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Weakly solvated EC-free linear alkyl carbonate

electrolytes for Ni-rich cathode
in rechargeable lithium battery

Guohuang Kang,'? Geng Zhong,'-? Jiabin Ma,"? Rui Yin," Kangning Cai,"? Tianqgi Jia,"” Xiaolong Ren,’

Kuang Yu,"? Peiwu Qin,?3 Zhen Chen,’ Feiyu Kang,"-** and Yidan Cao'?4*

SUMMARY

Ethylene carbonate (EC) in the electrolyte is not stable in cells operated at
high voltage (>4.4V) or with Li metal anode, which greatly reduce the energy
density and lifetime of the rechargeable lithium battery. Herein, an EC-free
linear alkyl carbonate-based electrolyte is developed, which enables the high-
voltage (>4.4V) and low-temperature (—30°C) application of Ni-rich cathode
(LiNig.gMng 1C00.1O2, NCM811). The EC-free system, consisting of LiPF, and
LiNO; in ternary linear alkyl carbonates, possesses low viscosity, weakly solvated
structure, and high interfacial stability with both the Ni-rich cathode and the Li
metal anode to avoid continuous electrode/electrolyte side reactions and metal
dissolution from the cathode. As aresult, the Li||[ NCM811 cell delivers remarkable
capacity retention of 93 + 0.5% at the voltage of 4.4V and 88 + 0.6% at 4.5V
over 100 cycles. This study provides very encouraging perspective to develop
EC-free carbonate-based electrolyte for high-voltage and low-temperature appli-
cation in high-energy-density rechargeable lithium batteries.

INTRODUCTION

The lithium-ion batteries (LIBs) have received great success as rechargeable batteries for portable elec-
tronic devices and extended their application to electric vehicles and stationary renewable energy storage,
which attracts intense research efforts to further improve the energy density of batteries considering that
the conventional lithium-ion battery is approaching its energy-density limit." > Rechargeable battery con-
sisting of lithium metal anode, which possesses extremely high specific capacity (3862mAh/g) and ultralow
electrochemical redox potential (—3.04V versus the standard hydrogen electrode), and high-capacity, high-
voltage cathode is considered as one of the most promising alternative battery systems to maximize the
energy density.” Continuous attempts have been taken to further increase the energy density by
developing cathode materials those can operate above 4.4 V versus Li/Li*, such as LiNi,Mn5,O4,°
LiCoPO,.” Nickel (Ni)-rich LiNi,Mn,Co1_.yO> (NMC) cathode materials with less Co contents, like
LiNig gMng 1Cog 105 (NMC811),%7 have attracted significant attention because of their high capacity and
low cost. However, the development of high-voltage batteries is confronted with tremendous challenges
because of the high reactivity of electrolytes with both the high-voltage cathode and lithium metal anode.

Currently, the state-of-the-art commercial electrolytes are based on mixtures containing LiPFs, ethylene
carbonate (EC), and linear carbonates like ethyl methyl carbonate (EMC), dimethyl carbonate (DMC) and
diethyl carbonate (DEC). However, the EC-based electrolytes are not appropriate for operation above
4.3V because of the high anodic reactivity of EC.'” EC in the electrolyte may be continuously oxidized
at the positive electrode in cells operated at high voltage and lead to lithium salt consumption, gas gen-
eration and impedance growth at the cathode/electrolyte interface, “which would greatly reduce the en-
ergy density and the lifetime of the battery."'"'* Various methods, including electrolyte additives and new
electrolyte solvents, have been utilized to expand the electrochemical window of the electrolyte and
enable the high-voltage stability of the batteries, especially for the Ni-rich cathode.®'*"'” Han et al.* found
that the succinonitrile additive effectively induces stable and efficient cathode/electrolyte interphase,
which significantly improves the high-voltage (4.4V) cycle performance of NCM523/graphite battery.
Dual functional electrolyte additives, which can facilitate stable interfacial layer at both anode and cathode
sides, have also been investigated. Duan'® et al. used lithium difluorophosphate (LiPO,F,) with low LUMO
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energy and organic 1,3,6-hexanetrinitrile (HTN) with low HOMO energy as synergistic inorganic-organic
dual-functional additives in the carbonate electrolyte to achieve practical high-voltage (4.7V) lithium-ion
|16 investigated on several additives, including succinic anhydride, prop-1-ene,1,3-sul-
tone (PES), methylene methanedisulfonate (MMDS), propanediol cyclic sulfate (trimethylene sulfate-TMS),
as enabler in ethylene carbonate-free linear alkyl carbonate electrolyte for high voltage Li-ion cells. Ming's
group'®'” tuned the lithium solvation structure and invented an interfacial model to reveal the working
mechanism of the high-voltage electrolytes, which incorporating molecular-scale interactions between
the lithium-ion, anion, and solvents at the electrolyte—electrode interfaces to help interpret battery perfor-
mance. Besides the investigation on additives for EC-based electrolytes to suppress the detrimental para-
sitic reactions with cathodes at high voltage, development of EC-free solvents, such as ionic quuids,20 alkyl
dinitrile compounds,”' alkyl sulfones®” or fluorinated alkyl carbonates,” is also attractive and promising
because of their good compatibility with high-voltage cathodes. However, the low compatibility with
anode and the high cost of these solvents limits their practical application. To improve the compatibility
between the electrolyte and electrodes, Xue et al.”* developed "full fluorosulfonyl” electrolyte with
"FSl-inspired solvent” dimethylsulfamoyl fluoride (FSO,NC,H,) to get the highly compatible electrolyte
with both Li metal anode and metal-oxide cathode. They also reported sulfonamide-based electrolyte
to not only suppress side reactions, stress-corrosion cracking, transition-metal dissolution and impedance
growth on the cathode side but also enable highly reversible Li metal plating and stripping.”” Yu et al.**’
found that partially fluorinated, locally polar —-CHF; is the optimal group in a family of fluorinated-1,2-dieth-
oxyethanes as electrolyte solvents, rather than fully fluorinated —CF3 in common designs, leading to excel-
lent compatibility with both Li metal anode and high-voltage cathode. However, the high cost and difficulty
in synthesis still limit the practical use of these solvents/additives. High-voltage electrolytes with low-cost
are still highly desired.

batteries. Xia et a

Here, in this work, we propose an EC-free low-cost linear alkyl carbonate-based electrolyte and realize the
high-voltage application in rechargeable lithium battery. The EC-free system, consisting of ternary linear
alkyl carbonates (EMC + DMC + DEC), enables excellent electrochemical performance at high-voltage
(=4.4V) as well as low-temperature (—30°C) because of its low viscosity, weakly solvated structure and
high interfacial stability with both the positive and negative electrodes. Additional introduction of lithium
nitrate additives further enhances the performance of the electrolyte and facilitates stable SEI to synergis-
tically improve the electrochemical performance of the Ni-rich cathode in high-energy-density battery. This
work provides a very encouraging design strategy of EC-free electrolyte, and highlights the potential of
ester-based electrolyte for high-voltage applications in high-energy-density rechargeable lithium batteries.

