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HIGHLIGHTS

The Co-free LiNiO2 (�1,050 W h

kg�1) retains 80% of capacity after

400 cycles

The robust F- and B-rich CEI in

fluorinated electrolyte with

LiDFOB is demonstrated

The CEI suppresses side reactions

and irreversible structural

transformations
In situ forming an F- and B-rich interphase on cobalt-free LiNiO2 cathode is firstly

demonstrated to improve LiNiO2 cathode performance with high-capacity, fast-

rate capability, and >80% capacity retention at 400 cycles at a high cut-off voltage

of 4.4 V (versus Li/Li+). This work highlights the interface engineering method by

regulating the component of electrolyte to stabilize high-energy LiNiO2. The

cheap high-energy LiNiO2 cathode provides a promising choice for next-

generation Li metal/ion batteries.
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Context & Scale

LiNiO2 (LNO) as the ultimate form

of Ni-rich cathode has the lowest

price but highest energy density

(�1,050Wh kg�1), which becomes

a good choice for electric vehicle

batteries. However, the

continuous Ni dissolution,

structural disordering, particle

cracking, and unstable cathode-

electrolyte interphase (CEI) in

cycling hinder its practical

applications. In this work, we

successfully resolved the above
SUMMARY

Cathodematerials control both the energy density and cost of Li-ion and Li-metal

batteries. The cobalt-free LiNiO2 with relatively low cost and extremely high

theoretical energy density (�1,050 Wh kg�1) is one of the most promising cath-

odematerials for high-energy batteries. However, the continuousNi dissolution,

structural disordering, particle cracking, and unstable cathode electrolyte inter-

phase (CEI) hinder its applications. Here, we surmount these challenges by form-

ing a robust fluoride (F)- and boron (B)-rich CEI on LiNiO2 using a high-fluorinated

electrolyte with LiDFOB additive. The LiNiO2 cathode maintains an unprece-

dentedly high capacity retention of >80% after 400 deep cycles at a high charge

cut-off voltage of 4.4 V (versus Li/Li+). In addition, the electrolyte forms an F- and

B-rich interphase on the Li metal and graphite anodes, allowing stable cycling of

full cells. This work sheds light on designing interfacial chemistry for high-energy

cathodes, and its principle is applicable for other alkali metal ion cathodes.
challenges by in situ forming a

robust fluoride (F)- and boron

(B)-rich CEI on LNO using a high-

fluorinated electrolyte with

LiDFOB additive. The LNO

cathode maintains an ultra-high

capacity retention of >80% at 400

cycles at high charge cut-off

voltage of 4.4 V (versus Li/Li+). The

electrolyte also forms an F- and

B-rich solid electrolyte interphase

on the Li metal/graphite anode,

enhancing the Coulombic

efficiency of >99% for Li and

>99.99 % for graphite. The full cell

pairing with graphite anode

demonstrated the excellent

performance of LNO by exhibiting

long-term cycling ability (�94%

after 100 cycles).
INTRODUCTION

The ever-expanding energy markets from electronic devices and electric vehicles

(EVs) to large-scale energy storage systems have stimulated massive investigation

of high energy density batteries with long cycle life and low cost.1,2 Nowadays,

the most-used energy storage system is Li-ion batteries (LIBs) consisting of a LiCoO2

cathode (�140 mAh g�1) and a graphite anode (372 mAh g�1). The capacity and en-

ergy density of current Li-ion batteries are always limited by the transition

metal cathodes based on intercalation chemistry.2,3 Considering the scarcity

and high cost of cobalt metal, Ni-rich lithium nickel manganese cobalt oxides (Li-

NixMnyCo1�x�yO2, x R 0.5, lithium nickel manganese cobalt oxides [NMCs])

recently have attractedmost of the attention for their high theoretical energy density

and reasonable cost.4–6 Among these NMCs, the Co-free layered-type LiNiO2 (LNO)

is able to deliver a highest capacity of�270mAh g�1 at a high average voltage (3.8 V

versus Li/Li+), which renders EVs with 500-mile driving range in a single charge

possible and therefore revives great interests.7–11

However, the aggressive LNO exhibits much poorer cycling stability and reversibility

especially under high cut-off potential (R4.3 V versus Li/Li+), due to transition metal

(Ni) dissolution, particle cracking, surface film thickening, and irreversible phase

transformations.7–9,12 LNO has a much worse mechanical stability than other NMC
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cathodes during charge and discharge cycles. At delithiation around 4.15 V (versus

