optimized geometric structures
using the B3LYP/6-311++G(d) level basis set. A polarized
continuum model (PCM) with acetone (dielectric constant =
20.5) was adopted. NBO charge distributions of the HTCN
additive after reduction were analyzed to deduce the interme-
diates. The vibrational frequencies and intrinsic reaction coor-
dinate (IRC) analysis were used to ensure that the sought
transition state was the saddle point for the lowest energy path
connecting the reactants and products.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1 Effect of the HTCN additive on the electrochemical
performance of the NCM811 cathode

The L-NCM811//Li half cells were first assembled using the
NCMS811 cathode with 1.5 mg cm > mass loading and a 500 pm
Li film anode to verify the effect of the HTCN additive. As ex-
pected, cyclic testing shows rapid capacity decay with a capacity
retention rate of 51% after 100 cycles in baseline electrolyte (Fig.
2a), resulting from poor compatibility and parasitic side reac-
tions between the NCM811 cathode and electrolyte. In contrast,
the cycle stability of the L-NCM811//Li cell in HTCN-containing
electrolytes is significantly improved with a specific capacity of
167.2 mA h g~' (a capacity retention rate of 84%) after 100
cycles. Furthermore, the rate capability can be largely enhanced
with the application of the HTCN additive, with a discharge-
specific capacity of up to 10C (Fig. 2b). These indicate that the
interface film derived from HTCN-containing electrolyte
increases the compatibility of the NCMS811 cathode and
carbonate electrolyte, although its wettability and conductivity
are slightly reduced (Fig. S1 and S2t). TEM and SEM images of
the cycled NCM811 cathodes show some irregular loose depo-
sition products on the surface of the NCM811 nanoparticle after
3 cycles in the baseline electrolyte (Fig. 2c), leading to contin-
uous electron exchange between the NCM811 primary particles
and solvent. Therefore, the electrolyte decomposition products
on the surface of materials continue to accumulate with the
cycling (Fig. 2e and g), eventually leading to the destruction and
collapse of the material structure. In contrast, an ideal CEI film
is formed on the surface of NCM811 after 3 cycles in the HTCN-
containing electrolytes (Fig. 2d), which still has a smooth
surface (Fig. 2f) and retains its complete structure after 100
cycles (Fig. 2h). XRD characterization was used to analyze the
structural changes of the NCM811 electrode in baseline and
HTCN-containing electrolytes (Fig. S31). The a-NaFeO, layered
structure of the NCM811 material almost disappears in the
baseline electrolyte.**** Specifically, the (003) and (108) peaks
shift to a smaller angle while the (101) peak shifts to a larger
angle, which presents the variation of lattice constants and the
structural transformation of the NCM811 cathode from the
layer phase to the spinel phase (Fig. S471), indicating that the
structure is severely damaged in baseline electrolyte. Compared
with it, the good splitting of the (108)/(110) peaks shows that
great layered characteristics were maintained in HTCN-
containing electrolyte, indicating that the HTCN additive can
effectively support the NCM811 electrode to maintain good
stability.* These results indicate that the HTCN additive can
effectively suppress electrode/electrolyte interfacial side reac-
tions, including the decomposition of the electrolyte and the
dissolution of transition metals. The impedances of the L-
NCMS811//Li cell after 3 and 100 cycles were measured and
fitted with an equivalent circuit to further confirm the effect of
the HTCN additive on the interface stability (Fig. S51). Initially,
there is no significant difference between baseline and HTCN-
containing electrolytes after activation at 0.2C for 3 cycles. As
the cycle progresses, the overall impedance of the battery in the

Chem. Sci., 2025, 16, 4501-4511 | 4503
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(a) Cycling stability of L-NCM811//Li cells in various electrolytes at 0.2C for the initial three cycles and 1C for the subsequent 100 cycles. (b)