RESULTS

Properties of the EC-free electrolyte

1M LiPF4 was dissolved in ethyl methyl carbonate (EMC), dimethyl carbonate (DMC) and diethyl carbonate
(DEC) (volume ratio 1:1:1) with 2 vol.% fluoroethylene carbonate (FEC) to get the linear alkyl carbonate-
based electrolyte (denoted by EMD). FEC is a commonly used additive to stabilize the solid electrolyte
interphase layer on the electrode.”® 1 wt.% lithium nitrate (LINO3) was added in the EMD electrolyte to
get the further modified electrolyte (denoted by EMD-LINO3). Commercial electrolyte consisting of 1M
LiPF4 in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (volume ratio 3:7) with 2 vol.% fluoro-
ethylene carbonate (FEC) (denoted by EC/EMC) was used as a reference.

Figure 1A shows the molecular structure of the carbonate solvents, including the cyclic structured EC and
the rest linear carbonates. FTIR absorption spectra of the electrolytes are shown in Figure S1. The peaks
located around 1740 cm ™" are attributed to the stretching vibration of carbonyl C=O groups in the sol-
vents,”” whereas new peaks (splitting peaks) around 1800 cm ™" in the EC/EMC electrolyte may be because
of the strong solvated Li* in EC.*° Compared with EC/EMC sample, the EMD-based electrolyte shows
weakened coordination between lithium ions and the solvents. Previous investigations showed that Li*
preferentially interacts with the carbonyl oxygen atom in carbonate molecules (Li*---O=C).>" The peaks
at ~1258 cm™', 1135 cm™" are attributed to the stretching vibration of ethereal O-C-O groups in solvated
Li* clusters,”” and extra strong peaks at wave numbers of ~1160 em~ ', 1070 cm ™" in EC/EMC are related to
the formation of solvated Li*---EC.*

The P-F stretching vibrations appear in the range of 810-900 cm~", as shown in Figure 1B. Signals around
875 cm ™" are ascribed to the PF,~ ions coordinated with Li*, and more Li*-PF,” ion pairs show up in the
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Figure 1. The molecular structure and physical properties of electrolytes

(A) Molecular structure of ethylene carbonate (EC), ethyl methyl carbonate (EMC), dimethyl carbonate (DMC), and diethyl
carbonate (DEC).

(B) FTIR spectra of the P-F vibrations in EC/EMC, EMD and EMD-LINOs.

(C) Raman spectra of EC/EMC and EMD-LINOs.

(D) lonic conductivity and viscosity of EC/EMC, EMD and EMD-LINOs.

(E) lonic conductivity and viscosity of EC/EMC, EMD and EMD-LiNOj electrolytes at different temperatures.

EMD and EMD-LINO3; solutions (~34-35%) compared with the EC/EMC electrolyte (~20%), indicating
more contact ion pairs (CIP, i.e. one PF,~ anion interacting with one Li*) and aggregates (AGG, i.e., one
PF,~ anion interacting with two or more Li*) in the EMD-based electrolytes.*® CIPs and AGGs structures
would arise when the electrostatic interaction between anions and cations are stronger than that between
cations and solvent molecules. CIP and AGGs structures can be generated by weakening the solvability of
solvents. These complexes are thermodynamically more stable than free solvent molecules, and can pro-
vide wider operating temperature and voltage windows.*"*> The more PF,~ anions into the solvated
sheath of Li* in the EMD suggests the weak solvation of Li* with the solvents, which would be beneficial
to improve the electrochemical stability of the electrolyte.®® The peaks around 840 cm~" corresponding
to free PF,~ anions show reduced contribution in the EMD-based electrolyte compared with the EC/
EMC, indicating less free uncoordinated PF,~ and more free solvents, which reveals that Li* ions are rela-
tively weak solvated with the solvents in the EMD-based solution.*

The Raman bands (Figure 1C) at 700-780 cm™ ! arise from the vibration of PF,~ anions. The bands at
715 cm™", 722 cm™', and 742 cm™" are attributed to free PF,~ anion, contact-ion pairs, and aggregates,
respectively.”’*’ The proportion of free PF4~ anion is higher in the EC/EMC electrolyte, because of the
strong Li" coordinating ability of EC solvent, compared with that in the EC-free electrolyte. By contrast,
the contents of CIPs and AGGs are higher in the EMD- LiNOj electrolyte. It suggests that lithium ions
and solvent molecules in the EMD-based electrolyte form a weakly solvated structure, and PFs~ anions
are involved in the solvation, which is consistent with the above FTIR results.

iScience 25, 105710, December 22, 2022 3
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Figure 2. Electrochemical performance of Li|[NCM811 half cells

(A and B) Voltage curves of cells with EC/EMC (A) and EMD-LINO3 (B) electrolytes cycled in 2.8-4.4V at 25°C.

(C and D) Differential capacity curves of cells with EC/EMC (C) and EMD-LINO3 (D) electrolytes cycled at 2.8-4.4V.
(E and F) Electrochemical impedance spectroscopy of cells with EC/EMC and EMD-LINOj3 before (E) and after

50 cycles (F).

(G) Cycling performances of cells cycled in 2.8-4.4V at 25°C.

(H) Cycling performances of cells cycled in 2.8-4.4V at —30°C.