Li/Li+), Li1�xNiO2 experiences a large volume change of�7% due to phase transition

from H2 (rhombohedral phase, 0.55 % x % 0.75) to H3 (0.75 % x % 1.0), inducing

significantly high strain and crack formation in LNO particles.9,13–15 Such pulveriza-

tion of particles not only causes loss of electrical contact between primary particles,

but also intensifies the parasitic reactions with the electrolyte.16–18 Upon further de-

lithiation at a high potential above 4.3 V, Li1�xNiO2 itself became instable. As

demonstrated in the LiNiO2-NiO2 phase diagram, the highly delithiated phase (H4

phase) of Li1�xNiO2 with Ni4+ is thermodynamically metastable.19,20 Besides, the

Ni3+ tends to migrate into the interslab by replacing Li ions in tetrahedral sites at

a high oxidation state. The mixing of Li/Ni ions in the slab and interslab, aggravated

by surface dissolution, finally transforms the layered structure of LNO into disor-

dered rock-salts structure (NiO phase).9 Moreover, since the conventional organic

carbonate electrolytes have a limited HOMO (highest occupied molecular orbital),

the excess radicals from the oxidation of electrolyte at high voltage (R4.3 V) tend

to corrode the surface of LNO by continual reduction of Ni4+ into Ni2+ with O2

release.9,13

Extensive efforts have been devoted to ease these issues of LNO. The most effective

methods are elemental substitution or doping (Fe,21,22 Ti,23 Al,24,25 etc.), surface

coating (ZrO2,
26 Al2O3,

27 SiO2,
28 etc.), core-shell structure,29 gradient strategies,30

etc. Recently, Yoon et al. reported that introducing an excess Zr (1.4 atom %) in LNO

can formaself-passivatingLi2ZrO3 layer onLNO,which improved thecapacity retention

to 86% after 100 cycles.31 The co-doping of Co andMg in LNOwas proved to improve

structural and thermal stability by suppressing the anisotropic lattice distortion, thereby

enhancing the cycling life to 500 cycles in pouch-type full cells.32 Unfortunately, under

high cut-off voltages (>4.3 V), noneof these approaches could improve the long cycling

stability of LNO cathode without sacrificing the energy density.

Previously, we demonstrated that all-fluorinated electrolyte composing of 1.0 M

lithium hexafluorophosphate (LiPF6) in a mixture of fluoroethylene carbonate,

3,3,3-fluoroethylmethyl carbonate, and 1,1,2,2-tetrafluoroethyl-20,20,20-trifluor-
oethyl ether (FEC: FEMC: HFE, 2:6:2 by weight) can form a fluorinated nanolayer

interphase on both Li metal anodes and NMC811 cathodes, which significantly

enhanced the Coulombic efficiency (CE) of Li plating and stripping to 99.2% and

NMC811 to 99.9%.31 Herein, we reported that the fluorinated electrolyte with 2%

LiDFOB additive enables more aggressive LiNiO2 cathode to provide a high capac-

ity of >210 mAh g�1 at a charge and discharge rate of 0.5 C and retains more than

80% of the capacity after 400 deep cycles, because the in-situ-formed fluoride (F)-

and boron (B)-rich interphase (CEI) on the surface of LNO can withstand a large vol-

ume change of high-capacity LNO. In a sharp contrast, only�65% capacity of LNO is

retained after �200 cycles in 1M LiPF6 ethylene carbonate/dimethyl carbonate (EC/

DMC) electrolytes. The F- andd B-rich interphase (solid electrolyte interphase [SEI])

on Li metal and graphite anodes also greatly enhanced the cycling stability and CE of

Li and graphite anodes. Considering these benefits from the stable CEI and SEI, this

work sheds light on rational design of electrolytes to form stable interfacial layer for

high-energy batteries.

RESULTS AND DISCUSSIONS

Characterization and Electrochemical Properties of Cobalt-free LiNiO2

Cathode

The LiNiO2 microspheres (s-LNO) were synthesized by lithiation of the Ni(OH)2 mi-

crospheres with LiOH$H2O at high temperature.9,32 Figure 1A presents the Rietveld
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Figure 1. Physical and Electrochemical Characterizations of As-Synthesized Cobalt-free LNO Microspheres

(A) Rietveld refinement of X-ray diffraction data and schematic structure of the layered LNO.

(B) SEM images of as-synthesized LNO microspheres consisting with secondary particles (~200 nm), the inset is the enlarged view of the small particles.

(C) Galvanostatic intermittent titration technique (GITT) profiles of the LNO cathode in F-262A using a pulse current of 1/15 C (12 mA g�1) for 30 min and

intervals of 5 h in a stable cycle after a 10-cycle activation process.

(D) The first three cyclic voltammetry (CV) curves of LNO cathode at a scanning rate of 0.1 mV s�1 in F-262A.

(E) Electrochemical charge/discharge curves of LNO in F-262A with different rates, increasing from 1/15 C to 5 C (1 C = 200 mA g�1).

(F) Rate capability of LNO in F-262A at different C rates.

(G) Electrochemical charge and discharge curves of LNO cathode in F-262A at 0.5 C.

