


EXPERIMENTAL SECTION
Materials

1,4,7,10Tetraazacyclododecarfeyclen, Aladdin, 99%)dllyl bromide (Aladdin, 98%)potassium
carbonate (KCQOs, Aladdin, 99%) lithium bis(trifluoromethane sulfonyl)imide (LiTFSI, 99%ithium
hexafluorophosphat@iPFs, 99%) silver nitrate (AgNQ, Sinoreagent, 99%gyclohexyl phenyl ketone
(HCPK, Aladdin, 99%),poly(ethylene glycol) diacrylate (PEGDA, Mw=200; ChemeGen, 99%),
anhydrous acetonitrile (MeCN; Macklin, 99%), anhydrous ether (qgschem,, 98ft@thylpyrrolidone
(NMP, moisture content less than 50 ppm; Aladdin, 99%) @intethyl sulfoxide (DMSO, moisture
content less than 50 ppm; Aladdin, 99%) were used without furtheficption. LiCoQ, (LCO),
LiNi 0.8C00.1Mno.10> (NCM811), polyvinylidene difluoride (PVDF5130), black carbon was purchased
from MTI Kejing Group anddried at 100 € for 24 h before us&lectrolytes 1M LiTFSI in DME:
DOL=1:1 Vol% with 1% LINQ (LS-002) andLM LiPFs in DMC:EC: EMC=7:2:1 Vol%LB-003)were
purchased from DuoDuo Co.

Synthesis of 1,1,4,4,7,7,10,4dctaallyltetraazacyclodecane nitraat (OTANO3).

Firstly, cyclen (1.72 g, 10 mmol), allyl bromide (10.89 g, 90 mmol), ap@® (5.5 g, 40 mmol)
were added sequentially to MeCN (120 mL) and refluxed for 4 days at 80d@r stirring. The product
brominated cyclen (produdf) was obtained after washing the reaction solution three times with
anhydrous ether.

Productl (4.1 g, 10 mmal) was dissolved in 50 mL MeCN. Then, Aghli@ g, 41 mmolwasadded
to the productl solution and reacted for 2# at room temperaturender stirring.Subsequently, the
reaction solutiorwasfiltered and the solverwasevaporated under reduced pressaute 4 0 t o
the target product (OTAO3) (Figure S1)

OTA-PF and OTA-TFSI was obtained by anionic exchange of proddctvith saturated aqueous

solutions of LiPE andLiTFSI salt at room temperatuweader stirring.
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The degree ofcrosslinking of POTA -NOs polymer.

The gel fraction was used to characterize the degree oflarksgy of the polymer by using the
dissolution equilibrium method. The POI®Os polymer (W) was immersed in 6 ml solvent, and the
solution was allowedtostad f or 72 h at 2N®spolymerwhsadrnied until themaBsO T A
was no longer altered, and the mass of the polymer was weighgdlfWw gel fraction (crosslink degree)
(Xc) of the polymer was calculated by XczW/.

Fabrication of POTA@Li and POTA@Cu electrodes.

Firstly, 1 g OTANOs, 10 mg HCPK, and 10 mg PEGDA were successively addetht@anhydrous
DMSO and stirred until complete dissolution to obtaprecursor solution
The precursor solutionvas dropped on Li and Cu foil (16mm in diameter) with the exact measurement
of 10 ¢ L polymedzed under UV light (365 nm) for 6 h, and then dried under reduced pressure for 24
h at room temperatur@s a result, a protective polymer layer (PEBNO3) was formed on the surface of
theLi and Cu foil All procedures were carried out in an argon gas atmosphere.

POTA-PFs andPOTA-TFSI polymer layewere constructed by the same method on the face of the
lithium metal.