Rate capability for L-NCM811//Li cells in various electrolytes. TEM and SEM images of NCM811 electrodes recovered from L-NCM811//Li cells
after (c) 3 cycles and (e and g) 100 cycles in baseline electrolyte. TEM and SEM images of NCM811 electrodes recovered from L-NCM811//Li cells
after (d) 3 cycles and (f and h) 100 cycles in HTCN-containing electrolyte.

baseline electrolyte increases significantly due to more electro-
lyte decomposition products and the fracture of electrode
materials (Fig. S5b and df). In contrast, the battery in HTCN-
containing electrolytes maintains a stable impedance during
the cycle (Fig. S5c and et), suggesting its ability to stabilize the
NCMS811/electrolyte interface.

3.2 Revealing the underlying mechanism of the HTCN
additive on the NCM811 cathode

To investigate the oxidation activities of the solvent and additive
in the HTCN-containing electrolytes, the ionization energies of
each component and the complexed PF,s clusters were calcu-
lated based on density functional theory (DFT). The results
show that HTCN has slightly lower oxidation activity than that
of solvent molecules, both as single molecules and clusters
(Fig. 3a and S6t). In addition to the oxidation activity, the
adsorption strength on the electrode surface also greatly affects

4504 | Chem. Sci., 2025, 16, 4501-451

the preferential oxidation order of the electrolyte components.
DFT calculations demonstrate that HTCN has strong binding
abilities both with Ni*" and Ni** ions, which means that HTCN
easily aggregates on the surface of the NCM811 cathode (Fig. 3b
and S77). Considering the slightly different theoretical oxida-
tion activities, we infer that the adsorption capacity is decisive
and HTCN has the potential for preferential oxidation. More-
over, HTCN presents a stronger binding ability with PFs~ than
EC and DMC, which is beneficial to inhibiting the thermal
decomposition of PFs~ and reducing the presence of harmful
HF (Fig. S8%).

The linear sweep voltammetry (LSV) test on the Pt electrode
was used to verify the oxidizing activity of various electrolytes.
The current of the baseline electrolyte starts to increase sharply
when the electrode potential is scanned to 4.2 V (Fig. 3c),
indicating that the electrolyte decomposes violently at high
voltage. However, an earlier response current at around 3.75 V is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Calculated adiabatic ionization energies (AIE, kJ mol™?) of EC, DMC and HTCN before and after combining with PFg~. (b) Calculated
binding energies (Ep, kJ mol™) between EC, DMC, and HTCN and PF¢~, Ni?* and Ni**. (c) LSV of baseline and HTCN-containing electrolytes on
the Pt electrode from OCP to 5.0 V at a scan rate of 0.1 mV s, (d and e) Possible oxidation reaction paths of the HTCN additive. (f) FTIR and (g)
XPS spectra of NCM811 cathodes recovered from L-NCM811//Li cells after 20 cycles in baseline and HTCN-containing electrolytes.

detected in the HTCN-containing electrolyte, which corre-
sponds to the oxidative decomposition of the HTCN additive,
inhibiting the subsequent electrolyte decomposition with
a lower response current after 4.2 V. To truly simulate the
porous material of the electrode, L-NCM811//Li coin cells were
assembled to further verify the preferential oxidation of HTCN,
where the content of NCM811 active materials was reduced to

© 2025 The Author(s). Published by the Royal Society of Chemistry

weaken the interference of the delithiation current. Similarly,
an earlier oxidation current appeared in the HTCN-containing
electrolyte compared with the baseline electrolyte, further
demonstrating the preferential oxidation of the HTCN additive
(Fig. S9t). DFT calculation was used to explore the oxidation
paths and possible reaction products of the HTCN additive
(Fig. 3d). The oxidized HTCN" ion breaks off the acetonitrile