(H) Cylcing comparison of LNO cathode at constant 0.5 C in F-262A and E-baseline electrolytes, DC, discharge capacity; CE, Coulombic efficiency.
refinement of the powder X-ray diffraction (XRD) pattern of s-LNO, where the un-

usual background from 15� to 30� is due to the amorphous scattering of Kapton

tape that protects the sample from air and moisture. The XRD pattern of s-LNO

can be fitted to a 3R-type layered rhombohedral system (space group: R3
‾

m) with

a hexagonal unit cell, and the lattice parameters are a = b = 2.8768(5) Å and c =

14.2025(8) Å, which agrees well with literature.9,12 The inset diagram of Figure 1A

illustrates the 3R-type LNO, where edge-sharing NiO6 octahedra forms NiO2 layers

stacking in the A-B-C-A-B-C-fashion, and lithium atoms occupy the interstitial octa-

hedral site between NiO2 layers. Scanning electron microscopy (SEM) images in Fig-

ure 1B shows the micro-sized (6–10 mm) spherical s-LNO consisting of primary par-

ticles with a size of �200 nm. The energy-dispersive X-ray spectroscopy (EDS) and
2552 Joule 3, 2550–2564, October 16, 2019



high-resolution transmission electron microscopy (HRTEM) results (Figure S1) show

the uniform mixing of Ni and O atoms with a ratio of �0.5, and clear lattice fringes

with a d-spacing of 0.47 nm corresponding to the (003) planes of LNO.

The electrochemical performance of LiNiO2 cathode was evaluated under a high

charge cut-off voltage of 4.4 V in three different electrolytes: conventional electro-

lyte of 1.0 M LiPF6 EC/DMC (1:1 by volume, denoted as ‘‘E-baseline’’); the

fluorinated electrolyte of 1.0 M LiPF6 FEC/FEMC/HFE (2:6:2 by weight, denoted

as ‘‘F-262’’); and F-262 with 2 wt % LiDFOB as the additive (‘‘F-262A’’). The s-

LNO||Li cells in F-262 exhibit an initial discharge capacity of 216 mAh g�1 at 0.5 C

(Figure S2A), 1C = 200 mA g�1) as well as high cycling CE of >99.7%. However,

the battery with F-262 still shows continuous capacity decay and an increase of

cell over potential during cycling. The capacity retention is around �88% after

125 cycles (Figure S2B), which is significantly higher than previously reported cycle

performance of LNO.8 Inspired by the promising results, we further optimized the

F-262 electrolyte by adding additional LiDFOB salt to improve the cycling of

s-LNO by forming more compact and robust CEI.33–37

The amount of LiDFOB additives in the fluorinated electrolyte need to be optimized

by balancing the low salt solubility and consumption during cycling. A large amount

of LiDFOB cannot be dissolved in the electrolyte and limits the capacity of LNO (Fig-

ure S3). As an optimization, 2 wt % of LiDFOB is preferable to add in the F-262A to

achieve a high performance of LNO. Meanwhile, the LiDFOB additives can further

improve the oxidation stability of fluorinated electrolyte, as demonstrated by

extreme low oxidation current up to 6.5 V in Figure S4. The Li plating and stripping

curves the Li||Cu cell in F-262A electrolyte (Figure S5A) show a small overpotential of

28 mV and the corresponding CE reaches to 99% after 20 cycles (Figure S5B), which

is much better than that in the conventional EC-based electrolytes (<90%). Gener-

ally, a CE of 99.9% with 30% excess of Li is required to enable 500-cycle life of Li

metal batteries (LMBs), so more work aiming to improve the CE of Li metal to

>99.9% is required to enable practical LNO-based LMBs.38 The electrochemical

behavior of s-LNO in the F-262A electrolyte was systemically investigated and

compared with that in E-baseline electrolyte in half-cell configuration.

The quasi-equilibriumpotential and overpotential of s-LNOcathode in F-262A electro-

lyte were investigated in s-LNO||Li coin cells using the galvanostatic intermittent titra-

tion technique (GITT). As shown in Figures 1C and S6, s-LNO exhibits a low quasi-equi-

librium potential hysteresis of 0.10–0.15 V and ultra-small overpotential of <40 mV

during lithiation and delithiation at 1/15 C (13 mA g�1). Since the F-rich CEI has very

low electronic conductivity,39 the LNO can avoid the continual growth of CEI caused

by electrolyte decomposition. The thin F-rich CEI also reduces the interface resistance.

The maximum capacity of s-LNO measured using GITT in Figure 1C is 264 mAh g�1,

which is comparable with its theoretical capacity of 275 mAh g�1. Moreover, the first

three cyclic voltammetry (CV) curves in Figure 1Dare overlapped, suggesting the excel-

lent reversibility for the s-LNO electrode in F-262A even though the complex phase

transitions take place between rhombohedral and monoclinic phases during cycling.

The CV curves at different sweep rates from 0.1 to 5.0 mV s�1 (Figure S7) suggest

that redox reaction of s-LNO is limited by Li-ion diffusion process in s-LNO, which is

similar to other types of layered LIBs cathodes.40–42

Figures 1E and 1F present the rate performances of s-LNO in F-262A with different

rates from 1/15 C to 5 C (1 C = 200 mA g�1). The corresponding discharging capac-

ities of s-LNO at 1/15, 2/15, 1/3, 1, 2, 3, and 5 C are 265, 250, 224, 192, 168, 148, and
Joule 3, 2550–2564, October 16, 2019 2553