Figure 1D shows that compared with the EC/EMC electrolyte, the conductivity of the EMD and EMD-LINO3
is reduced, which is because of the relatively lower dielectric constant of linear alkyl carbonates compared
to the cyclic EC. However, the viscosity of the EMD and EMD-LINO3 electrolyte is about half lower than that
of the EC/EMC electrolyte, which may provide promising potential for low-temperature application. The
dependence of conductivity and viscosity on temperature (Figure 1E) demonstrates that the EMD based
electrolytes possess much lower viscosity of <2 mPa-s in a wide temperature window and the ionic conduc-
tivity of the EC/EMC electrolyte drops quickly with decreasing temperature, whereas the EMD based elec-
trolytes are more tolerant to low temperatures. Figure S2 shows that the electrochemical window of the
mixed EMD-based electrolytes is > 4.4V, which is applicable to most commonly used cathode materials.
In addition, this solvent replacement can save on cost of the electrolyte. As calculated based on the prices
of the solvents (Tables S1), the cost of the electrolyte can be deducted by 37% by using EC-free linear alkyl
carbonate solvents.

Electrochemical performance of Li||[NCM811 cells

The voltage profiles and differential capacity plots of NCM811/Li cells with EC/EMC and EMD-LINO3 elec-
trolytes are representatively compared in Figures 2A-2D. Figures 2A and 2B show the voltage curves over
the first, 10%, 50" and 100" cycles. In the first cycle, cathodes in the EC/EMC and EMD-LINO3 both show
typical phase transition (H1 S H2 S H3) behavior of the NCM811 cathode.’® The voltage profiles show
faster capacity decay in the EC/EMC electrolyte, especially at ~4.2V related to the H2—H3 phase
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transition. Such great fade could be related to the instable lattice structure of the cathode and the increase
of cell impedance, which may be caused by the unstable CEl, structural degradation and transition metal
dissolution from the cathode.”’ The capacity retention of cell in the EC/EMC electrolyte is 79 + 0.7% after
100 cycles. In contrast, the cell cycled in the EMD-LINO3 electrolyte is much more stable, maintaining ca-
pacity retention of 93 + 0.5%. Besides, there are also obvious differences of the restored capacity during
the trickle charge, i.e., constant voltage (4.4V), process. The restored capacity increases with electrode po-
larization. Figure 2A shows that the capacity change during trickle is 23.5mAh g~ after 100 cycles. Howev-
er, Figure 2B shows that the platform during trickle charge corresponds to only 20 mAh g~ after 100 cycles
in the EMD-LINOj3 electrolyte, indicating reduced polarization. It demonstrates that the EMD-LINO3 elec-
trolyte can effectively alleviate the increase of electrode polarization.

Figures 2C and 2D depict the differential capacity curves of cells in the EC/EMC and EMD-LINO3 electro-
lytes. Three main redox peaks during cycling are because of the hexagonal (H1) & monoclinic(M)
Shexagonal(H2) S hexagonal(H3) phase transitions of the NCM811 cathode.*” More obvious shifts of
the phase transition peaks are observed in the EC/EMC electrolyte, indicating faster cathode degradation.
The charge/discharge polarization also increases during cycling, and the EC/EMC cell shows higher polar-
ization, especially for the H2 S H3 phase transition. The redox peaks around 4.2 V, corresponding to the
H2 — H3 phase transition, is known to be responsible for fast capacity fading. This phase transition tends
to cause a sudden contraction of the NCM cell in the c-direction, resulting in large micro-strain and sub-
sequently deteriorating the rechargeability. The H2 —H3 transition peak totally distorted after 50 cycles
in the cell with EC/EMC electrolyte, whereas it is relatively better preserved in the EMD-LINO3 electrolyte
even after 100 cycles. The shift and distortion of the redox peaks are caused by the deteriorating revers-
ibility of the cathode, and the results indicate that the reversibility and structural integrity of the cathode
are effectively improved in the EMD-LINO3 electrolyte.

The resistance of cells during cycling was characterized by electrochemical impedance spectroscopy (EIS)
to further understand the evolution of cathodes during cycling. Figures 2E and 2F show the Nyquist plots of
the uncycled and cycled cells. For the fresh cells, the bulk resistance of the cell (Rs) are similar for both elec-
trolytes (1.45 Q-EC/EMC and 1.7 Q- EMD-LiNO3, respectively).”* The EMD-LINO3 sample shows higher
charge transfer resistance (R, high-frequency semicircle) initially, which may be related to the relatively
low ionic conductivity of the linear alkyl carbonates as shown in Figures 1D and 1E. After cycling, cathode
electrolyte interphase (CEl) is formed on the surface of the positive electrode, resulting in an extra semi-
circular in the high frequency region (Ry) (Figures S3 and 2F).** The internal resistance of the cells does
not change after cycling. After 50 cycles, the CEl resistance is 125 Q in the EMD-LiNO3, which is way lower
than that in the EC/EMC (212 Q) and EMD (3509Q), indicating that the CEl layer is more conductive in the
EMD-LINO3 electrolyte. The Ry, is increased from 125 Q to 195 Q in the EC/EMC electrolyte, but it is
decreased from 350 Q to 191 Q in the EMD electrolyte and from 240 Q to 190 Q in the EMD-LINOj5 electro-
lyte, respectively, indicating the EMD-based electrolyte can effectively facilitate the interfacial charge
transfer behavior during cycling.

Figures 2G and 2H show the cycling performance of the cells with EC/EMC and EMD-LiINO3 electrolyte.
Upon cycling at 1C and 2.8-4.4V, the cell with EMD-LINOj3 electrolyte show remarkable capacity retention
of 93 + 0.5% after 100 cycles, way higher than those of the EMD cell, EC/EMC-LINO3 (EC/EMC+1 wt.%
LiINO3) cell, and the EC/EMC cell. A series of electrolytes with different compositions were tested at the
same condition (Figure S4A), and it turns out that the EMD, i.e.,, EMC/DMC/DEC = 1/1/1 (vol.), is the
most favorable composition. In addition, the EMD-LINO3 cell retains 87 + 0.4% of its initial capacity after
150 cycles at 0°C, much higherthan 75 + 1% of the EC/EMC cell (Figure S8), suggesting a much better low-
temperature performance, which could be attributed to the less reduced conductivity of the EMD-based
electrolyte at low temperatures as shown in Figure 1E. Figure S4B verifies the adaptability of the EMD-
based electrolyte at higher cut-off voltage of 4.5V. The EMD-LINOj3 cell achieves remarkable capacity
retention of 88 + 0.6% after 100 cycles, which is much higher than that of 59 + 0.5% in the traditional
EC-based electrolyte. Figures S5 and Sé further demonstrate the applicability of the EMD-LINO3 electro-
lyte in the anode-free Li||Cu cell (Figure S5A), Li||Li symmetric cell (Figure S5B) and graphite|[NCM811 full
cell (Figure S6). Compared to the baseline, the EMD-LINOj3 cells excel with much higher capacity retention.
The rate-performance is also improved to some extent by the EMD-LINOj electrolyte (Figure S7), which
may be related to the lower interfacial resistance and faster charge transfer at the cathode/electrolyte inter-
face as revealed above. In addition, the EMD-LINOs5 cell exhibits much superior cyclability even under low
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Figure 3. Morphology and structural characterization of cathode

(A and B) SEM images of the NCM811 cathodes cycled in the EC/EMC (A) and EMD-LINO3 (B) electrolytes.

