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HIGHLIGHTS

Stable 5.5 V electrolytes enable

5.3 V Li-metal battery and 5.2 V Li-

ion battery

Investigate the lithiation-

delithiation mechanism of 5.3 V

LiCoMnO4 cathodes

Reveal the correlation between

electrolytes and CEI or SEI on

electrodes
A 5.5 V high-voltage electrolyte enables both Li-metal and graphite anodes and

5.3 V LiCoMnO4 cathodes to achieve a high Coulombic efficiency of >99%,

opening new opportunity to develop high-energy Li-ion batteries. The design

principle for the high voltage and safe electrolytes will greatly benefit the

development of next-generation electrochemical energy storage devices. These

findings should therefore be of extensive interest to a broad audience working on

energy storage technologies, materials, and electrochemistry in general.
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The Bigger Picture

Today, a higher energy density of

rechargeable battery is becoming

much more desired because of

the increasing demands from the

coming electric vehicles. Current

Li-ion batteries based on

intercalation cathode chemistry

leave relatively little room to

further enhance the energy

density because the specific

capacities of these cathodes

approach the theoretical levels.

Increasing the cell output voltage

is a possible direction to largely
SUMMARY

The energy density of current Li-ion batteries is limited by the low capacity of

intercalation cathode, which leaves relatively little room to further improve

because the specific capacities of these cathodes approach the theoretical

levels. Increasing the cell output voltage is a possible direction to largely in-

crease the energy density of the batteries. Extensive research has been devoted

to exploring >5.0 V cells, but only limited advances have been achieved because

of the narrow electrochemical stability window of the electrolytes (<5.0 V).

Herein, we report a 5.5 V electrolyte (1 M LiPF6 in fluoroethylene carbonate,

bis(2,2,2-trifluoroethyl) carbonate, and hydrofluoroether [FEC/FDEC/HFE]

with a Li difluoro(oxalate)borate [LiDFOB] additive) that enables 5.3 V

LiCoMnO4 cathodes to provide an energy density of 720 Wh kg�1 for 1,000

cycles and 5.2 V graphitejjLiCoMnO4 full cells to provide an energy density of

480 Wh kg�1 for 100 cycles. The 5.5 V electrolytes provide a large step toward

developing high-energy Li batteries.
increase the energy density of

batteries. Extensive research has

been devoted to exploring >5.0 V

cells, but only limited advances

have been achieved because of

the narrow electrochemical

stability window of the traditional

electrolytes (<5.0 V). Herein, we

design a 5.5 V electrolyte (1 M

LiPF6 in FEC/FDEC/HFE with

LiDFOB additive) that enables

5.3 V LiCoMnO4 cathodes to

provide an energy density of 720

Wh kg�1 for 1,000 cycles and 5.2 V

graphitejjLiCoMnO4 full cells to

provide an energy density of

480 Wh kg�1 for 100 cycles.
INTRODUCTION

Today, higher energy density of rechargeable batteries is becoming much more

desired as a result of the increasing demands from the coming 5G communication

technology, internet of things (IoT), and electric vehicles (EV). Increasing the energy

density of batteries has been at the core of battery technology development. The

progress in basic science and engineering has driven the emergence of generations

of batteries with an increased energy density from Pb acid to Ni-Cd and Ni-MH and

finally to Li ion. The advent of a rechargeable Li-ion battery (LIB) in the 1990s is a

milestone in science and technology history because of the remarkable energy den-

sity, low self-discharge, and negligible memory effect, which in turn intensively stim-

ulated advances in portable electronic devices. Recent requests for longer battery

life in mobile devices have resulted in an urgent demand for extremely high-energy-

density batteries. The energy density of Li batteries can be enhanced either by

increasing the specific capacity of the electrodes1–7 or by enhancing the cell

voltage.8–10 After more than 10 years of optimization of electrode materials, the en-

ergy density of intercalation chemistry cells with voltage of %4.4 V has approached

the limit as a result of the limited capacity of batteries with Li transition-metal oxide

and phosphate cathodes and graphite anode materials, while the high-energy cells

with conversion chemistry (such as sulfur and fluorides) still suffer from less revers-

ibility and poor cycle life.11 However, the low volumetric energy density of the Li-S

battery (� 200 Wh L�1 versus 600 Wh L�1 for the commercial LiCoO2 battery) and

the serious shuttle reaction block the possible application for the EVs. Alternatively,
Chem 5, 1–17, May 9, 2019 ª 2019 Elsevier Inc. 1
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an increase in the cell voltage obtained by using a high-potential cathode paired

with a low-potential Li-metal or graphite anode can more effectively enhance the en-

ergy density of the Li (ion) battery compared with the strategy of increasing the elec-

trode capacity.8,12

In recent years, several ‘‘high potential’’ cathodes with operation potential below

5.0 V have been extensively investigated. Among them, nickel-rich layered oxides

(LiNi1-xMxO2, M = Co, Mn and Al), Li-rich layered oxides (Li1+xM1-xO2, M = Mn, Ni,

Co, etc.), spinel oxides, and polyanionic compounds (phosphates, sulfates, silicates,

etc.)8 are the most promising cathodes for high-energy Li-ion batteries. However,

the average operation potentials of these cathodes are still lower than 4.5 V. Even

for the so-called ‘‘5.0 V cathode materials,’’ such as LiNi0.5Mn1.5O4 and LiCoPO4,

their operation potentials are still only 4.7 V and 4.8 V versus Li+/Li, respectively.

Additionally, no electrolytes can sustain these 4.8 V cathodes for a long cycle life.

Very recently, a highly concentrated electrolyte enabled a successful 150 cycles of

LiNi0.5Mn1.5O4.
13 Current electrolytes suffer severe decomposition on these cath-

ode surfaces when the cathodes are fully charged to a potential above 4.5 V.14,15

Therefore, there has been no report of a highly reversible >5.0 V Li battery up to

now.