112 mAh g�1 with high average CE of >99.9%, suggesting the excellent rate capa-

bility of s-LNO within F-262A. Compared with the E-baseline electrolyte, the s-LNO

electrode in F-262A exhibits significantly enhanced long cycling stability with only a

minimal increase of cell overpotential after 200 cycles (Figures 1G and S8). The

s-LNO in F-262A retains a high specific capacity of 173 mAh g�1 with average CE

> 99.9% even after 400 cycles at a current rate of 0.5 C, corresponding to 81% ca-

pacity retention (Figure 1H). The CE of LNO electrode with F-262A quickly increases

from 85% to >99.9% after several cycles, demonstrating that the CEI formed by

oxidation of F-262A can efficiently prevent the electrolyte from further consumption

and also protect the LNO from continual Ni dissolution, thereby leading to a high CE

in more than 400 cycles. In contrast, the capacity of s-LNO cathode in E-baseline

electrolyte drops quickly to less than 150 mAh g�1 over 200 cycles and decays

quickly to zero after 215 cycles (Figure 1H). The low initial CE of 65% (versus 85%

in F-262A) and fluctuation of CE during cycling imply the severely parasitic reactions

and transition metal dissolution of s-LNO in the E-baseline electrolyte.7,9

The cycling stability of high-loading s-LNO electrode (�12 mg cm�2) was also inves-

tigated at a low current of 0.1 C. No capacity decay was observed in 20 cycles and

high CE of >99.9% was achieved (Figure S9A). However, s-LNO with baseline elec-

trolyte shows a fast capacity decay and low efficiency due to severe side reactions

between the electrolyte and s-LNO (Figure S9B). To our best knowledge, the perfor-

mance of cobalt-free cathode LNO within F-262A electrolyte is the best ever re-

ported for LIBs and LMBs at such high charge cut-off voltage of 4.4 V. The high en-

ergy density of LMBs by coupling with s-LNO cathode far exceeds those with any

other types of NMC cathodes.

To understand the capacity decay mechanism of s-LNO, the evolution of imped-

ances for s-LNO||Li cells with the F-262A and E-baseline electrolytes at different

charge and discharge cycles were measured (Figure S10). The semicircle at a high

frequency range in the electrochemical impedance spectroscopy (EIS) are attributed

to the interfacial resistances (Rint1 + Rint2) of the Li anode and LNO cathode, while the

second semicircle in the intermediate frequency could be caused by charge transfer

resistance (Rct) on the surface of LiNiO2 cathode.
16,31 As shown in Figures S10A and

S10B, the interfacial resistance of (Rint1 + Rint2) in these two electrolytes decreases

from the 0th to 20th cycles due to the breaking of highly resistive passivation layer

(Li2CO3) on Li and reforming of ionic conductive CEI and SEI films on electrodes. Af-

ter 20 cycles, the interfacial resistance (Rint1 + Rint2) and charge transfer resistance

(Rct) of LNO in F-262A electrolytes is almost constant thanks to the protection of sta-

ble SEI and CEI films. However, the rapidly increased interfacial resistance (Rint1 +

Rint2) and charge transfer resistance (Rct) of LNO in the E-baseline electrolyte mani-

fests a continuously growing SEI and CEI films.

The Li||LiNiO2 cells after 100 cycles in F-262A and baseline electrolytes were disas-

sembled. The surfaces of Li metal anode and LNO cathode in F-262A are clean and

intact (Figure S10C). On the contrary, the Li metal anode after 100 cycles in baseline

electrolyte was covered by a thick layer and a lot of black compounds were stuck on

the separator (Figure S10D). The inductively coupled plasma optical emission spec-

troscopy (ICP-OES) analysis demonstrated that the black compounds contain high

content of Li and Ni. Therefore, serious side reactions and continual Ni dissolution

of LNO occurred in E-baseline electrolyte (Figure S10E). Meanwhile, a much cleaner

separator was observed, and only a very small amount of Ni was identified by ICP-

OES in F-262A electrolyte. Therefore, F-262A electrolyte can effectively suppress

the Ni dissolution by forming robust F-, B-rich CEI on LNO cathode.
2554 Joule 3, 2550–2564, October 16, 2019



Figure 2. Electrochemical Performance of LiNiO2||Graphite Full Cell with Capacity Ratio of LNO

to Graphite of 1.1:1

(A) Electrochemical charge/discharge curves of LNO in F-262A with different rates, increasing from

1/5 C to 5 C (1 C = 200 mA g�1).

(B) The corresponding rate capability of LNO at different C rates.

(C) Electrochemical charge/discharge curves of LNO cathode in F-262A electrolyte at 0.5 C.

(D) Electrochemical charge/discharge curves of LNO cathode in E-baseline electrolyte at 0.5 C.

(E) Nyquist spectra of LNO cathodes before cycling/after 100 cycles with a rate of 0.5 C in F-262A

and E-baseline electrolytes.