Material characterization

The structuralnformation of the substance was characterizea Wgrian CP3806ourier transform
infrared (FTIR)spectrometer instrumerspectrumand an NRS$100 spectrometer (JASCO) Raman
spectroscopy with a 532 nm diegamped soliestate laserNuclear magnetic resance (NMR)
spectroscopy was obtained with an AVANCE NEO 400MHgquid chromatography quadrupelene
of flight tandem mass spectrometer (O OFMS) used Apollo Il lon Funnel ESI Electrospray lon
Source The samples were solulaéid with anhydrouscetonitrile at a concentration @f1 mg/ml The
surface topography and elemental distribution of electrodes were observed emplasanging electron
microscope (SEM) system (REGULUS 8230) in the highuum operatp mode. The
thermogravimetric analys was implemented on PerkinElmer TGA 4000 Co., Ltd. with 5 € Tnin
Differential scanning calorimetry (DSC) of the PO'NIO3 protective layewasperformedusing a DSC

S3



4000 via scanningt5 € min "t under N. X-ray photoelectron spectroscopy (XPS) speutwas obtained
by wusing PHI 5000 Versaprobe and the charac
probed by sputtering the electrodes with" At different times (0s, 60s, 120s, 240B)e electrodes
removed from theellswere cleaned 8mes with pure DME solvent to remove residual electrolytes prior
to SEM and XPS testind.he electrodesveretransferred by a highealing diverter to avoid contact of
the electrodes with air.
Electrochemical measurements

LiJ|Li and Li||Cu batteries were obtained by assembling 2032 cells in a glove box using 5002LS
as electrolyte and Celgard 2500 as sdpar&dCO cathodevasobtained by coating an Al foil with a
slurry of 80% LCO powder, 10% PVDF, 10% carbon black, and NMP solvent aettatirl 00T for
24h.Dried aluminium foil containing active material was rolled and stamped into 14 mm diameter discs
for subsequent cell testinfihe mass loading of the active material We&7.8 mg cnt and 14.114.3
mg cm? NCM811 cathodswereobtained using the same methad the mass loading of the active
material was 7.8 mg cn?. Lithium metal electrodes (985%) with a diameter of 16 mnvere
purchased from China Energy Lithium Clbotd. The thicknesssof the lithium metal electrodes were 450
em and 50 em for bat traios\Li||LC@ and Li|jNGM8HLtfull battekrids everee n t
prepared usin@OTA@LI andbare Li as the anode, 803 as the electrolyte, and Celgard 2500 as the
separator to assemble the 2a2pe cels. LCO and NCM811 electrodes with an electrode loaslinfy
7.6-7.8 mg cnt were assembled with 450 pm metal electrodes to evaluate the cycling stability of the
battery under long term cyclinBatteries with electrode loadings of 14.4.3 mg crit LCO electrodes
and 50 um Li metal electrodesere assembletb test the cyclig stability of the batteries at low anodic
excesses (N/P=2.49ll batterieswereassembled in an argditied glove box (3<0.01 ppm, HO<0.01
ppm).

Linear sweep voltammetry (LSV) was used to probe the reductive decomposition potential’df OTA
cationsby the threeelectrode method (glassy carbon as working electrode, Pt as counter electrode, and

Ag/AgCI as reference electrode) from 0-®V potentialsandscan rate of 1mV% Due to the lower
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reduction potential of the Nanion, the N@ anion was replaced with the TF&hion for testing, and
a 100 mM OTATFSI test solution was prepared using PC as the test solvent.

The electrochemical impedance spectra (EIS) of Li||[LINOM811 cells were evaluated with
frequency of 0.1 HA MHz and a polarization voltage of 10 mWhelLi* transferactivation energy (Ea)

of theLi||Li cellswas calculated by the Arrhenius formula.

N
A - R A
where the -AxpasebhhRapséabeor mpedance value fro

the absolute temperatur e, R was the mol ar gas

The Li* transference numbeli(t) was calculated by AC impedance and DC polarization experiment
in the Li||Li celk. The equation for calcuiag is shown irthe Equation,

t .= Is & ¥1gRo)
LT 1o w5 Rs )k

where the oV was pol ag lksana the B R repeesentedghe cufrdnDandmV )
impedance in the initial and steasfate afted 500 seconds of polarization, respectively.