Spinel structured LiCoMnO4 has a high lithiation-delithiation plateau potential of

5.3 V with a theoretical specific capacity of 145 mAh g�1,16–18 which is a very prom-

ising cathode for a high-energy Li battery. However, no electrolytes can sustain such

a high voltage (>5.3 V), although significant efforts have been devoted in the past

decades to exploring high voltage Li-ion electrolytes by using highly stable sol-

vents19–24 and functional additives.25–28 The best electrolytes only allow LiCoMnO4

to be partially lithiated or delithiated up to 75% of the theoretical capacity

(<110 mAh g�1).29–35 Even worse, the decomposition of the electrolytes will result

in a very low Coulombic efficiency (CE) (<80%), limiting the cycle life of LiCoMnO4

to fewer than 100 cycles.29–35 Moreover, most of the high-voltage electrolytes

with high oxidation tolerance, such as sulfone- and organic nitrile-based electro-

lytes, normally suffer from poor reductive stability because of the formation of an

unstable solid-electrolyte interphase (SEI) on anodes, resulting in poor cycling

stability and a low CE for graphite and Li anodes. These high-voltage electrolytes

are rarely deployed in Li-ion or Li-metal batteries.8 In addition, almost all of the

previously reported LiCoMnO4 contain Mn3+ ions inside the spinel lattice

LiCo3+Mn4+O4.
16–18,29–35 The replacement of Co3+ by Mn3+ inevitably results in a

voltage plateau at 4.0 V, which significantly reduces the energy density.18

Herein, we synthesized a Mn3+-free LiCoMnO4 cathode material by using a two-step

method, as detailed in the Supplemental Information. For the first time, the theoret-

ical capacity of LiCoMnO4 was realized with a designed versatile electrolyte. The Li

storage mechanism of LiCoMnO4 was determined via ex situ X-ray absorption spec-

troscopy (XAS) and in situ X-ray diffraction (XRD). The specially designed electrolyte

(1 M LiPF6 in fluoroethylene carbonate, bis(2,2,2-trifluoroethyl) carbonate, and hy-

drofluoroether [FEC/FDEC/HFE]) with a LiDFOB additive is stable to 5.5 V for the

cathodes and, more importantly, also stable with graphite and Li-metal anodes.

Because of the extremely high CEs for the Li metal (>99%), graphite (>99.9%), and

LiCoMnO4 (99%), we fabricated high-energy batteries with a high voltage of 5.3 V,

which offer much higher energy densities than current battery chemistries. The fabri-

cated 5.3 V Li-metal cell (LijjLiCoMnO4) delivers an energy density of 720 Wh kg�1

(based on the cathode) with a capacity retention of >80% for over 1,000 cycles,

and the 5.2 V LIB (graphitejjLiCoMnO4) provides an energy density of
2 Chem 5, 1–17, May 9, 2019
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480 Wh kg�1 (based on both cathode and anode materials) with a capacity retention

of >90% for 100 cycles.

RESULTS AND DISCUSSION

Electrochemical Stability Window of Versatile Electrolyte (1 M LiPF6 + 0.02 M

LiDFOB in FEC/FDEC/HFE)

Wide electrochemical stability of 1 M LiPF6 in FEC/FDEC/HFE electrolytes stable to

0.0 V Li-metal or 0.1 V graphite anodes and stable to 5.3 V LiCoMnO4 cathodes is a

prerequisite to achieve high-performance LijjLiCoMnO4 and graphitejjLiCoMnO4

cells and to investigate the lithiation-delithiation mechanism of LiCoMnO4. The phi-

losophy behind our solvent selection consists of 5 major considerations:

(1) Interphase: all solvent molecules must be fluorinated so that as long as they

are involved in Li+-solvation structure, they have a chance to oxidize into

F-rich cathodic electrolyte interphase (CEI) for LiCoMnO4 cathode and reduce

into SEI for Li and graphite anodes. Because HFE has a very high F content per

volume, it was selected as an important component for formation of LiF on

anodes.

(2) Salt solubility: a high dielectric constant component must be present

to dissolve Li salt; that is the reason for selecting FEC in this electrolyte

system.

(3) Low viscosity: FDEC and HFE serve as diluents to decrease the viscosity.

(4) High wettability to separator and electrodes, which is contributed by both

FDEC and HFE.

(5) Stability versus reduction and oxidation: according to density functional the-

ory (DFT) calculations, the HFE component had the highest oxidation stability

and produced the most F-rich CEI during the reaction. However, the low Li

salt solubility in HFE reduced ionic conductivity, requiring another solvent

with high salt solubility. FEC has higher affinity to Li+ than FDEC or HFE

and is the most effective component for the LiPF6 salt dissociation. However,

because of the smallest F content per molecule and the FEC�(-H) ring-open-
ing gas-generation reaction, FEC composition should be low but sufficient for

ionic conductivity.

The fluorinated solvents have high oxidation potentials as a result of the strong

electron-withdrawing effect of the fluorine atom.22 In addition, LiF is a good elec-

tronic insulator that can block electron leakage through the SEI, thereby prevent-

ing continuous electrolyte consumption.36 LiF is also known to exhibit a high inter-

facial energy with Li metal,37 which facilitates Li+ transport along the interface and

promotes the growth of the deposited Li metal in parallel with the Li-metal plane

rather than in the vertical direction. These features increase the cycle stability of Li

metal. Moreover, some additives applied to the electrolyte system can further

enhance the stability of the interphase film of both the cathode and anode.25–28

For this purpose, an electrolyte (1 M LiPF6 in an FEC/FDEC/HFE ratio of 2:6:2)

with a lithium difluoro(oxalate)borate (LiDFOB) additive was designed and applied

in our investigation.

The electrochemical stability of the versatile electrolyte (1 M LiPF6 + 0.02 M LiDFOB

in FEC/FDEC/HFE; see Experimental Procedures for details) after activation was

evaluated using a linear sweep voltammogram (LSV) at a slow scan rate of

0.3 mV/s, comparing it with the LSV curves of the conventional carbonate electrolyte

(1 M LiPF6 in ethylene carbonate and dimethyl carbonate [EC/DMC]) at the same

scan rate. As shown in Figures S1A and S1C, the oxidation current of this electrolyte
Chem 5, 1–17, May 9, 2019 3



Figure 1. Structure Analysis of As-Prepared LiCoMnO4

(A) Crystal structure (inset) and X-ray diffraction patterns with Rietveld refinement. The weight

percent fractions from structural refinements are as follows: 93% LiCoMnO4 and 7% Li2MnO3.