Chem. Sci., 2025, 16, 4501-4511 | 4505
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group (-CH,-CN) to obtain a transition state TS-HTCN", and
then the acetonitrile group, in turn, attacks the radical at the
other end to obtain the M-HTCN" radical cation intermediate.
The intermediate products as the free radical cations would
polymerize with the anions and free radicals in the electrolyte to
produce insoluble products covering the surface of the NCM811
cathode to form CEI components. All anions (PFs, F, and
CN7, the pathway of CN™ anion generation will be described in
detail in the following section) in electrolytes were taken into
account to obtain the most advantageous reaction path and
reaction product (Fig. S107). According to the reaction energies
of different paths, M-HTCN' tends to self-polymerize after
binding to the F~ anion to get the oxidation product of HTCN,
(CN)C;H¢CH(CN)CH,(CN)FC,H,F (P-HTCN") (Fig. 3¢). CN~ and
CH,CN species are detected by time of flight secondary ion
mass spectrometry (TOF-SIMS), as shown in Fig. S11,T proving
the reliability of the reaction path, which corresponds to the
results of FTIR and XPS spectra (Fig. 3f and g).
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3.3 Properties of the CEI derived from the HTCN-containing
electrolytes on the NCM811 cathode

The composition difference of the CEI constructed on the
NCMB811 surface by various electrolytes was analyzed by TOF-
SIMS and XPS characterization studies. Fig. 4a and b present
the content depth profiles of inorganic (LiF, ™ and Li,CO; ) and
organic (C,H™ and LiCOO™) species in the CEI, respectively.
There are obvious organic carbon-containing species distrib-
uted in the CEI derived from baseline electrolytes, indicating
a large amount of oxidation of the solvent (Fig. 4c). In sharp
contrast, with the addition of the HTCN additive, the intensity
of organic species decreases while that of the inorganic species
increases (Fig. 4d). Besides, from the contents of each element
on the electrode surface (Fig. S121), it can be seen that the
contents of O7, P~ and F~ (representing electrolyte decompo-
sition products on the electrode surface) decrease in the addi-
tive system, while the intensity of C-C/C-H (representing PVDF
and AB gradually) increases, demonstrating that the electrolyte
decomposition on the electrode surface is inhibited by the
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Fig. 4 Intensity sputter profiles of species and corresponding 3D reconstruction distribution mappings on the surface of the NCM811 cathode
after cycling in (a and c) baseline and (b and d) HTCN-containing electrolytes measured by TOF-SIMS. (e) Chronoamperometric curves of L-
NCM811//Li cells in baseline and HTCN-containing electrolytes at 4.35 V for 20 h after 3 cycles at 0.2C. (f) *F NMR spectra of baseline and
HTCN-containing electrolytes, which were taken from V-type cells after a potential sweep from OCP to 4.35 V at 0.1 mV s~ and constant
potential at 4.35 V for 20 h. (g) Self-discharge test of L-NCM811//Li cells for 30 days. (h) Deposition contents of Co, Mn and Ni on the counter Li
electrode after 100 cycles.
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addition of the HTCN additive, which is consistent with the
TOF-SIMS results.

Due to the inevitable presence of residual water, PFs~ tends
to thermally decompose to produce harmful HF,* which is
more significant during high-temperature storage or high-
voltage charging. To further verify the effectiveness of the
HTCN additive in suppressing HF, L-NCM811//Li V-type cells
were designed and charged at constant voltage at a high
potential of 4.35 V. It can be seen that the baseline electrolyte
presents a large residual current (Fig. 4e), indicating that the
electrolyte decomposition is the most serious. However, the
residual current of the HTCN-containing electrolyte decreases
significantly, revealing that the HTCN additive is beneficial for
inhibiting the oxidative decomposition of the electrolyte. The
electrolytes charged at a constant voltage of 4.35 V for 20 h were
tested using '°F NMR. The content intensity of HF is almost
undetected in the HTCN-containing electrolyte (Fig. 4f), proving
the ability of the HTCN additive to eliminate harmful HF. The
reason is attributed to the fact that HTCN has the strongest
binding ability with PFs~, which can trap it and avoid thermal
decomposition. Moreover, HTCN can form complexes with F~
and initiate self-polymerization to transfer it to the interfacial
film (Fig. 3e). Therefore, HTCN can effectively alleviate the
dissolution of transition metal ions caused by HF and retain the
structural stability of the cathode material (Fig. 4h). In addition
to the cycling performance, HTCN also improves the high-
voltage storage performance of L-NCMS811, from 16 days in
the baseline electrolyte to 30 days in the HTCN-containing
electrolyte (Fig. 4g). This is attributed to the HTCN-induced
interfacial film that effectively inhibits the electron exchange
between the electrolyte and the high-valent transition metal
ions (Ni*" and Co"") in the cathode material, avoiding the
oxidative decomposition of the electrolyte and the reduction/
dissolution of metal ions.*"**