(C and D) The XRD pattern of NCM811 cathode materials before (black line) and after 50 cycles in the EC/EMC (blue line)
and EMD-LINOj3 (red line) electrolytes.

(E-G) XPS spectra of C1s (E), O1s (F) and F1s (G) of NCM811 cathode cycled in EC/EMC and EMD-LINOj3 electrolyte.

temperature of —30°C (Figure 2H) and the delivered capacity of NCM811 is improved by twice compared to
the EC/EMC cell, further demonstrating the applicability of the developed electrolyte.

Cathode/electrolyte interface

The surface morphology and microstructure of the cycled cathodes were characterized to understand the
effects of electrolytes on the cathode/electrolyte interface. The cathode particles are integrated and
uniform with an average particle size of ~2 pm before cycling (Figure S9). Cracks show up in the cathode
particles after cycling in the EC/EMC electrolyte (Figure 3A), whereas the cycled cathode particles in the
EMD-LINO3 electrolyte are more integrated without obvious particle fracture (Figure 3B). It demonstrates
that the structural evolution of the NCM811 cathode during cycling is dependent on the electrolyte and
dramatic structural changes during cycling is significantly suppressed in the EMD-LINO3 electrolyte.
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The microstructure of the pristine and cycled cathodes was further characterized by XRD (Figures S10, 3C,
and 3D). As shown in Figure S10, the main diffraction peaks in the samples belong to the a-NaFeO, struc-
ture (R3m). Obvious peak splittings located at 37.5-39.0° (006)/(102) and 64.0-65.5°(108)/(110) confirm the
high crystallinity and well-formed layered structure of the cathodes.” After cycling, the peak structures
mentioned above are well maintained in the EMD-LINO; electrolyte. However, the peaks shift and the char-
acterized peak splittings of the cathode diminish after cycling in the EC/EMC electrolyte, indicating the
layered structure of the cathode may be partially destroyed.

There are obvious peak shifts around ~17.5-20.0° ((003) peaks), ~35.0-40.0° ((101) peaks), and 44.0-45.0°
((104) peaks), etc. after cycling, especially for the cycled cathode in the EC/EMC electrolyte. As shown in
Figure 3C, the (003) peak shifts to lower 26 angles with peak broadening after cycling in the EC/EMC, indi-
cating reduced crystallinity and an enlargement of lattice along the c-axes. C-axes expansion suggests that
parts of the particles may exist in the H2 phase, is caused by the irreversible phase transition during cycling,
suggesting inferior reversibility of the cathode in the EC/EMC electrolyte. By contrast, the cathode cycled
in the EMD-LINO3 electrolyte maintains its crystalline structure without obvious peak shift and broadening,
indicating that the reversibility of the NCM811 crystalline structure is greatly improved. More obvious peak
shifts and broadening are observed for the (104) peaks in the cathode cycling in the EC/EMC, further con-
firming the improved reversibility of the cathode and the superiority of the EMD-LINO; over the EC/EMC,
which is consistent with the above results in Figures 2A-2D.

As a measure of the Li/Ni disorder in the layered NCM cathode materials,”*>* it has been reported that
the higher value of | (003)/1 (104), the better layered structure. The intensity ratio of (003)/(104) peaks are
1.39, 1.33 and 1.23 for the pristine cathode, cycled cathodes in EC/EMC and EMD-LINO3 electrolytes,
respectively. Compared with the pristine cathode (1(003)/1(104) = 1.39), the decrease of the 1(003)/1(104) ra-
tios for the cycled cathodes in the EC/EMC and EMD-LINOs5 indicates that the cathodes suffer in different
degrees of irreversible layered-spinel-rock salt phase transition, which could be related to the transition
metal dissolution and the loss of oxygen.'""'* Compared with the EC/EMC, the EMD-LiNO3 electrolyte
can effectively mitigate the intrinsic structural change and alleviate the severe lattice changes of the
cathode during cycling. The cathode cycled in the EMD-LINO3 is more resistant to microcracking and
the structural integrity and stability are greatly improved. As a result, the cycling degradation is efficiently
suppressed in the EMD-LINOj electrolytes compared with the EC/EMC one.

X-ray photoelectron spectroscopy (XPS) analysis on the cycled cathodes was conducted to understand the
composition of CEl and the interfacial changes between the cathode and the electrolyte during cycling.
The C1s spectra (Figure 3E) consist of peaks corresponding to C-F (290.1 eV), O-C=0 (288.8 eV), C=0
(287.5 eV), C-O (286.1 eV) and C-C (284.7 eV).*” The total contents of C-O=C, C=0 species, which are
closely related to the decomposition of electrolyte solvents and the formation of organic components in
the CEl, are decreased in the EMD-LINO3; compared to the EC/EMC case. The increased amounts of
C-F species, which is related to the PVDF binder in the cathode and the by-products of PF,~ decomposi-
tion, in the EMD-LINOj3 case indicates thinner CEl on the surface and the participation of PF,~ in the CEl
formation. The O 1s spectra (Figure 3F) include peaks corresponding to the M—O (529.3 eV), C=0O
(531.6 eV) and O-C=0(533.2 eV).*° Compared with the cathode in the EC/EMC electrolyte, the cathode
in the EMD-LINOj5 electrolyte consists of decreased amount of C=0O and O-C=0. The reduced amount
of organic components in the CEl, indicating less side reactions between the cathode and the solvents,
has been proved to be beneficial for the stability of the CEl layer.* Increased amount of M—O (metal-ox-
ide) derived from the active NCM811 material is detected in the EMD-LINOj3 case, indicating a much
thinner and more uniform CEl layer is formed on the surface of the cathode in the EMD-LINO3 electrolyte.