(B) Excerpt of data from 2.1� to 2.6� in 2q.

(C) Excerpt of data from 3.45� to 4.05� in 2q.
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during the anodic scan is extremely small up to 6.0 V versus Li+/Li, while a rapid in-

crease in oxidation current is observed for the conventional carbonate electrolyte at

potentials above 4.6 V. In addition, this electrolyte also shows much higher stability

for the reduction reaction than the conventional carbonate electrolyte, as demon-

strated in Figures S1B and S1D.

Characterization, Electrochemical Behavior, and Reaction Mechanism of

LiCoMnO4 Synthesized by a Two-Step Method

Using the conventional solid-state reaction method, it is very hard to synthesize the

LiCoMnO4 with uniformly distribute the Co and Mn in the atomic level, which is

essential for elimination of the Mn3+ in the LiCoMnO4. Here, the homogeneous

LiCoMnO4 was synthesized by a two-step method. First, we synthesized the pre-

cursor of MnCoOx by using a hydrothermal procedure, which enabled the Mn

and Co elements to be homogeneously distributed at the atomic level. Then,

we used homogeneous MnCoOx as a precursor to further react with Li2CO3 at

800�C in an O2 atmosphere to form homogeneous LiCoMnO4. The XRD pattern

of the LiCoMnO4 powders showed that LiCoMnO4 has a cubic Fd3m spinel struc-

ture (Figure 1A). Detailed structural information of LiCoMnO4 is shown in Table S1

and illustrated in the inset of Figure 1A. Generally, LiCoMnO4 shows a typical

spinel structure with the space group of Fd3m. Cubic close-packed oxygen anions

constitute the sub-lattice, in which transition metals occupy octahedral 16d sites

and Li occupies tetrahedral 8a sites.29 In such a framework, Li ions can be extracted

and inserted reversibly through three-dimensional pathways made by the intercon-

nected 8a tetrahedral sites and vacant 16c octahedral sites. The relatively strong

(220) peak indicates some transition-metal occupation at tetrahedral 8a sites38

(Figure 1C), and the occupancy was quantitatively determined to be approximately

8% by Rietveld refinement. The small peaks at 2.25� and 2.52� were identified to

be the (001) and (020) peaks of Li2MnO3, respectively (Figures 1A and 1B). Quan-

titative phase analysis by Rietveld refinement indicated that 7 wt % Li2MnO3 exists

in LiCoMnO4.
4 Chem 5, 1–17, May 9, 2019



Figure 2. HRTEM and HR-HAADF-STEM Results of As-Prepared LiCoMnO4

(A) High-resolution TEM image of a whole particle.

(B and C) High-resolution TEM images of the bottom left (B) and top right (C) red dashed areas of the LiCoMnO4 surface region in (A), where the fast

Fourier transform (FFT) patterns in the insets show the [110] zone axis of a spinel structure.

(D) HAADF-STEM image of a whole particle.

(E and F) HR-HAADF-STEM images of bottom left (E) and top right (F) yellow dashed regions of LiCoMnO4 in (D), where the inset shows the atomic

model of the transition-metal atom (Co or Mn) along the [110] zone axis.

Please cite this article in press as: Chen et al., Achieving High Energy Density through Increasing the Output Voltage: A Highly Reversible 5.3 V
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Scanning electronmicroscope (SEM) images showed that LiCoMnO4 particles have a

spherical morphology with a particle size of approximately 5 mm and are primarily

aggregates of the LiCoMnO4 particles with a size of 100–200 nm (Figure S2). Co,

Mn, andO elements are homogeneously distributed in LiCoMnO4, as demonstrated

by the elemental mapping (Figure S3). The high-resolution transmission electron mi-

croscopy (HRTEM) and the high-resolution high-angle annular dark-field scanning

transmission electron microscopy (HAADF-STEM) results (Figure 2) further revealed

the crystalline structure of the LiCoMnO4 spinel oxide. Along the [110] zone axis, it

could be determined that {100}, {110}, and {111} facets are presented. In addition, in

the HAADF-STEM images in Figures S4 and S5, the existence of a small amount of

Li2MnO3 phase can also be identified in the blue dashed region. However, as shown

in Figure S4, the Mn and Co are almost overlapped, and only a small region marked

by dashed blue is Li2MnO3, demonstrating that the proportion of Li2MnO3 in the

LiCoMnO4 is very small, which is in line with the result in Figure 1. The quantitative

phase analysis by Rietveld refinement indicated that only 7 wt % Li2MnO3 exists in

LiCoMnO4. According to the scanning transmission electron microscopy-electron

energy loss spectroscopy (STEM-EELS) mapping images (Figures S5B–S5E), the
Chem 5, 1–17, May 9, 2019 5



Figure 3. Electrochemical Performance and Li-Driven Structure Behavior of LiCoMnO4

(A) Galvanostatic charge-discharge profile of LiCoMnO4 at a current rate of 0.1 A g�1 (calculated on the basis of the activated material) between 3 and

5.3 V. The inset is the first two cyclic voltammetry (CV) curves of LiCoMnO4, the scan rate is 0.3 mV s�1, and the voltage window is 3–5.5 V.

(B) The discharge profiles and energy density of several high voltage cathode materials (LiCoMnO4, LiCoPO4, LiNi0.5Mn1.5O4, LiCoO2, and NCM622

[LiNi0.6Co0.2Mn0.2O2] and Li-rich material [0.5Li2MnO3$0.5LiMn1/3Ni1/3Co1/3O2]), where the current rate is 0.1 A g�1 (calculated on the basis of the

activated material).

(C) First galvanostatic charge-discharge profile of as-prepared LiCoMnO4 at a current rate of 0.02 A g�1 within the voltage window of 3–5.3 V. The

regions a–g correspond to different charge-discharge states of LiCoMnO4 for XANES and EXAFS tests: a, pristine; b, 4.9 V; c, 5.2 V; d, 5.3 V; e, 5.1 V; f,

4.5 V; g, 3.0 V.

(D) Co K-edge XANES spectra of LiCoMnO4 in different charge and discharge states.

(E) Mn K-edge XANES spectra of LiCoMnO4 in different charge and discharge states.