The Coulombic efficiency (CE) of Li||Cu cells was measured by Wang et al. developed the method
at 2mA cn?.w The Cu electrode was $ir plated with 3 mAh crf lithium (Qs) and then stripped
completely. Subsequently, 3 mAh @rithium continued to be plated on the Cu substrate, and 1 mAh
cm-2 lithium (Q) was plated/stripped in each of the following n cycles, and finally all the litbruthe
Cu electrode was stripped§QThe average CE is calculated by the equation:

E nQC+Qs

NQ.+Q,
LiJLCO and Li|[NCM811 batteries were tested for charge/discharge cycling by LAND 2001A over
a voltage range of 2-8.3 V. The Li diffusion coefficient n the electrodes was conducted by
galvanostatic intermittent titration technig@&TT). The test was performed by charging/discharging for
10 min and then leaving the battery for 1 h until the specified voltage was reddteediffusion

coefficient was btained by the equation:



4 NV o, aks 5
D 'fjs )(&Et)

w h e rwasth relaxation time, nm is the molar fraction of the electrodewssthe molar volume of
the electrode material,\#asthe contact area of the electrode with the electrosfewasthe change in
voltage due to the pulse, aadt: wasthe change in voltage for a constantrent charge/discharge.
Details in Molecular Dynamics Simulation

Simul ations were performed using the Mat.eri a
The anount of electrolyte infiltration in the POTFANOs polymer (LB-003 : POTANOs=4.3 : 5, wt %)
was characterized prior to MD simulation to guide the number of solvent molecules, lithium salts and
polymer molecules in the simulation systérhe system contairl) POTA-NOs3 (20 repeat units) or not,
90 LiPFs, 722DMC, 271 EC and98 EMC. The periodic boundary conditions were applied in the X, Y
and Z directions for all systems. The simulation process was subjected to 1 ns NPT simulation (time stej
= 1fs, frame oydut for every 5000 steps, T = 298K, P =0.0001 GPa), followed by a 2 ns NVT equilibrium
simulation (time step = 1 fs, frame output for every 10000 steps, T = 298 K). The Ewald & Group
summation method was used to calculate the electrostatic interactitmsmwiaccuracy of 0.0001
kcalmol 1. In addition, the atorbased summation method was used to study the van der Waals
interactions with a cutoff distance of 12.5 A,
Modeling simulation

The deposition behavior of Lon the electrodes and the evolution of &dncentration during the
actual operation of the battery is more complex than the model constructed in this paper. In this simplifiec
model performed by COMSOL Multiphysics 6.0. The electrochemical depositidn ofetal was
simulated through the software preset interface to the lithambattery, and the kinetic expression type
of the battery interface was specified as lithium metal. The mass transfer and charge conservation of Li
in the electrolyte were desised by the NernsPlanck equationA square area with 2.0 x1.0 nfrwvas
set up as the study area and the current density was set to 1 fn/kaum semiellipses were set up on

the electrodes as Li deposition cores. The type of body electrolyte wasdeledt M LiPEin EC: DMC
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(1:1, VoRs). The ionic diffusion coefficients of Liand Pk in electrolyte were 5 x 10 cn? st and 2 x
10 cn? s, respectively. The deposition rate of bin the electrode is regulated by setting the exchange
current densy on the electrode surfacEhe exchange current density on the surface of bare Li electrode
was set to 1A m?). For POTA@Li electrode, the exchange current density at theedlipsie was

0.05 & (A m?) and 1.32 (A m?) at flat electrodes.
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dipole interactions between the Li+ and the O atoms in the carbonate solvent will affect the chemical
environment of the C=0 bonds and result in the weak C=0 bonds, which shifts the FTIR peak down in
LB-003 electrolyte. However, the C=0 bond of solvent molecules shifted to higher wavenumbers in LB
003 with POTANOs compared to the LB03 electrolyteThis discrepancy is attributed to the "tofy

war" effect of competitive interactions between the &' Téations and Lion the carbonate solvent. The
intense ionic dipole interaction between the GTgations and the carbonate molecule can "drag" the
solvent molecule away from the Lireducing the Lieffect on the carbonate solvent molecule. However,

the ionic dipole interactions betweert kind solvent molecules can similarly shield the effect of &TA
cations on solvent molecules. Thus, the FTIR regilthe C=0 bonds in the solvent molecules in-LB

003 with POTANO:3 are shifted to higher wavenumber than those irO0B electrolyte because of the

interaction between OTA and Li*.
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Fi gu49eF 1 K#HA8pdmhectra of bare Li iamar eeOOA@LLC
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Tabl eMaSsls. change -N@pg @l ymer PIOTAgel fractionati on

Sol vent Wi( mg) W2( mg) Xc (%)
DMSO 37.01 36.28 98. 03
el ectroly 41. 83 4 5.6 99.3 5
H20 45. 41 44 .52 98. 014
acetonit 44. 64 43.54 97.54
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