(F) Cycling comparison of LNO cathode at constant 0.5 C in F-262A and E-baseline electrolyte, DC,

discharge capacity; CE, Coulombic efficiency.
Electrochemical Performance of Li-Ion Full Batteries

The excellent cycling stability of s-LNO in fluorinated electrolyte with 2 wt % of

LiDFOB additive inspires us to investigate the electrochemical performance of

s-LNO||graphite full cells. Figure S11 shows the electrochemical performances of

graphite anode in F-262A. The graphite electrode in F-262A electrolyte shows excel-

lent reversibility (Figure S11A) and cycling stability at a current rate of 0.5 C (1 C= 320

mA g�1) (Figure S11B). The high reversibility of graphite electrode in F-262A is

attributed to the stable SEI with high Li+ conductivity, as evidenced by the constant

EIS impedances during cycling (Figure S11C). After 100 cycles, the graphite anode

still retains 97% of capacity at 5th cycle, and the CE of graphite reaches >99.99% after

5 activation cycles (Figure S11D). The high cycling stability and rate capability of both

s-LNO cathode and graphite anodes in F-262A electrolytes ensure the exceptional

electrochemical performance of s-LNO||graphite full cells (Figure 2).
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Figures 2A and 2B present the rate performances of s-LNO||graphite full cells in

F-262A at current rates of 1/5 C, 1/2 C, 1 C, 2 C, and 5 C, which delivers stable dis-

charging capacities of 151, 121, 110, 88, and 78 mAh g�1. Besides, significant

enhancement in cycle life is also achieved for s-LNO||graphite full cells in F-262A

(Figure 2C) compared to that in E-baseline electrolyte (Figure 2D). Since the baseline

electrolyte has demonstrated capability to enable excellent reversibility of graphite

anode by forming high Li+ conductive SEI, the rapid capacity fading and low CE of

full cell with E-baseline are mainly due to the continuous CEI formation on LNO cath-

ode surface which induces the consumption of electrolyte and increase of the cell

resistance (Figure 2E). As a result, capacity retention of only 18% is obtained after

100 cycles in E-baseline electrolyte, while �94 % is achieved in F-262A (Figure 2F).

The high CE of >99.9% for the full cell using F-262A in Figure 2F further verified the

formation of robust SEI on graphite anode, which prevents the electrolyte consump-

tion and Li-solvent co-intercalation during charging and discharging cycling.

Stability Mechanism Induced by Cathode Electrolyte Interphase

The morphologies of cycled LNO electrode were characterized by SEM. The LNO

electrode recovered from the cell after 100 cycles in E-baseline shows significant

thick and non-uniform CEI layer and byproducts due to severely parasitic surface re-

actions (Figures S12A and S12B). The enlarged views of s-LNO (Figures S12C and

S12D) present large cracks and destroyed secondary structure due to volume expan-

sion and shrinkage during lithiation and delithiation. On the contrary, a uniform CEI

layer is formed on the surface of s-LNO after 100 cycles in F-262A, while the primary

particles on the outer surface of s-LNO microparticles remain almost intact (Fig-

ure 3A). The elemental mapping shows the CEI layer covered on s-LNO is rich of

C, O, F, B, C, and P elements (Figures 3B and 3C). The higher content of F element

(15.5%) and B element (1.8%) on s-LNO surface (Figure 3B) in F-262A electrolytes

than that in E-baseline electrolyte (10.3% for F, 0% for B; Figure S13) indicates

that the formation of F-, B-rich interphase on cathode might be the key to hold

the s-LNO integrity during lithiation and delithiation cycling.

Another advantage of the F-, B-rich interphase is to protect the cathode materials

from being attacked by the byproducts generated due to the oxidation of electro-

lyte at high voltage, thereby preventing the dissolution of Ni and irreversible phase

transition to rock-salts phase. As shown in Figure S14, the ex situ XRD patterns of

lithiated s-LNO cathode show the structure change of s-LNO with long cycles in

both electrolytes. The structure changes can be monitored by the XRD intensity ra-

tio of (003) to (104) (denoted as I [003/104]). The (003) peak occurs from the diffrac-

tion of layered structure of R3
‾

m, whereas the (104) peak appears from both the

diffractions of layered and cubic rock-salt structures.12,43 The faster decreasing in-

tensity ratio of I (003/104)) for s-LNO in E-baseline electrolyte than that in F-262A

electrolyte indicates severe phase transition induced by Ni dissolution or Li/Ni mix-

ing during cycling in E-baseline, resulting in the transition of layered LNO to cubic-

type of LNO and rock-salt phase due to the displacement of nickel ions into the

lithium layer. However, the relatively constant I (003/ 104) for the s-LNO in F-

262A electrolyte illustrates that few disordered rock salt phases are formed after

100 cycles. Thus, by forming the protective F- and B-rich interphase, the s-LNO

in F-262A maintains good structural integrity with limited detrimental phase

transformation.

The valence variations of Ni in the fully charged s-LNO electrode at different cycles

were further studied using X-ray absorption spectroscopy (XAS). Figure 3D shows

the ex situ X-ray absorption near edge structure spectra (XANES) of Ni K-edge for
2556 Joule 3, 2550–2564, October 16, 2019



Figure 3. Characterizations of Cycled LNO Electrode in F-262A and E-Baseline Electrolytes

(A) SEM images of LNO microspheres after 100 cycles in F-262A and the inset is the intact primary

particles with high magnification.