(F) Fourier transform of k3-weighted EXAFS patterns for the Co K-edge of LiCoMnO4 in different charge and discharge states.

(G) Fourier transform of k3-weighted EXAFS patterns for the Mn K-edge of LiCoMnO4 in different charge and discharge states.
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blue dashed region indicates the Li2MnO3 phase, and the other part is the

LiCoMnO4 phase; therefore, two phases of LiCoMnO4 and Li2MnO3 coexist in a

single particle. Figure S5 was intentionally focused on a Li2MnO3-rich region to high-

light its presence.

The galvanostatic charge-discharge profile of LiCoMnO4 is shown in Figure 3A, and

two slope plateaus can be identified upon charging and discharging at approxi-

mately 5.0–5.3 and 4.7–4.9 V, respectively. The characteristic plateau at 4.0 V due

to Mn3+ is almost undetectable in homogeneous LiCoMnO4, which is in sharp differ-

ence to the LiCoMnO4 synthesized using the conventional solid-state reactions, for

which a long 4.0 V plateau always exists.18 The elimination of the 4.0 V plateau is also

confirmed by cyclic voltammetry (CV) (inset in Figure 3A). LiCoMnO4 in this highly

stable 5.5 V electrolyte delivers a reversible specific capacity of 152 mAh g�1, which
6 Chem 5, 1–17, May 9, 2019
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is even higher than the theoretical specific capacity (145 mAh g�1) of LiCoMnO4. The

presence of 7% Li2MnO3 (Figures 1 and S5) in the LiCoMnO4 particle can probably

be responsible for the extra capacity. The embedded Li2MnO3 in the LiCoMnO4 ma-

trix endows high reversibility for lithiation and delithiation. Li2MnO3 can provide a

high discharge capacity of over 200 mAh g�1 after a high voltage (>4.5 V versus

Li+/Li) activation process.39–41 Such a high specific capacity of 152 mAh g�1 and a

high average discharge voltage of 4.8 V at a current of 100 mA g�1 enable the

LiCoMnO4 to deliver a high energy density of 720 Wh kg�1, which is much higher

than the densities of other high voltage cathodes, including LiNi0.5Mn1.5O4

(576 Wh kg�1), LiCoPO4 (554 Wh kg�1), commercial LiCoO2 (638 Wh kg�1), and

intensively investigated Ni-rich LiNi0.6Co0.2Mn0.2O2 (686 Wh kg�1, NMC622) (Fig-

ure 3B). Although the energy density of the Li-rich cathode (1,024 Wh kg�1) is higher

than that of LiCoMnO4, the gradual potential-drop of Li-rich cathode with charge-

discharge cycles reduce the energy density.8 The electrochemical behavior of

LiCoMnO4 in a conventional carbonate electrolyte (1 M LiPF6 in EC/DMC) was

also evaluated by galvanostatic charging and discharging and LSV. As shown in Fig-

ure S6A, only very small amount of Li can be extracted from LiCoMnO4 during linear

sweep to the high potential because of the serious oxidation of the conventional

carbonate electrolyte before Li-ion extraction from the LiCoMnO4 structure, as

evidenced by the long electrolyte oxidation plateau (1,300 mAh g�1) at 5.0 V and

low lithiation capacity of <100 mAh g�1 in the galvanostatic charge-discharge curve

(Figure S6B). A discharge capacity of <100 mAh g�1 for LiCoMnO4 in conventional

carbonate electrolytes was also reported before.32–35 The incomplete lithiation

and delithiation of LiCoMnO4 in conventional carbonate electrolytes prevents the

possible commercialization of the LiCoMnO4 cathode and the detailed revelation

of the lithiation-delithiation mechanism of LiCoMnO4.

The complete lithiation and delithiation of LiCoMnO4 is attributed to the formation

of robust CEI on LiCoMnO4 cathodes. The composition of the CEI formed by oxida-

tion of the electrolyte (1 M LiPF6 + 0.02 M LiDFOB in FEC/FDEC/HFE) at a high po-

tential was investigated. The composition of the CEI on the LiCoMnO4 electrode in

this electrolyte was characterized by X-ray photoelectron spectroscopy (XPS) (Fig-

ure S7). According to the atomic concentration (at. %) of elements of the CEI on

the cycled LiCoMnO4 electrode, the major elements are carbon (C, 52.97%), fluorine

(F, 22.34%), and oxygen (O, 18.96%) (Figure S7B). In the C 1s XPS spectra, the

C–O–C bond (286.3 eV) and –CO2 bond (289.2 eV) indicate the presence of C–O

compounds in CEI (Figure S7C). This is probably due to the decomposition of the

oxalate moiety in LiDFOB.27 In addition, in the B 1s XPS spectra, the peak at

192.8 eV can be attributed to boron bonded to fluorine (B–F), which also confirms

that compounds with the B–F moiety from decomposition of the LiDFOB additive

are part of the CEI components on the surface of the cycled LiCoMnO4 electrode

(Figure S7D). Moreover, the F 1s XPS spectra also exhibit a peak at 685.2 eV, corre-

sponding to the Li–F bond (Figure S7E); this component of the CEI can be attributed

to the decomposition of LiDFOB and the fluorinated solvent. The peak with a much

higher intensity at 687.8 eV can be attributed to the C–F bond from the C–F species

in the CEI and binder polyvinylidene fluoride (PVDF) (Figure S8). In addition, to un-

veil the role of LiDFOB in the CEI, we compared the CEI composition of cycled

LiCoMnO4 cathodes in the electrolytes with and without LiDFOB additives by XPS.