There are three peaks corresponding to the C-F (687.2 eV), Li,PO,F, (685.6 eV), and LiF/NiF, (684.4 eV)*Cin
the F 1s spectra of the cycled cathodes. The amount of LiF/NiF; species is reduced in the CEl layer formed
in the EMD-LINOj3 electrolyte. The highly resistive LiF/NiF, species on the surface are derived from the
LiPF, decomposition products and hydrofluoric acid (HF) attack.” LiF/NiF, species have been reported
to be detrimental to Li ion transport kinetics, resulting in capacity fade.”’ In addition, the acidic species
could attack the surface of the layered cathode, facilitate dissolution of transition metals, and aggravate
Li*/Ni?* cation mixing as well as disordered rock-salt phase formation owing to insufficient coordinating
oxygen caused by the corrosion reactions. The substantially reduced LiF/NiF; species in the CEl layer by
replacing EC/EMC with EMD-LINOj electrolyte further demonstrates that the side reactions between Li*
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Figure 4. Morphology and structural characterization of anode

(A and B) SEM images of the deposited lithium anode in the EC/EMC (A) and (B) EMD-LINOj3 electrolyte.

(C) The CV curves of cells in EC/EMC, EMD, EMD-LINO3 and EMC electrolytes.

(D-F) The XPS spectra of N1s (D), O1s (E) and Li1s (F) of the anode cycled in EC/EMC and EMD-LINOj3 electrolyte.

and electrolyte are significantly suppressed. Meanwhile, less Li,PO,F, because of electrolyte decomposi-
tion and more C-F species attributed to PVDF binder are detected in the EMD-LINOj case, indicating a
thinner CEl layer on the cathode in EMD-LINOj3 electrolyte. The above results demonstrate that the contin-
uous side reactions between the cathode and the electrolyte, and the dissolution of transition metal ions
are effectively suppressed to avoid CEl/cathode fracture; as a result, thin and stable CEl is established on
the surface of the NCM811 cathode even after prolonged cycling in the EMD-LINO3 electrolyte. The
uniform cathode/electrolyte interfacial structure and improved stability of the CEl layer induced by the
EMD-LiNOj3 electrolyte greatly reduce the interfacial impedance, as revealed in Figure 2G, and promote
the cyclability of the NCM811 in the EMD-LINO3 electrolyte.

Anode/electrolyte interface

The morphology of the deposited Li in different carbonated electrolytes was studied by SEM. Deposits of
lithium in the EC/EMC electrolyte exhibit porous dendrite-like structure (Figure 4A). Remarkably dense
mosaic-shaped Li deposition with a size of ~10 pm without obvious formation of dendrites are developed
in the favor of the EMD-LINOj; electrolyte (Figure 4B). Compared with the porous and dark-colored surface
in the EC/EMC, the surface of Li metal anode in the EMD-LINO3 electrolyte is dense and shiny without
obvious defects (insets in Figures 4A and 4B). This distinct difference in appearance is mainly because of
the improved uniformity and decreased porosity of Li deposition. The reduced porosity and surface area
of the deposited Li film would be able to mitigate the continuous side reaction with the electrolyte and
facilitate a robust SEl layer.* Figure 4C shows that two broad peaks show up during the initial reduction.
The peak at ~1.5V is mainly because of the reduction of EMC, which is consistent with the pure EMC elec-
trolyte. The shift of the reduction peak in the EMD electrolyte may be caused by DMC (Figure S11, ~1.85V).
In the EMD-LINOj3 electrolyte, the reduction peaks are combined into one broad peak. The mostly intense
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reduction at ~1.7V appears in the first cycle of the EMD-LINOj5 cell, which disappears on the second cycle, is
assigned to the reduction of LiNO3."® The relatively high reducibility of LINO3, before other solvents and
salts in the electrolyte, plays important roles in stable SEl formation to facilitate homogeneous transport of
Li ions and uniform Li deposition.*¢=>

XPS was used to further understand the effects of the modified carbonate electrolyte on the composition of
SEl on the anode. Figure 4D shows that SEI film formed in the LiINOs-containing electrolyte exhibits two
peaks at 400.2 eV and 397.1 eVin the N 1s spectra, corresponding to the peaks of LiN,O, and LizN, respec-
tively.”” LisN possesses superior lithium-ion conductivity and mechanical property, which could improve SEI
stability and the cycling performance.” The O 1s spectra consist of three peaks (Figure 4E) located at
529.3 eV, 531.9eV, and 532.9 eV, corresponding to inorganic Li,O, organic ROCO,Li, and N-O bond,
respectively.”® In the EMD-LINOj electrolyte, the appearance of the N-O bond illustrates the reduction
of nitrate, which is consistent with the results in Figures 4D and 4E. Compared with the SEI in EC/EMC,
the SEI in EMD-LINOj3 electrolyte possesses increased content of Li,O (45.2% in EC/EMC and 64.7% in
EMD-LINO3) and decreased content of ROCO,Li (54.7% in EC/EMC and 27.3% in EMD-LINO3). The
decreased organic species in the EMD-LINOj3 electrolyte suggests that fewer organic solvents are involved
in the anode/electrolyte interfacial reaction. The increased Li,O content show the EMD-LINO3 electrolyte is
able to generate more inorganic components in the SEI, which is also shown in N1s (Figure 4D) and further
revealed in the Li 1s spectra (Figure 4F). The Li 1s spectra in the anodes demonstrates three peaks at 52.1,
53.5, and 56.0 eV (Figure 4F), corresponding to Li,O, ROCO,Li, and LiF, respectively.”” The higher propor-
tion of ROCO,Liin EC/EMC electrolyte show that the reaction between the lithium metal and solventis more
severe than that in EMD-LINOj; electrolyte. LisN species show up in the SEI in EMD-LINO3 cell, which is
related to the reduction of nitrate, as mentioned above. Furthermore, the content of LiF species, which is
widely known as a stabilizer of the SEI,”” is also elevated in the EMD-LINOj cell. Because of the formation
of inorganic-rich SEl in the EMD-LINO3 cell, the cycle stability of the battery can be effectively enhanced,
although the EMD-LINO3 electrolyte shows similar electrochemical window to the others (Figure S2). Above
all, the EMD-LINOj; electrolyte successfully reduces the side reactions between Li and organic solvents, al-
leviates electrolyte consumption, and facilitates the formation of more beneficial inorganic components in
the SEI, which endow SEI with superior mechanical strength and low ionic transfer barrier, leading to
compact and uniform lithium deposition.™