(B) Typical SEM image of cycled LNOmicrospheres for EDS mapping and the inset figure shows the

element distributions.

(C) The corresponding elemental mappings of Ni, O, F, B, P, and C elements.

(D) Ex situ X-ray absorption near edge structure (XANES) spectra of Ni K-edge for LNO electrodes

when charged to 4.4 V at 1st and 150th cycles with F-262A or E-baseline.

(E) The corresponding ex situ XANES spectra of Ni 2+, Ni3+, and Ni4+ standard sample.
LNO electrodes under full-charged state (4.4 V) at the 1st cycle and 150th cycle in

F-262A and E-baseline electrolytes. Both edge position and white line intensity

are sensitive indicators for valence state of Ni. The edge position of Ni2+, Ni3+,

and Ni4+ in XANES spectra increases from 8350.5 eV, 8352.5 eV, to 8355.5 eV

respectively, while the white line intensity decreases in the order of: Ni2+ > Ni4+ >

Ni3+ (Figure 3E). As shown by the ex situ XANES in Figure 3D, the edge position

of Ni K-edge shifts to higher energy region due to Ni3+/Ni4+ redox. However, the

edge shifting of s-LNO electrode at 1st fully charged state in F-262A is higher than

that in E-baseline electrolyte, indicating better utilization of Ni3+/Ni4+ redox due

to the formation of stable and less-resistive CEI. After 150 cycles, while the edge po-

sitions are mostly the same for both electrolytes, the white line intensity of s-LNO

electrode in E-baseline electrolyte is much higher than that in F-262A. This is pre-

sumably due to the accumulation of Ni2+ compounds on the surface and presence

of Ni4+ as the main oxidized form in the bulk. Such combination makes the average

Ni valence of s-LNO in E-baseline electrolyte close to that in F-262A case, in which
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there is less Ni2+ on the surface andmore Ni3+ in the bulk, explaining the closeness in

edge position and the difference in white line intensity in two cases.

The Fourier transformed extended X-ray absorption fine structure (EXAFS) of the Ni

XAS (Figure S15A) also shows that the cycled LiNiO2 in F-262A has weaker first peak

intensity than that in baseline electrolytes. Compared with the Ni valence and first ft-

EXAFS peak intensity (Figure S15B), the EXAFS result suggests more Ni3+ in the Li-

NiO2 cycled in F-262A, due to the Jahn-Teller distortion of Ni3+. But for the LiNiO2

cycled in baseline electrolyte, LiNiO2 has an excess of Ni2+ presumably because of

surface degradation. The continual degradation of s-LNO induced by the unstable

interphases further leads to irreversible phase transition of layered structure, which

has already been confirmed by the ex situ XRD patterns of LNO. Thus, the ex situ

XANES result further demonstrates the excellent electrochemical performance of

s-LNO in F-262A due to good utilization of Ni3+/Ni4+ redox and limited surface

degradation.

Chemistry of Cathode Electrolyte Interphase and Solid Electrolyte Interphase

The compositions on the surface of the cycled s-LNO electrode in F-262A and

E-baseline electrolytes were characterized using time of flight secondary ion mass

spectrometry (ToF-SIMS) (Figures 4A–4C and S16). Figure 4A shows the edge sur-

face of the crater sputtered by Ga+ ions. Compared with the cycled s-LNO recovered

from E-baseline electrolyte, significantly high F and B signals are found within top

surface layer (�50 nm) in the F-262A electrolyte. However, the content of Li, O com-

ponents on depth profile are relatively constant (Figures 4B and 4C), indicating a thin

and robust F-, B-rich CEI layer is formed on the surface of s-LNO in F-262A, which is

consistent with the SEM and corresponding EDS mapping results in Figure 3. More

detailed morphology of the CEI thin layer was further characterized by high-resolu-

tion transmission electron microscopy (HRTEM). Obviously, the active particle of

cycled s-LNO electrode in F-262A is uniformly covered by a thin layer of CEI

(Figure 4D).

Themagnified HRTEM image reveals that the thin layer has a thickness of�3 nm, and

the inner parts of active particle remain intact with good crystallinity as pristine

s-LNO. In contrast, the active particle cycled in E-baseline electrolyte presents large

amount of non-crystal phases, indicating a severe structural degradation from layer

R3
‾

m phase to the non-active rock-salt NiO phase (Figure 4E).8,9,12 Meanwhile, the

outer surface of cycled LNO particle in F-262A presents only several layers

(�1 nm) of rock-salt NiO structure due to protection of F-, B-rich CEI layer (Figure 4F),

while the LNO particle cycled in E-baseline shows a thick rock-salt structure caused

by continues surface degradation (Figure 4G). These results, combined with ex situ

XRD patterns of cycled s-LNO, provide clear evidence regarding the protective role

of CEI derived from fluorinated solvents with LiDFOB on suppressing unwanted side

reactions between the LNO cathode and electrolyte, thereby significantly increasing

the electrochemical performance of cells.