3.4 Effect and underlying mechanism of the HTCN additive
on the Li metal anode

Li//Li symmetric cells were assembled to explore the influence
of the HTCN additive on the performance of the Li/electrolyte
interface. It can be seen that the overpotential of the Li//Li
symmetric cell begins to increase rapidly after 150 h in base-
line electrolyte (Fig. 5a), with a drastic increase in decomposi-
tion products and a passivation layer thickness of up to 217.8
pm (Fig. S13a and b¥). In contrast, the overpotential remains
stable for 350 h in the HTCN-containing electrolyte without
significant polarization, which is attributed to the stable SEI
film with a passivation layer of 86.9 pm formed with the
participation of the HTCN additive (Fig. S13c and df). These
results indicate a significantly improved compatibility between
the carbonate electrolyte and the Li electrode, resulting in
minimized consumption of electrolytes and Li dendrite growth.
Coulombic efficiency (CE) was used to investigate the cycling
behaviour of Li* plating/stripping. Although the CE of the cell in
the baseline electrolyte is similar to that of the HTCN-
containing electrolyte in the initial cycle, the CE drops
dramatically after 60 cycles (Fig. 5b). Meanwhile, the voltage
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profiles show increasing overpotential (Fig. S1471), suggesting
that active Li is consumed due to a deteriorating reaction. In
contrast, the HTCN-containing electrolyte shows high CE and
good cycling stability (Fig. 5b and S15t), indicating that the
HTCN additive inhibits electrolyte decomposition efficiently.
The cycled Cu substrate was observed to study the deposition
modes of Li" and deposition morphologies in different elec-
trolytes. It can be seen that Li" is deposited in the form of
dendrites in the baseline electrolyte (Fig. S16at), and the tip
with larger polarity will continue to induce Li" deposition,
promoting the growth of dendrites and subsequently fracture to
form dead Li. Consequently, the surface of the Li electrode after
300 h of cycling presents a porous, broken morphology (Fig.-
S13bt), which can easily cause an internal short circuit, thus
causing safety accidents such as thermal runaway of the battery.
In contrast, in the HTCN-containing electrolyte, Li" is deposited
in a disc-type and gradually forms a block shape as the depos-
ited amount grows (Fig. S16dt), which is conducive to inhibit-
ing the parasitic reaction between the electrolyte and the active
Li and maintaining long-term cycling stability. Therefore, the
electrode surface remains dense and smooth after 300 h of
cycling (Fig. S13d¥).

Theoretical calculations combined with physical character-
ization were then applied to explore the underlying mechanism
of the HTCN additive on the Li anode. The results show that
HTCN exhibits a more negative electron affinity energy
(Fig. S177), suggesting that the HTCN additive can be prefer-
entially reduced compared to the solvent, which is confirmed
using the reduction peak around 1.38 V in the LSV (Fig. 5¢). XPS
and TOF-SIMS results display the present CN-containing
species on the surface of Li metal (Fig. S18 and 19%), proving
that HTCN is involved in the construction of the SEL
Temperature-dependent electrochemical impedance spectros-
copy (EIS) was carried out to calculate corresponding activation
energies (E,) after several cycles to detect the ionic conductivity
of the SEI derived from HTCN-containing electrolytes (Fig. 5d
and S207%). Compared with the baseline electrode, a lower E,
(48.1 k] mol ") for the HTCN-containing electrolyte demon-
strates that the SEI containing CN species facilitates fast Li"
transfer.