:
|Ibs

Solvation structure and discussion

The solvation structures of different electrolytes are investigated by molecular dynamic (MD) simulation.
Figures 5A and 5B show the snapshots of the MD simulated box of the EC/EMC and EMD-LINOj5 electro-
lytes, and the solvation structure around lithium ions based on the radial distribution functional (RDF) calcu-
lation (Figures 5C and 5D). For the EC/EMC electrolyte, EC and EMC solvent molecules are dominant in the
first solvation structure. The reasonable coordination number of solvent is 4 as shown in the enlarged figure
between Figures 5A and 5B,°” and the overall ratio of EC and EMC molecules in the solvation shell is 58%/
42%. In the first solvation shell of Li* in the EMD-based electrolytes, DMC and EMC molecules dominate in
the short-range distance with coordination number of 4, and the overall ratio of DEC and EMC is 59%/41%,
and the DEC molecules are in the inner solvation sheath. At the same time, more PF4~ anions show up in the
near neighbor region of the first solvation shell, which may be related to the low dielectric constant of the
linear carbonate alkyl. It has been reported that the weakly coordinated solvents are prone to induce
PFs~ anions into the solvated sheath of Li*, improving the anti-reductive stability of the electrolyte and
less solvents will be consumed by the side reactions to promote the cycle stability.* The PF,~ anions enter
the solvation structure because of the relatively weak solvation between Li* and linear carbonate alkyl sol-
vents in the EMD-based electrolytes (Figure 5D and S12A), and produce CIP and AGGs structures, as
observed in Figures 1B and 1C, which can promote the inorganic components in CEI/SEIl and improve
the interfacial structural stability,”” as demonstrated above. The addition of LINO3 in the EMD electrolyte
does not change the solvation structure but reduce the coordination number of DMC and EMC with the
appearance of NO3™ anions in the solvation shell. NO3™ in the solvation shell would be reduced firstly in
the de-solvation process at the anode, as revealed in Figure 4, which can facilitate a stable LizN/LiN,O,-
rich SEl and improve the cycling performance of the batteries.”®

According to the MSD (Mean Square Displacement) of the lithium ions in the EC/EMC, EMD and
EMD-LINO3 electrolytes (Figures 5E and S12B), the diffusion coefficient in the EMD-LINO3; and EMD was
determined to be 25 x 1077 cm?s™ " and 2.0 x 1077 cm?s ™', way higher than that (1.4 x 107" ecm?s™)
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Figure 5. Molecular dynamics simulation and mechanism diagram of electrolytes

(A and B) Snapshots of the MD simulated box of EC/EMC (A) and EMD-LiNOj3 (B) electrolytes in ball—stick representation,
and corresponding solvation structures of Li ions (insets in the middle).

(C and D) Radial distribution function (g(r), solid line) and cumulative number (dashed line) of lithium ions in EC/EMC
(C) and EMD-LINOs (D) electrolytes.

(E) Mean square displacement (MSD) of lithium ions in the EC/EMC and EMD-LINOj3 electrolytes.

(F-G) Schematic diagram of the effects of EC/EMC (F) and EMD-LINOj3 (G) electrolytes on the electrolyte-cathode
interface.

in the EC/EMC electrolyte. Mean Square Displacement (MSD) is a measure of the deviation of the position
of a particle with respect to a reference position over time. It is the most common measure of the spatial
extent of random motion following a simple diffusion model.”® Under this assumption, the diffusion coef-
ficient can be calculated by fitting the slope of the linear part of MSD. However, in actual situation, the diffu-
sion of ions in electrolyte under electric field is more complex. Figure 5E shows the diffusion coefficient ob-
tained by MSD assuming that particles undergo Brownian motion. The EMD system promotes the diffusion
of lithium ions in the simple diffusion mode. Besides the diffusion coefficient, the conductivity of the system
is also related to the concentration of free lithium ions dissociated per unit volume (Nernst-Einstein equa-
tion). The larger dielectric constant of EC enables stronger dissociation ability for lithium ions, leading to
higher ionic conductivity (Figure 1E). Therefore, there is no absolute positive correlation between the diffu-
sion coefficient and the conductivity. In addition, the Li* transference number was measured and calculated
according to Figure S13, the EMD-LINOj3 electrolyte possesses the highest transference number of 0.59
among the electrolytes (EMD: 0.42, EC/EMC: 0.48).

The solvation structure and de-solvation process play key roles during the formation of CEl and SEI, which
would influence the interfacial stability and cycling performance of the cells. Figures 5F and 5G show the
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schematic mechanism of the performance improvement in the EMD-LINOj3 system. As shown above, the
EMD-based electrolyte has a relatively weak solvated structure, which allows for the formation of CIPs
and AGGs. From an entropic point of view, the addition of DMC molecules contributes to the decrease
of the free energy of the cluster.*® As a result of these fluctuations, the structure around Li* in the mixed
solvents consists of a short-range structure (up to 2 A from Li*), where the composition is rich in DMC,
and by a longer-range structure where the composition is rich in PFs~. These compositional heterogene-
ities around a lithium cation are very important for the formation of stable interfacial CEI/SEl layer as well as
for the fast lithium-ion transportation kinetics. The weak solvated Li* by solvent molecules together with the
PF,~ in the solvation structure can effectively reduce side reactions between the electrode and electrolyte
during de-solvation process.?’{’ As a result, compared with the EC/EMC case, stable CEI/SEI layers are
formed in EMD-based electrolyte to alleviate continuous consumption of active Li* and electrolyte.
Also, the metal ion dissolution in the cathode can be suppressed and more integrated cathode particles
are preserved because of the uniform CEl layer in the EMD-based electrolyte.