As shown in Figure S9C, the relative intensities of the C–C bond and C–H bond

are much higher than the one with LiDFOB additives (Figure S10). This is probably

due to more decomposition of the solvent without the protective of LiDFOB decom-

position products. Therefore, the solvent suffers more severe decomposition

without the protective of LiDFOB (Figures S9 and S10). Moreover, to further reveal
Chem 5, 1–17, May 9, 2019 7
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the CEI formation process, we also used XPS to characterize the composition of CEI

on LiCoMnO4 electrode with lithium polyacrylate (LiPAA) as a binder to exclude the

possible interference of fluorinated PVDF after 0, 2, and 100 cycles (Figures S11–

S13). In the C 1s XPS spectra, the C–F3 bond was observed in the 100th cycles but

was absent in the 2nd cycle. In the F 1s XPS spectra, the relative intensity of the

Li–F bond at 685.2 eV was much higher than the C–F in the 2nd cycle. In sharp

contrast, the relative intensity of the C–F bond after 100 cycles was much higher

than that of the Li–F bond in the F 1s XPS spectra (Figure S14). On the basis of these

results, it can be concluded that during the first several cycles, the CEI mostly comes

from the decomposition of LiDFOB. Upon further cycling, the decomposition of fluo-

rinated solvents gradually dominates the following cycles. According to the XPS re-

sults, the CEI on the surface of the cycled LiCoMnO4 electrode in this electrolyte has

a very complicated composition. These CEI components are electric insulators,

thereby blocking electron leakage through the CEI layer, which can prevent addi-

tional electrolyte decomposition. This enables the LiCoMnO4 electrode to exhibit

great cycle stability and an extremely high CE. The evolution of the bonding and

valence of transition-metal ions in LiCoMnO4 at different lithiation-delithiation

stages marked in Figure 3C was analyzed by ex situ XAS that included both X-ray ab-

sorption near edge structure (XANES) and extended X-ray absorption fine structure

(EXAFS). The XANES data in Figure 3D show that as Li ions are extracted during the

charging process (regions a–d), the Co K-edge XANES spectra continuously shift to-

ward a higher energy, suggesting an increase in the oxidation state of Co. In the

discharge process (regions e–g), the Co K-edge XANES spectra shift back to the pris-

tine energy state, indicating the reversible reduction of Co in the structure. In

contrast, the Mn K-edge XANES spectra show no shift during the entire charge-

discharge process (regions a-g, Figure 3E), which suggests that Mn does not change

its valence state.

The above XANES spectra of the Co and Mn K-edges confirm that the voltage

plateau in the lithiation and delithiation of LiCoMnO4 is only attributed to Co3+/

Co4+. For the Fourier transform of k3-weighted EXAFS patterns in Figures 3F and

3G, themain peaks located at�1.5 and�2.4 Å are associated with themetal-oxygen

interaction in the first coordination shell and the metal-metal interaction in the sec-

ond coordination shell, respectively. The peak positions differ from the real bond

length by approximately 0.4 Å because of the phase shift. During the entire

charge-discharge process, the positions of the Co-O peak change slightly, indi-

cating a moderate bond length change despite oxidization and reduction on Co.

This is probably due to the small size difference between Co3+ (0.545 Å) and Co4+

(0.53 Å). The intensity of the peak for the FT EXAFS spectra is determined by two fac-

tors: the coordination number and the degree of disorder around the central

atom.42,43 The intensities of the Co–Co/Mn and Mn–Mn/Co peaks are reduced in

the high voltage regions (a–d), which suggests significant local structural distortion

(more disorder) upon oxidization of Co3+ ions. During the discharging process (e–g),

the intensities of both the Co–Co/Mn andMn–Mn/Co peaks increase back to almost

the original state, indicating that the structure is totally reverted. These XANES and

EXAFS spectra confirm the high reversibility of LiCoMnO4 during the charging-

discharging process.

The dynamic evolution of the phase and structure of LiCoMnO4 during the lithiation-

delithiation process was monitored by operando XRDmeasurement. Figure 4 shows

selected regions of in situ XRD patterns collected during the charge-discharge cycle.

Overall, all Bragg peaks exhibit a continuous shift during the entire charge-discharge

process, indicating the contraction and expansion of the unit cells of the cubic phase
8 Chem 5, 1–17, May 9, 2019



Figure 4. In situ XRD of LiCoMnO4

Selected regions of in situ XRD patterns of LiCoMnO4 collected during the charge-discharge cycle.

The operando cell was charged and discharged between 5.3 and 3.0 V at a current rate of C/5.
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during Li extraction and insertion. It can be clearly seen that Li extraction and rein-

sertion occur via a solid-solution mechanism with only one phase over the entire

voltage range, as has already been determined by electron paramagnetic resonance

(EPR) results before.44 Such a reaction mechanism is different from other spinel sys-

tems, such as LiMn2O4 and LiNi0.5Mn1.5O4, which undergo a two-phase reaction.

This can be understood by considering the size difference between various valent

cations. For Mn, changing from Mn3+ (0.645 Å) to Mn4+ (0.53 Å) would induce a

cation size change of 0.115 Å; for Ni, changing from Ni3+ (0.56 Å) to Ni4+ (0.48 Å)

would induce a size change of 0.08 Å. In contrast, oxidizing Co from Co3+

(0.545 Å) to Co4+ (0.53 Å) would only induce a size change of 0.015 Å.45 Such a small

cation size variation greatly favors the formation of a solid solution against two-

phase separation given that the latter normally occurs when two phases have signif-

icantly different lattice parameters (caused by different cation sizes). As will be

shown below, such a solid-solution reaction mechanism is beneficial for the rate

capability of this material. Compared with the previous in situ XRD results of these

materials,34 the incomplete lithiation and delithiation of LiCoMnO4 cathode (specific

capacity < 110 mAh g�1) in conventional electrolyte make it impossible to illustrate

the complete lithiation-delithiation mechanism of it.

Electrochemical Performance of a 5.3 V LijjLiCoMnO4 Full Cell

The electrochemical performance of the Li-metal anode in the electrolyte (1 M

LiPF6 + 0.02 M LiDFOB in FEC/FDEC/HFE) was evaluated before a LijjLiCoMnO4

full cell was tested. The reversibility of Li-metal plating and stripping in this electro-

lyte was evaluated with a CujjLi half-cell. The voltage profiles of Li-metal plating and

stripping on a Cu current collector showed a small over-potential of approximately

60mV and long cycling stability at the current density of 0.5mA cm-2 (Figure 5A). The

CE for plating and stripping reached >99% (Figure 5B), which is much higher than

that in the conventional diluted electrolyte (�80%).46 The high CE of Li plating

and stripping in our versatile electrolyte was due to the formation of a LiF-rich SEI
Chem 5, 1–17, May 9, 2019 9



Figure 5. Electrochemical Performance of a LijjLiCoMnO4 Cell and TEM Images of the LiCoMnO4 Electrode after Cycling

(A) Voltage profiles for Li-metal plating and stripping on a Cu working electrode cycled in the electrolyte 1 M LiPF6 + 0.02 M LiDFOB in FEC/FDEC/HFE

at a current density of 0.5 mA cm�2.