The reduction behaviour of HTCN on the surface of the Li
electrode was revealed using DFT. The Li* (HTCN) clusters in
areduced state passed through the transition state to obtain the
intermediates (Fig. 5¢), and the NBO charge distribution shows
that the intermediate product of HTCN reduction is a radical
containing two CN groups and a CN™~ anion (Fig. 5f and S217),
of which the CN™ anions spontaneously migrate to the NCM811
cathode surface. The reaction rate is judged from the magni-
tude of the energy barrier between the reactants and the tran-
sition state, where the reduced Li* (HTCN) cluster only needs to
cross the energy barrier of 38.61 k] mol™" by passing through
the transition state, which indicates that HTCN can easily pass
through the transition state to obtain the reaction intermediate.
Besides, M-HTCN ™~ undergoes self-polymerization as a radical
intermediate, and P-HTCN~ with a crosslinked structure is
formed on the surface of the Li electrode (Fig. 5f). Intensity
sputter profiles further characterize the differences in the SEIL
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Fig.5 (a) Cycling stability of Li//Li symmetric cells and (b) CE of Li//Cu asymmetric cells in baseline and HTCN-containing electrolytes. (c) LSV of

various electrolytes from OCP to 0.5 V at a scan rate of 1 mV s~*

. (d) The activation energy of the SEI derived from the baseline and HTCN-

containing electrolytes. (e and f) Possible reduction paths of the HTCN additive. Intensity sputter profiles of species and corresponding 3D
reconstruction distribution mappings on the surface of the Li metal anode after cycling in (g and i) baseline and (h and j) HTCN-containing

electrolytes measured by TOF-SIMS.

They show that the SEI formed in baseline electrolytes rich in
organic species including LiCOO™ and C,HO™, while it lacks
inorganic species LiF, (Fig. 5¢ and i), suggesting the severe
decomposition of solvents. Fortunately, the amount of LiF, "

4508 | Chem. Sci, 2025, 16, 4501-45T]

can be detected in the SEI formed in HTCN-containing elec-
trolyte (Fig. 5h and j), indicating that the HTCN additive
promotes the reduction of PF,~ anions and thus efficiently
stabilizes the Li/electrolyte interphase. These results reveal that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the formed 3D network structure combined with inorganic LiF
substantially enhances the mechanical strength of the SEI and
suppresses the side reactions between the electrolyte and Li
metal. In order to verify the specificity of HTCN with the CN
group in the side chain, the effect of nitrile without a CN group
in the side chain, ADN, on the Li anode was characterized. First,
Li//Li symmetric cells were assembled to explore the influence
of the ADN additive on the performance of the Li/electrolyte
interface. It can be seen that the overpotential of the Li//Li
symmetric cell begins to increase rapidly after 80 h in ADN-
containing electrolyte (Fig. S22at), suggesting that the ADN
additive is harmful to the cycling stability of Li//Li symmetric
cells. Coulombic efficiency (CE) was used further to investigate
the cycling behaviour of Li" plating/stripping. Unfortunately,
the CE of the cell in ADN-containing electrolyte drops dramat-
ically after 24 cycles (Fig. S22bt), indicating that the interface
deteriorates after adding the ADN additive. The above results
confirm the validity and specificity of the HTCN additive with
the CN group in the side-chain.