As a quantitative criterion of de-solvation, the binding energy between Li* and electrolyte components is a
crucial factor. In addition, the de-solvation barrier would be a key to expand the electrochemical window
and facilitate interfacial charge transfer at low temperatures. The Li* de-solvation barrier is mainly deter-
mined by the Li"-solvent complex. The high dielectric constant of EC in EC/EMC electrolyte results in a
strong interaction between solvent molecules and Li*, leading to a high de-solvation barrier and a difficult
de-solvation process for Li*, especially at low temperatures.* By contrast, the de-solvation barrier could be
greatly reduced because of the weak solvated Li* structure in the EMD-based electrolyte. The weak sol-
vated Li" structure enables fast Li* de-solvation and transport at the interface between the electrode
and electrolyte, leading to reduced interfacial resistance and improved rate performance. Specifically,
the outstanding low-temperature cycling performance in the EMD-based electrolyte, as shown in Figure S8,
further demonstrate the advantage of the weak solvated structure. Various new solvents have been re-
ported to promote the cycling performance at high voltages and improve the compatibility between elec-
trolyte and NCM/Li metal. However, the high cost and difficulty in synthesis still limits the practical use of
these solvents, especially for some fluorine-based solvents.?*~?’ The EC-free linear alkyl carbonate electro-
lyte formulation proposed here provides quite promising perspective to modify the behavior of the elec-
trolyte components for extended cycling performance from the aspects of shifting the coordination struc-
ture of Li* in the solvation shell, accelerating the de-solvation process by weak solvated structure, and
optimizing CEI/SEl simultaneously. As a result, the electrochemical performance as well as the low-temper-
ature performance of the battery is greatly enhanced. Moreover, the electrolyte possesses good compat-
ibility with the electrodes and relatively low cost. Despite the progress reported here, more efforts are still
needed to explore the EC-free carbonate electrolyte to provide guidelines for advanced electrolytes in the
future.

Conclusion

In summary, an EC-free low-cost linear alkyl carbonate-based electrolyte is developed, which enables the
high-voltage (>4.4V) and low-temperature (—30°C) application of Ni-rich cathode NCM811. According to
the FTIR, Raman, and MD simulation results, the weak solvation between linear ester molecules and lithium
ions in the EMD-LINOj3 electrolyte enables the existence of PFs~ and NO3™ in the solvation shell, which fa-
cilitates stable CEl and SEI on the cathode and anode, respectively. On the other hand, the low reactivity of
the linear alkyl carbonate molecules in the solvation structure results in suppressed electrode/electrolyte
side reactions and diminished transition metal dissolution at the cathode during cycling. According to the
XRD, SEM and electrochemical analysis, it has been confirmed that the EC-free linear alkyl carbonate-
based electrolyte can also effectively alleviate the structural changes of Ni-rich cathode materials at
high-voltage. The in-situ generated LizN-LiF-enriched interlayer homogenizes the deposition of Li at the
anode. As a result, the Li|[NCM811 cell delivers a discharge capacity retention of 93 + 0.5% at the voltage
of 4.4V and 88 + 0.6% at 4.5V over 100 cycles. In addition, because of the superior low-temperature per-
formance of the electrolyte, the cell delivers remarkable low-temperature capacity and retention, which is
twice of the baseline. This study provides very encouraging perspective to develop EC-free carbonate-
based electrolyte with wide voltage and temperature windows for high-energy-density lithium batteries.

Limitations of the study

In this work, we developed a weakly solvated EC-free carbonate electrolyte for high-voltage rechargeable
lithium batteries. Explorations on the application and adaptability of EC-free carbonate electrolyte in
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different cathode/anode materials at different current densities are not thoroughly studied and should be
of interest for further studies. Moreover, the feasibility of this concept of electrolyte design and solvation
structure manipulation in other battery systems is also worth further investigations.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Others

Li foil Guangdong Canrd New Energy Technology Co.,Ltd. 7439-93-2

Graphite Guangdong Canrd New Energy Technology Co.,Ltd. 7782-42-5

LiNi0.8C00.1Mn0.102 Guangdong Canrd New Energy Technology Co.,Ltd. http://www.canrd.com/index

Ethylene carbonate Dodo Chem Co., Ltd. 96-49-1

Ethyl Methyl Carbonate Dodo Chem Co., Ltd. 623-53-0

Dimethyl carbonate Dodo Chem Co., Ltd. 616-38-6

Diethyl carbonate Dodo Chem Co., Ltd. 105-58-8

Fluoroethylene carbonate Dodo Chem Co., Ltd. 114435-02-8

Lithium Hexafluorophosphate Dodo Chem Co., Ltd. 21324-40-3

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact Yidan Cao (yidancao@sz.tsinghua.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Battery grade EC, EMC, DMC, DEC, FEC, and LiPF, LiNO3 were purchased from Suzhou Dodo Chemical
Technology Co. Ltd (China) and used as received. 1.0 M LiPF4 EC/EMC (3:7, Vol.%)+ 2 vol.% FEC (denoted
by EC/EMC), 1.0 M LiPF, EC/EMC (3:7, Vol.%) +2 vol.% FEC with 1 wt% LiINO3 additive (denoted by EMC-
LiNO3), 1.0 M LiPF, EMC/DMC/DEC (1:1:1, Vol.%) +2 vol.% FEC with 1 wt% LiNO3 additive (denoted by
EMD-LINO3), 1.0 M LiPFs EMC/DMC/DEC (1:1:1, Vol.%) +2 vol.% FEC (denoted by EMD) and 1.0 M
LiPFs, EMC/DMC/DEC (1:1:1, Vol.%) +2 vol.% FEC with 1 wt% LiNO3 additive (denoted by EMD-LINO3)
were prepared in argon filled box with oxygen and water content below 0.1 ppm.Additionally, 1.0 M
LiPF, EC/DMC/DEC (1:1:1, Vol.%) +2 vol.% FEC, 1.0 M LiPF, EC/EMC/DEC (1:1:1, Vol.%) +2 vol.% FEC,
1.0 M LiPF, EMC/DMC/DEC (2:1:1, Vol.%) +2 vol.% FEC (denoted by EMD2) and 1.0 M LiPF, EMC/
DMC/DEC (4:1:1, Vol.%) +2 vol.% FEC (denoted by EMDA4) were prepared in argon filled box with oxygen
and water content below 0.1 ppm.