(B) Coulombic efficiency for Li plating and stripping cycled in the electrolyte 1 M LiPF6 + 0.02 M LiDFOB in FEC/FDEC/HFE at a current of 0.5 mA cm�2.

(C) Cycle performance and Coulombic efficiency of the LijjLiCoMnO4 cell with the electrolyte 1 M LiPF6 + 0.02 M LiDFOB in FEC/FDEC/HFE and an FEC-

based electrolyte (1 M LiPF6 in FEC/DMC) at a current rate of 0.1 A g�1 (calculated on the basis of the cathode activated material) between 3 and 5.3 V.

(D) Cycle performance of the LijjLiCoMnO4 cell with the electrolyte 1 M LiPF6 + 0.02 M LiDFOB in FEC/FDEC/HFE at the current rate of 1 A g�1

(calculated on the basis of the cathode activated material) between 3 and 5.3 V.

(E) TEM image of the fresh LiCoMnO4.

(F) TEM image of the LiCoMnO4 cycled in the electrolyte (1 M LiPF6 + 0.02M LiDFOB in FEC/FDEC/HFE).

(G) TEM image of the LiCoMnO4 cycled in FEC-based electrolyte (1 M LiPF6 in FEC/DMC).
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(Figure S15), which was also confirmed by Suo in a highly concentrated electrolyte

system.13 The versatile dilute electrolyte reported here has wider electrochemical

stability window than the highly concentrated electrolyte.13

The cycling performance of the LijjLiCoMnO4 full cell in this electrolyte (1 M LiPF6 +

0.02 M LiDFOB in FEC/FDEC/HFE) was compared with that of the LijjLiCoMnO4 cell

in FEC-based electrolyte (1 M LiPF6 in FEC and DMC [FEC/DMC]) at a current rate of

0.1 A g�1. The FEC electrolyte (1 M LiPF6 in FEC/DMC) has been considered one

of the best electrolytes for high-voltage cathodes23 and has been used for

LijjLiNi0.5Mn1.5O4 cells (4.7 V) and LijjLiCoPO4 cells (4.8 V). Therefore, the FEC elec-

trolyte was selected as a control electrolyte for 5.3 V LijjLiCoMnO4 cells. As shown in

Figure 5C, the first discharge capacity of LiCoMnO4 at 0.1 A g�1 in the FEC-based

electrolyte was only approximately 123 mAh g�1 and quickly decayed to less than
10 Chem 5, 1–17, May 9, 2019
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50mAh g�1 after 100 charge-discharge cycles (Figures 5C and S16), whereas the first

discharge capacity of LiCoMnO4 in the functional highly stable electrolyte designed

here reached 145 mAh g�1 and retained 90% of the initial capacity after 100 charge-

discharge cycles at the same current of 0.1 A g�1. An extended cycle stability test at a

high current of 1 A g�1 showed that the LijjLiCoMnO4 cell in this electrolyte could

retain approximately 80% of its initial capacity even after 1,000 cycles (Figure 5D).

The slight capacity decay came from the plateau above 5.0 V, which was probably

due to the high over-potential from a thick CEI after long cycles (Figure S17). Such

a long cycle life has never been reported for any >5 V batteries before. The CE of

LijjLiCoMnO4 in the first cycle was 71% and increased to 99% after 20 cycles (Fig-

ure 5C). In sharp contrast, the initial CE of the LijjLiCoMnO4 cell in the FEC/DMC

electrolyte was only 46% and remained below 85% over the entire 100 cycles. The

low cycling CE of LijjLiCoMnO4 in the FEC/DMC electrolyte demonstrated that

1 M LiPF6 in FEC/DMC could not form a robust SEI on the Li anode or a robust

CEI on LiCoMnO4. The continuous decomposition of LiPF6 in FEC/DMC on the

low-potential Li-metal anode and high-potential LiCoMnO4 cathode increased the

interphase resistance, resulting in quick capacity decay of the LijjLiCoMnO4 cell in

the charge-discharge cycles. Transmission electron microscopy (TEM) (Figures 5E–

5G) and electrochemical impedance spectroscopy (EIS) (Figure S18) results of the

LiCoMnO4 electrode after 100 cycles confirmed that the CEI formed in FEC/

FDEC/HFE electrolyte designed here was much thinner and less resistive than that

formed in FEC/DMC electrolytes. In addition, we compared the cycle performance

of LijjLiCoMnO4 cells in an electrolyte (1 M LiPF6 in FEC/FDEC/HFE) with different

amounts of LiDFOB additives (0.00, 0.02, and 0.05 M). We found that the specific ca-

pacity of LijjLiCoMnO4 cells increased with the additive amount, and the highest cy-

cle stability was achieved in electrolytes with 0.02 M LiDFOB additives (Figure S19).

As shown in Figure S20, the potential hysteresis between charging and discharging

increased with the charge-discharge cycles in the LiDFOB-free electrolyte, whereas

the charge-discharge potentials were much stable when 2% of LiDFOB was added

into the electrolyte as a result of the formation of more robust CEI layer on the cath-

ode. As shown in Figure S19, the capacity retention of the battery with 5% LiDFOB

was a little lower than that of the battery with 2% additive as a result of the thicker

interface film on the cathode in the electrolyte with 5% LiDFOB. As shown in Fig-

ure S21, the CEI layer on LiCoMnO4 after 100 cycles in the electrolyte with 5%

LiDFOB additive was around 8 nm, which is much thicker than that (4 nm) of CEI in

the electrolyte with only 2% LiDFOB. Thick CEI will increase the interphase resis-

tance (Figure S21D), resulting in capacity decay of the battery. In addition, the first

discharge curves and corresponding dQ/dV profiles of LiCoMnO4 cathodes in elec-

trolytes with 0.02 M LiDFOB additive showed a small shoulder (Figure S20B) and a

peak (Figure S20D) between 3.3 and 3.0 V (Figure S20B), which could be attributed

to Li2MnO3.
39 However, it disappeared in the 50th and 100th discharge profiles as a

result of the poor cycle stability of Li2MnO3.