CEI chemical compositions of s-LNO electrode after 100 cycles in E-baseline, F-262,

and F-262A electrolytes were characterized using X-ray photoelectron spectroscopy

(XPS) (Figures 5, S17–S19). Figure S18 compares the CEI elemental compositions of

s-LNO in 0 s and 300 s sputtering depth. Different from E-baseline electrolyte, the

CEI of s-LNO in F-262 contains a large amount of F content, but less C andO species,

which might be due to the limited oxidation of fluoridated solvent. After adding 2 wt

% LiDFOB into F-262, the concentration of B species on s-LNO increases to 2.6 atom

%, while the C species further decreases from 52.9 to 42.2 atom%. In the meantime,
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Figure 4. Characterization of the CEI Layer and Surface Degradation of Cycled LNO Particles

(A) Surface morphology of LNO particle after 100 cycles in F-262A for time of flight secondary ion mass spectrometry (ToF-SIMS) and the crater is

sputtered by Ga+ ion beam.

(B) The corresponding lithium (Li), oxygen (O), fluorine (F), and boron (B) element distributions in the sputtered active particle.

(C) The depth profiles of ToF-SIMS analysis for F, Li, O, and B elements on the cycled active particles.

(D and E) High-resolution transmission electron microscopy (HRTEM) images of (D) LNO cathode particle after 150 cycles in F-262A electrolyte, covering

with a thin CEI layer on surface (~3 nm); (E) LNO cathode particles after 70 cycles in E-baseline electrolyte, below images are enlarged views of particles.

(F and G) STEM images of (F) LNO cathode after 100 cycles in F-262A electrolyte with several layers of rock-salt NiO (~1 nm); (G) LNO cathode particles

after 100 cycles in E-baseline with thick rock-salt NiO structure (>20 nm), below images are enlarged views of particles.
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Figure 5. Characterization of the CEI Components on LNO Cathode after 100 Cycles in F-262A by X-Ray Photoelectron Spectroscopy (XPS)

(A–D) The XPS depth profiles of (A) C1s, (B) O1s, (C) F1s, and (D) B1s after sputtering for 0, 300, and 600 s. CPS, counts per second.
the O content increases from 6.3 to 10.2 atom % while the F content increases from

39.7 to 43.9 atom %. After sputtering etching about 300 s, similar results are ob-

tained, and the P content from the LiPF6 salts for all cases remains almost identical.

These results indicate that the LiDFOB-tuned CEI is F- and B-rich, which originates

from the participation of DFOB-ligand in the CEI formation upon initial cycling, as

shown in the insets of Figures 1G and S8. The reduction of C, O species suggests

the F-, B-rich CEI can protect the LNO by reducing continual side reactions with

the electrolyte.

The high-resolution XPS spectra in Figure 5 offer deeper insight into the CEI compo-

sitions of s-LNO in F-262A. Generally, the CEI layer formed in F-262A consists of

C-O, C=O, -(CO3)-, Li2CO3, and LiF and the decomposition products of LiDFOB.

In C1s spectra with different sputtering time (Figure 5A), the ultra-high signals of

C-C (284.5 eV, from carbon black or chemisorbed solvent), C-H (285.5 eV, from

PVDF binder), and CFx (�291 eV, from PVDF binder) indicate that the CEI in

F-262A is much thinner than in E-baseline. In addition, the contents of C-O (286.5

eV) and C=O (287.7 eV) of CEI cycled in F-262A electrolyte are lower, while the com-

ponents of Li2CO3 (290.4 eV) and -(CO3)- (289.6 eV) are higher than that in E-baseline

electrolyte (Figure S19A). The less amount of C-O and C=O suggests a limited sol-

vent decomposition for s-LNO in F-262A electrolyte, while the higher –(CO3)- and

Li2CO3 are consistent with previous studies that the ODFB- ligand contributes to

more lithium oxalates and ROCO2Li in the CEI formation.33,35 In Figure 5B, the

O1s data show the reduction of C=O contents compared with the baseline electro-

lyte (Figure S19B), which is consistent with the C1s data. The continually parasitic re-

actions with the LNO, indicated by the increase of C-O, C=O contents, well ex-

plained the sharp increase of surface resistance in E-baseline (Figure S10).

In the F1s spectra of XPS (Figures 5C and S19C), the cycled s-LNO electrode in

F-262A shows a significantly strong LiF signal (685 eV), which again confirms that
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the CEI contains a large amount of LiF from the fluorinated electrolyte. In addition,

the presence of LixPOyFz signal might be from the absorbed LiPF6 salts and the

decomposition of LiPF6 in both electrolytes. Although the bulk LiF is highly resistive

to Li-ion conduction, the in-situ formed LiF-rich CEI layer did not reduce the

ion transport kinetics, due to (1) its small thickness (Figure 4D) and close contacting

with LNO, also (2) much lower energy barrier for Li+ surface diffusion (0.17 eV).39,44

As a result, a LiF-rich CEI is an ideal shield to protect the surface layer of delithiated