Limetal chips (¢ = 1.55 cm, thickness = 450 um) were purchased from Guangdong Canrd New Energy Tech-
nology Co. Ltd. The Ni-rich cathode was prepared by coating slurry of 80 wt.% LiNiggCog.1Mng 102
(NCM811, Guangdong Canrd New Energy Technology Co. Ltd), 10 wt% super-P (Guangdong Canrd
New Energy Technology Co. Ltd) and 10 wt.% PVDF binder (Guangdong Canrd New Energy Technology
Co. Ltd) uniformly on the Al foil (Loading: 4.5 + 0.5 mg cm™?). Graphite electrode was prepared by coating
slurry of 80 wt.% graphite (Guangdong Canrd New Energy Technology Co. Ltd), 10 wt.% super-P and
10 wt.% PVDF binder were coated uniformly on the Cu foil (Loading: 2.5 4+ 0.5 mg cm ).
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METHOD DETAILS

Cell assembling

CR2032 and CR2025 coin-cell kits were purchased from Guangdong Canrd New Energy Technology Co.
Ltd. Coin cells were assembled inside an argon-fill glove box (MIKROUNA, H,O < 0.1 ppm, O,<
0.1 ppm). For Li|]|Cu CR2032 cells, a Li chip, a piece of polyethylene (PE) separator (¢ = 1.6 cm), and a piece
of Cu foil (¢ = 1.2cm) were stacked together. For Li||[NCM811 CR2032 cells, the Li chip, PE separator, and
punched disk of NCM811 cathode were assembled. For Graphite|[NCM811 (N/P = 1.1) CR2025 full cell, the
punched disk of graphite anode (¢ = 1.2 cm), NCM cathode (¢ = 1.2 cm) and PE separator were used. 75 pL
of electrolyte was added in the coin cell if not specified.

Characterizations

The conductivity of the electrolyte was measured by a DDB-11A conductivity meter (Hangzhou Qiwei,
China) in the temperature range of —15 to 30°C. The viscosity of the electrolyte was measured with an An-
ton Paar rheometer MCR302 (Shanghai, China). The temperature of samples was initially set at 5°C to start
the measurements. Once a measurement was started, temperature was increased linearly from 15 to 45°C
in a time interval of 7 min while the viscosity was measured and recorded, with a shear rate of 90 1/s.

Infrared spectrometer (PerkinElmer Frontier, Waltham, Massachusetts, USA) and Raman spectrometer (Ho-
riba LabRAM HR800) were used to identify the structure of the electrolytes. In order to obtain ex-situ results
of cycled cells, the coin cells were disassembled in the argon-filled glove box. The cycled electrodes were
washed by high purity anhydrous DMC for three times to remove LiPF, salt and the solvents residues. After
dried in the glove box for 12 h, surface morphology of the electrodes was characterized.

The crystalline structure of the samples was characterized by X-ray diffractometer (XRD Bruker D8 Advance)
with Cu-Ka radiation (A = 1.5406 A) in the 20 range of 10°-80° at a step rate of 10° min~ ' Surface
morphology of the cathodes and anodes were characterized under a field-emission scanning electron mi-
croscope (SEM, 5 Kv, HITACHI SU8010, 20~2000 times (low magnification mode), 100~800000 times (high
magnification mode). The surface chemistry of the samples were characterized by X-ray photoelectron
spectroscopy (XPS) on a PHI 5000 VersaProbe Il equipment with Al radiation source. The binding energy
was calibrated internally by the C 1s binding energy (B.E.) of 284.8 eV. After subtraction of a Shirley-type
background, XPS spectra were fitted by Gaussian-Lorentzian functions. The chemical compositions, bind-
ing energies and full width at half maximum of all spectra are provided in supporting information Tables S2
and S3.

Electrochemical measurements

Galvanostatic cycling tests were conducted within a voltage window of 2.8-4.4 (4.5) V (Li||[NCM811) or
2.7-4.3V (Graphite|[NCM811) using Land battery testers (Wuhan Land, China) at 25°C. After one formation
cycle at C/10rates (1C =170 mAh g™), the Li|[NCM811 cells were charged to 4.4 V or 4.5 Vat 1C and held at
4.4 (4.5) V until the anodic current dropped below C/20 before discharged to 2.8V at 1C, followed by a rest
step of 5 min for each charge/discharge process. Li|[NCM811 cells were tested at various currents to obtain
the rate performance. For Li||Cu cells, fixed amounts of Li (areal capacity of 1.0 mAh cm~?) was deposited
onto the bare Cu substrate at current density of 1 mA cm™2 after two formation cycles, and then fully strip-
ped until a cutoff voltage of 1 Vin each cycle. LSV and cyclic voltammetry (CV) were carried out at a scan rate
of 1and 0.1 mV's~", respectively. The EIS was tested in a frequency range from 10 MHz to 0.01 Hz with an AC
signal amplitude of 10 mV. LSV, CV, and EIS data were collected on the Biologic electrochemical worksta-
tion (France).

Theoretical calculations

MD simulation was performed using Gromacs (2019.5 version, http://www.gromacs.org). For EC-based
electrolyte, 358 EC, 540 EMC, 22 FEC and 80 LiPF4 molecules were added to an 8 X 8 x 8 nm simulation
box, in accordance with the experimental density and stoichiometry. For the EMD electrolyte, 288 EMC,
246 DEC, 352 DMC, 24 FEC and 89 LiPF4, molecules were added to the 8 x 8 x 8 nm simulation box.
For the EMD-LINO3 electrolyte, 284 EMC, 243 DEC, 348 DMC, 24 FEC, 88 LiPF4 and 12 LINO3 molecules
were added to the 8 x 8 x 8 nm simulation box. OPLS-AA force field was adopted in this study to describe
the inter- and intra-molecular interactions. The parameters for solvent molecules (DEC, EC, EMC, DMC,
FEC) were generated automatically using the LigParGen Server. All force field parameters were provided
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in.itp files and nonbonding parameters for solvent molecules. All simulations started with a 2 ns NPT run at
500 K, followed by a 3 ns NPT annealing process, in which the system temperature dropped from 330 K to
room temperature (298 K). In this way, a homogeneous single-phase solution was prepared as the initial
configuration. Then, the system was equilibrated with a 5 ns NPT and a 10 ns NVT simulation, before a
5 ns production run for RDF and MSD calculation. Nose-Hoover thermostat and Berendsen barostat
were used to control the temperature and the pressure, respectively, and in all simulations the time step
was set to be 1.0 fs. All the snapshots of MD trajectories were visualized via VMD (https://www.ks.uiuc.
edu/Research/vmd/).

QUANTIFICATION AND STATISTICAL ANALYSIS

The loading weight of the active materials in the electrode is calculted by the equation: Loading = (Mg-Ma)
*w. Where M, and My, are respectively the mass of the electrode and the current collector, w is the weight
percent of the active material in the electrode. The errors in the loading come from the weight
measurement.

ADDITIONAL RESOURCES

There is no relevant resource.
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