The reason for high oxidation stability of the LijjLiCoMnO4 cell in high-voltage all-

fluorinated electrolyte can be attributed to the following:

(1) Stable solvent: the fluorinated solvents (FEC, FDEC, and HFE) have high

oxidation potentials as a result of the strong electron-withdrawing effect of

the fluorine atom. Among them, the HFE component had the highest oxida-

tion stability.

(2) Stable CEI on LiCoMnO4 cathode: all-fluorinated electrolyte formulation en-

sures that the highly fluorinated interphase with maximum protection power

be formed when the electrolytes are oxidized, in which all components
Chem 5, 1–17, May 9, 2019 11
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(solvents [FEC, FDEC, and HFE] and salt anions [LiPF6 and LiDFOB]) that are

likely to be involved in interphase formation chemistry contain at least one

fluorine in its structure. During the cycling, this high-voltage all-fluorinated

electrolyte can contribute rich F-containing building blocks instead of

evolving CO2, as is often observed for the traditional carbonate electrolytes,

which is the very key issue for a stable CEI.

Furthermore, the LijjLiCoMnO4 cell also delivers a high rate performance, retaining a

capacity of 80 mAh g�1 at a high rate of 2 A g�1 (an approximately 25C rate calcu-

lated on the basis of the real test time) (Figure S22). The high rate capability of

LijjLiCoMnO4 cells is attributed to the three-dimensional ion diffusion pathways,

solid-solution reaction mechanism in LiCoMnO4, and nanosize of the primary

LiCoMnO4 particles. We also investigated the self-discharge behaviors of

LijjLiCoMnO4 cells in high-voltage all-fluorine electrolyte and in FEC-based electro-

lyte. Figure S23 shows that the discharge capacity of LijjLiCoMnO4 cells in all-fluo-

rine electrolyte after 1 day, 1 week, and 1 month of rest can still maintain 83.8%,

70.4%, and 60.1%, respectively, of the discharge capacity of LijjLiCoMnO4 cells

with 10 min of rest. In sharp contrast, LijjLiCoMnO4 cell after only 1 day of rest in

FEC-based electrolyte (LiPF6 in FEC/DMC) can maintain only 42% of the discharge

capacity of LijjLiCoMnO4 cells with 10 min of rest. It should be pointed out that

1 M LiPF6 in FEC/FDEC/HFE/LiDFOB electrolyte with a wide voltage window is

also compatible with the commercial PVDF binder and the carbon black, as demon-

strated by a stable cycling performance (Figure S24). The good electrochemical per-

formance was also demonstrated in the LijjLiCoMnO4 cell with LiPAA as a binder in

the cathode, which further confirmed that the enhanced electrochemical results

were not due to the fluorinated binder (Figure S25).

Electrochemical Performance of a 5.2 V GraphitejjLiCoMnO4 Cell

Figure 6A shows the galvanostatic charge-discharge profiles of the graphite at different

cycles in the electrolyte (1M LiPF6 + 0.02M LiDFOB in FEC/FDEC/HFE). Graphite deliv-

ered approximately 300mAh g�1 reversible capacity at the current density of 0.1 A g�1

with a 100% CE after the second cycle. Furthermore, the capacity exhibited almost no

decay over 100 cycles (Figure 6C) andwas retained at 90% over 300 cycles (Figure S26).

This electrolyte also showedgood stability to the graphite anode in addition to Li-metal

anodes, which is totally different from other high voltage electrolytes, such as sulfone

and organic nitrile electrolytes. As demonstrated by XPS analysis, the versatile electro-

lyte (1 M LiPF6 + 0.02 M LiDFOB in FEC/FDEC/HFE) formed a LiF-rich SEI on graphite

anodes. The LiF content in theSEI layerwas as high as�70% (FigureS27). Theextremely

low electronic conductivity of LiF significantly increased the stability of the SEI and

enhanced the CE and cycle stability. Moreover, the graphite also delivered a good

rate performance in this electrolyte (Figure S28).

GraphitejjLiCoMnO4 cells were fabricated at a LiCoMnO4/graphite weight ratio

of 2:1 on the basis of the specific capacities of LiCoMnO4 and graphite, 152 and

300 mAh g�1, respectively. The galvanostatic charge-discharge profiles of the

graphitejjLiCoMnO4 cell at the rate of 1 C showed two sloping high voltage

plateaus, from 4.9 to 5.3 V and 4.6 to 4.8 V, which provides a specific capacity of

100 mAh g�1, calculated on the basis of total active materials of both the LiCoMnO4

cathode and graphite anode (Figure 6B). The high operating voltage and high ca-

pacity of graphitejjLiCoMnO4 cells ensure a high energy density of 480 Wh kg�1

with an excellent cycle stability of 90% capacity retention after 100 cycles (Figure 6D).

In addition, we also extended the cycle performance of this high-voltage LIB at a low

rate of 0.1C, which also delivered very stable cycle stability with a CE � 99%
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Figure 6. Electrochemical Performance of the GraphitejjLiCoMnO4 Battery

(A) Galvanostatic charge-discharge profiles of graphite with different cycles at a current density of

0.1 A g�1 (calculated on the basis of the activated material) between 0 and 1.5 V in the electrolyte

1 M LiPF6 + 0.02 M LiDFOB in FEC/FDEC/HFE.

(B) Typical galvanostatic charge-discharge profile of the graphitejjLiCoMnO4 Li-ion battery at the

current rate of 1 C (1 h for the charge or discharge process) with the electrolyte 1 M LiPF6 + 0.02 M

LiDFOB in FEC/FDEC/HFE within the voltage window of 3–5.3 V.

(C) Cycle performance of the graphite at a current density of 0.1 A g�1 (calculated on the basis of the

activated material) between 0 and 1.5 V in the electrolyte 1 M LiPF6 + 0.02 M LiDFOB in FEC/FDEC/HFE.