LNO from the attacking of HF and other free radical groups in electrolytes, thereby

reducing the loss of oxygen coordinates and suppressing the irreversible phase

transformation of LNO into disordered NiO-like rock salt phase. Moreover, the

large amount of Li-B-O (193.4 eV, Figure 5D) and B-O (292.2 eV) after the addition

of LiDFOB, can also help inhibit the electrolyte decomposition and transition

metal dissolution by regulating the CEI components with more robust oligo-

mers.33,34 The line-scan analysis using electron energy loss spectroscopy (EESL)

on the cycled LNO particle in F-262A indicates that the outer surface of LNO is

rich in F, O, and C compounds (Figure S20). Combining the analysis of XPS, ToF-

SIMS, and EESL, it can be concluded that the F- and B-CEI was formed on the cycled

LNO in F-262A electrolyte. In all, the fluorinated solvents, together with LiDFOB, can

be decomposed at the surface of LiNiO2 to form a B- and F-rich protective CEI, which

is the origin for the improved ionic diffusivity and superior electrochemical stability

at high voltages.

Besides the protective F- and B-rich CEI formed on the surface of cathode, the sta-

bility of SEI on the anode sides is also essential to achieve good performance of cells

by reducing unwanted side reactions and maintaining small interfacial resistance.

The cycled Li metal anode maintains a dense and smooth surface with Li mounds

of �4 mm in diameter (Figure S21). The cycled graphite particles are covered by a

uniform SEI layer with a thickness of �4 nm (Figure S22), containing C, F, O, P,

and B species (Figures S23–S25). The high content of F- and B-rich species effec-

tively blocked the formation of Li dendrites during cycling. Figure S23 depicts the

elemental concentration of the graphite SEI in F-262A and E-baseline electrolytes.

Similar to the cathode side, the graphite surface manifests a F- and B-rich SEI after

cycled in F-262A, as evidenced by the significantly high signals of LiF (685 eV), Li-

B-O (193.4 eV), and B-O (292.2 eV). Although the signals of C-C and C-H

(�285 eV) for both electrolytes appear roughly identical, the high content of C-O

(286.5 eV) and C=O (532.5 eV) of graphite SEI in E-baseline suggests that the formed

SEI is highly related to the reduction of EC solvent. Considering the excellent revers-

ibility and cycling stability of graphite in F-262A (Figure S11), we can safely conclude

that the F-, B-rich SEI has the similar effect as the EC-based SEI to achieve stable Li+

intercalation and deintercalation within the layered structure of graphite by prevent-

ing the Li-solvent co-intercalation.

Comparedwith the s-LNOcells in E-baseline electrolyte, the significant improvement

in the performance of the s-LNO||Li or s-LNO||graphite cells in F-262A electrolyte can

be attributed to at least three aspects. First, the formation of a dense, electronically

insulated LiF-rich nanolayer stabilized the surface of s-LNO cathode, Li metal, and

graphite anode, preventing the continual reactions with electrolytes.31,45 Second,

the decomposition of LiDFOB in electrolyte further enhanced the robustness of SEI

and CEI layers by introducing borates or its derivative products, which are able to

complex more Li+ because of the donation of the lone electron pairs on oxygen

and boron atoms.34 Third, the addition of LiDFOB improves the overall stability of

LiPF6-based electrolytes by generating lithium tetrafluorooxaltophosphate

(LiPF4C2O4) at elevated temperature.34,46,47 The excellent electrochemical
Joule 3, 2550–2564, October 16, 2019 2561



performance of s-LNO by pairing with Li metal anode or graphite anode in F-262A

electrolyte demonstrated its potential application in high-energy LIBs or LMBs.
Conclusions

Overall, this work demonstrates that the cobalt-free cathode LiNiO2 can be stably

charged and discharged at a high charge cut-off voltage of 4.4 V in F-262A (1.0 M

LiPF6 + 2 wt % LiDFOB dissolved in FEC: FEMC: HFE [2:6:2 by weight]) electrolytes.

An LiNiO2 cathode in F-262A electrolyte is able to deliver a discharge capacity of

216 mA h g�1 (�820 W h kg�1) along with excellent capacity retention of more

than 80% after 400 cycles at 0.5 C current rates, which is the best cycling perfor-

mance ever reported for an LNO cathode. More importantly, the LNO||graphite

full cell in F-262A retains �92.5 % of their capacity after 100 cycles at 0.5 C, which

significantly outperforms the performance of LNO||graphite full cells in conventional

EC-based electrolyte (18% retention). The remarkably enhanced cycling perfor-

mance can be ascribed to two aspects: (1) the in-situ-formed F-, B-rich CEI layer pro-

tects the LNO cathode from continuous reactions with electrolyte and suppress the

structural transformation from layered to disordered rock-salt (NiO) phase; (2) the

robust and conductive F-, B-rich SEI layer generated on the Li and graphite anode

surfaces prevents deep corrosion of anode and improves the stability of the battery.

Although the CE of Li metal is still not sufficient, the key findings of this work provide

a new avenue to enable high energy and low cost cathodes for developing high-en-

ergy LMBs or LIBs as the next generation energy storage systems.
EXPERIMENTAL PROCEDURES

Full details of all experiments and materials are provided in Supplemental Experi-

mental Procedures.
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.

2019.08.004.
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