3.5 Effect of the HTCN additive on the electrochemical
performance of NCM811//Li full cells

H-NCM811/T-Li full batteries were assembled to evaluate the
practicability of the HTCN additive on cycle stability, containing

(a)
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high-loaded NCM811 (denoted as H-NCM811, mass loading up
to 9 mg cm™?) and a thin Li foil electrode (denoted as T-Li,
thickness of 50 pm), which is closer to the LMBs in practical
applications. The discharge-specific capacity of the H-NCM811/
T-Li full batteries decays rapidly after 75 cycles until 90 cycles to
near 0 mA h g in the baseline electrolyte (Fig. 6a). Corre-
spondingly, the CE of the battery starts to oscillate in the middle
and latter parts of the charge/discharge cycle, suggesting that
the violent oxidation/reduction decomposition of the electrolyte
occurred on the interfaces of the NCM811 cathode and Li
anode. In contrast, the H-NCM811/T-Li cell cycled in the HTCN-
containing electrolyte exhibits superior cycle stability (with
a capacity retention of 88%, an initial capacity of 200 mA h g~*
from 4th cycles corresponding to a desired energy density of
~330 W h kg~ " at the cell level) and stable coulombic efficiency
(98.2%), with a discharge specific capacity of 175 mA h g~ " after
120 cycles. Charge/discharge curves show that the battery cycled
in baseline electrolyte is heavily polarized (the difference
between charge and discharge voltage) (Fig. 6b), indicating
persistent reactions at the electrode/electrolyte interphase.
Fortunately, the HTCN additive can significantly decrease the
polarization (Fig. 6¢). The batteries were disassembled after 100
cycles and the electrode morphology was observed by SEM. It is
demonstrated that the surface of the NCM811 cathode cycled in
baseline electrolyte is almost covered by the decomposition
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(a) Cycling stability of H-NCM811//L-Li full cells in various electrolytes at 0.2C for the initial three cycles and 1C for the subsequent cycles.

Selected charge/discharge curves cycled in (b) baseline and (c) HTCN-containing electrolytes.
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products of the electrolyte, and the primary particles can no
longer be visible (Fig. S23at). Meanwhile, a thick dead Li layer
(Fig. S24a and bf) can be observed in baseline electrolytes,
which seriously threatens the safety of the battery. In contrast,
a relatively clean surface of the NCM811 cathode (Fig. S23bt)
and a thinner SEI film with a thickness of 16.2 pm on the Li
anode (Fig. S24c and d¥) are observed in the electrolyte with the
HTCN additive. These results further prove the potency of the
HTCN additive to improve interface compatibility.

4. Conclusions

In this work, we developed a novel nitrile additive, 1,3,6-hex-
anetricarbonitrile (HTCN), in a carbonate electrolyte, which
largely improves the overall electrochemical performance of
NCMB811//Li full batteries. Theoretical calculations show that
HTCN has stronger binding energy with transition metal ions
and is more easily adsorbed on the cathode surface, where it is
oxidized, compared with the carbonate solvent, involving the
detachment of the CN group in the linear chain and the repoly-
merization of F~. In addition, HTCN has a more negative electron
affinity and is easier to reduce resulting from the detachment of
the CN group in the side chain and the participation of the PFs~
anion in the polymerization. Electrochemical tests and physical
characterization further demonstrate that the HTCN additive
preferentially oxidizes on the surface of the NCM811 cathode to
construct a stable CEI film, while reducing on the Li metal anode
surface to construct a robust SEI film. More importantly, HTCN
can not only preferentially bind to PFs thus inhibiting its
thermal decomposition, but also combine with F~ to reduce the
corrosion of HF on cathode materials. Therefore, the HTCN
additive can not only significantly improve the cycle stability of
the NCMS811 cathode//Li anode full battery with a specific
discharge capacity of 175 mA h g™ " after 120 cycles, but also
realize a desired energy density of ~330 W h kg™ " at the cell level.
Our work provides new insights into the development of new
multifunctional additives.
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