(D) Cycle performance of the graphitejjLiCoMnO4 Li-ion battery at the current rate of 1 C (1 h for the

charge or discharge process) with the electrolyte 1 M LiPF6 + 0.02 M LiDFOB in FEC/FDEC/HFE

within the voltage window of 3–5.3 V.
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(Figure S29). Compared with other battery chemistries, especially the intensively

investigated Ni-rich cathode-based cells, LiCoMnO4 possesses better thermal sta-

bility because of its stable spinel structure.47 In addition, this electrolyte (1 M

LiPF6 + 0.02 M LiDFOB in FEC/FDEC/HFE) is non-flammable.22 Therefore, the

graphitejjLiCoMnO4 and LijjLiCoMnO4 metal cells provided here are much safer

than other Ni-based Li battery systems. Moreover, batteries with a higher operation

voltage tend to have a higher power capability,47 enabling them to be more suitable

for EVs.

EXPERIMENTAL PROCEDURES

Synthesis and Characterization of LiCoMnO4

LiCoMnO4 was synthesized by an original two-step method. The first step was the

synthesis of MnCoOx. First, 2.10 mmol CoCl2$6H2O plus 1.75 mmol MnCl2$4H2O
Chem 5, 1–17, May 9, 2019 13
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was dissolved in 66 mL of distilled water, and 2.460 g of urea, 2.500 g of ascorbic

acid, and 2.000 g of polyvinylpyrrolidone (molecular weight� 40K) were then added

to the CoCl2/MnCl2 solution in sequence under stirring for 1 h. After being stirred for

1 h, the solution was transferred to a 100 mL Teflon-lined stainless-steel autoclave

and maintained at 160�C for 6 h. The CoMnCO3 microspheres were obtained after

being centrifuged, washed with water and ethanol several times, and dried at

60�C overnight. The obtained CoMnCO3 microspheres were calcinated in air at

400�C for 5 h to obtain the CoMnOx microspheres. Then, 0.700 g of CoMnOx and

0.165 g of Li2CO3 were mixed and calcinated at 800�C for 24 h in an O2 atmosphere

to obtain the LiCoMnO4 product.

XRD and Refinements

Ex situ and in situ XRD experiments were performed at the 28-ID-2 beamline of the

National Synchrotron Light Source II (NSLS II) at Brookhaven National Laboratory

(BNL) with a Perkin Elmer amorphous-Si flat panel detector. For in situ XRD, the

in situ cell was made by assembling active material, carbon black, and PTFE binder

into a pouch cell. The pouch cell was then sandwiched by two metallic plates with

a carbon window in the center, guaranteeing pressure on the cell. Collected raw

image data were then integrated to yield the 2theta-intensity XRD pattern with

the software Fit2D.48 Rietveld refinement49 was carried out with GSAS-EXPGUI

software.50,51

SEM and TEM

The morphologies of the sample were examined using a Hitachi SU-70 field-emis-

sion scanning electron microscope and a JEOL 2100F field emission transmission

electron microscope.

HRTEM and HAADF-STEM

The experiment was performed using a JEOL 2010F transmission electron micro-

scope operating at an accelerating voltage of 200 kV. HAADF-STEM and STEM elec-

tron energy loss spectroscopy (EELS) were performed with an aberration-corrected

Hitachi HD 2700C STEM at 200 kV in BrookhavenNational Lab. The conversion angle

and collection angles for STEM imaging were 22 and 64–341 mrad, respectively.

XPS

The surface chemistry of the electrodes after cycling was examined by XPS with a

Kratos Axis 165 spectrometer. The electrodes were then removed from the cell after

100 cycles and rinsed with DMC inside a glove box three times. All samples were

dried under vacuum overnight, placed in a sealed bag, and then transferred into

the XPS chamber under inert conditions in an argon-filled glove bag. XPS data

were collected using a monochromated Al Ka X-ray source (1,486.7 eV). The working

pressure of the chamber was lower than 6.6 3 10�9 Pa. All reported binding energy

values were calibrated to the C 1s peak at 284.8 eV.

XANES and EXAFS

XAS measurements were performed at the 12BM beamline of the Advanced

Photon Sources at Argonne National Laboratory in transmission mode. The XANES

and EXAFS spectra were processed with the Athena software package52 The

AUTOBK code was used to normalize the absorption coefficient and separate

the EXAFS signal, c(k), from the isolated atom-absorption background. The ex-

tracted EXAFS signal, c(k), was weighted by k3 to emphasize the high-energy

oscillations and then Fourier transformed in a k range from 3.0 to 13.5 Å�1 for

analyzing the data in R space.
14 Chem 5, 1–17, May 9, 2019



Please cite this article in press as: Chen et al., Achieving High Energy Density through Increasing the Output Voltage: A Highly Reversible 5.3 V
Battery, Chem (2019), https://doi.org/10.1016/j.chempr.2019.02.003
Electrode Preparation and Electrochemical Measurements

To prepare the working electrode, the as-synthesized LiCoMnO4 and other com-

mercial cathodes (LiCoPO4 and LiNi0.5Mn1.5O4), anode materials (graphite and

MCMB purchased from MTI) mixed with carbon black, and PVDF or LiPAA with

a mass ratio of 80:10:10 were ground into a homogeneous slurry in N-methyl-2-pyr-

rolidone or H2O with a mortar and pestle. The slurry mixture was coated onto Al or

Cu foil and then dried at 100�C for 12 h. The loading mass of the active materials

for the electrode was approximately 1 mg/cm2 (for the electrodes for ex situ

XANES, ex situ EXAFS, and in situ XRD were 8 mg/cm2). The all-fluorinated electro-

lyte solution comprised 1 M LiPF6 in FEC/FDEC/HFE (2:6:2 by volume) with

different amounts of additives (without or with 0.02 or 0.05 M LiDFOB). The con-

ventional electrolyte solution comprised 1 M LiPF6 in EC/DMC (1:1 by volume).

The FEC-based electrolyte solution comprised 1 M LiPF6 in FEC/DMC (2:8 by vol-

ume). The cells were assembled with a polypropylene microporous film (Celgard

3501) as the separator. The electrochemical tests were performed with a coin-

type half cell (CR 2016), which was fabricated in a glove box filled with argon. Elec-

trochemical performance was tested with an Arbin battery test station (BT2000,

Arbin Instruments, USA).
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