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The effectiveness of multicomponent functional additives on
the performances of lithium ion batteries has received in-
creasing attention. Tris(2H-hexafluoroisopropyl) borate
(THFPB) additive can totally suppress the appearance of
a crystallized complex between LiPF; and adiponitrile
(ADN). Herein, ADN, THFPB, and cyclohexylbenzene are
demonstrated to be an effective three-component functional
additive in LiPF¢-based carbonate electrolyte that improves

Introduction

As a result of their intrinsic high energy density and long
lifespan, rechargeable lithium-ion batteries (LIBs) have been
used widely as the main power source in portable electronic
devices and are expected to play a prominent role in the
field of stationary energy storage systems and electric trans-
portation tools.'>! Currently, to meet the higher energy den-
sity requirements of future LIBs, great efforts are being
made toward the development of cathodes with higher work-
ing voltages and larger specific capacity./*?!

Lithium cobalt oxide (LCO), which has a reversible specif-
ic capacity of only approximately 140 mAhg ' (half of its
theoretical specific capacity, 274 mAhg™') at an upper cut-off
voltage of 4.2V, is the most successful cathode material for
commercialized LIBs.>" It is well known that the energy
density of LIBs is determined by both the operating voltage
and capacity of a cell. Therefore, LCO-based LIBs are antici-
pated to operate at higher voltages than 4.2V to obtain an
increased capacity. Unfortunately, an increase of the upper
cut-off voltage to exceed 4.2 V always leads to a clear deteri-
oration of battery performances (especially cyclability and
safety) because of the accelerated interfacial parasitic reac-
tions between the charged LCO electrode and nonaqueous
electrolytes.  Consequently, unwanted crystal-structure
damage/phase transition, Co dissolution—-migration—deposi-
tion, and electrolyte decomposition occur.!"*1!

At present, there are two main approaches to improve the
interfacial stability between the LCO electrode and nonaqu-
eous electrolytes at elevated cut-off charge voltages. First,
the LCO surface can be coated with various materials, such
as metal oxides (e.g., ALO;, MgO, ZnO, Zr0,),'* > metal
phosphates (e.g., AIPO,),?*?! metal fluorides/oxyfluorides
(e.g., AlF;, ZrOF)),""* Li ion conductors (e.g., Li,COs,
lithium phosphorus oxynitride, Li;PO,,
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the cyclability and rate capabilities of LiCoO,/graphite full
cells charged to 4.4, 4.45, and 4.5V, respectively. By system-
atic characterization, it is demonstrated rationally that, with
the help of the three-component functional additive, the
electrolyte is stabilized and new types of less resistant, thin-
ner, more protective solid-electrolyte interfaces are con-
structed simultaneously on the surfaces of both electrodes.

Li; Al 5Ti, 7(PO,);),>* and polymers (e.g., polyimide).”?
However, it is generally accepted that functional electrolyte
additives are of considerable importance in modifying and
stabilizing the solid—electrolyte interface (SEI) layer, which
determines the cycle life and safety of LIBs significant-
ly.[51333% Hence, the second strategy is the development of
new electrolytes for LCO-based cells using functional addi-
tives, such as phenyl-containing compounds (e.g., ben-
zenes,""™! anilines,*** phenyl-containing ether or thioeth-
ers*41) heterocyclic compounds (e.g., thiophenes,[*=4346-47]
furans,**! pyrroles,*"! bismaleimide monomers,***! sulfo-
nates,”" cyclic carbonates!"")), phosphazenes,”"! boron-based
anion receptors,” aliphatic dinitriles,”® and inorganic mate-
rials (e.g., Al,Os, Li,CO;).P*¥ Actually, most of these func-
tional additives are effective to protect the LCO cathode by
participating in the modification of the SEI layer (sometimes
forming a conductive polymeric film) to stabilize the elec-
trode—electrolyte interface efficiently by suppressing unde-
sired parasitic reactions.

Aliphatic dinitriles [NC—(CH,),—CN, such as succinonitrile
(SN) and adiponitrile (ADN)] are usually used as solvents
for high-voltage electrolytes (HVEs) because of their ultra-
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high electrochemical stability window.*® Recently, aliphatic
dinitriles (always short-chain SN) were further investigated
as thermal-safety-enhancing additives that form a strong
complex between the surface transition metal ions and func-
tional nitrile (—CN) groups.”>¥-*!l Boron-based anion recep-
tors, for example, tris(pentafluorophenyl) borane (TPFPB),
tris(2H-hexafluoroisopropyl) borate (THFPB), and trime-
thylboroxine (TMB), are of high importance in the formation
of protective SEI layers at both the anode and cathode surfa-
ces, especially in high-voltage LIBs.">**%! Ags the boron-
based anion receptors are stronger Lewis acids than Li* and
can form donor-acceptor interactions with anions (e.g., PF,~,
F~,0°", 0,%), not only the solubility of various Li com-
pounds (e.g., LiPF, LiF, Li,O, Li,O,) but also the Li* trans-
ference number increases. Furthermore, the boron-based
anion receptors can improve the thermal stability of the
LiPF¢-based electrolyte by the enhancement of Li"PF,~ ion-
pair dissociation.[? Therefore, boron-based anion receptors
are normally added as additives to improve both the rate ca-
pability and cyclic stability of LIBs. As a typical additive for
overcharge protection, a small amount of cyclohexylbenzene
(CHB; e.g., 0.1-0.2 wt %) tends to generate a thin electron-
conducting protective membrane on the cathode sur-
face.P0-40-41.6970) Qystematic studies on the influence of multi-
component functional additives in electrolytes are of great
importance and are urgently needed.’®"" In this work, we in-
vestigated the synergistic effects of ADN, THFPB, and CHB
as three-component functional additive (Figure 1) in LiPF4-
based carbonate electrolytes for a high-voltage LCO/graphite
battery system.
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Figure 1. Chemical structures of ADN, THFPB, and CHB.

Results and Discussion

Electrochemical properties of cells with a high-voltage electrolyte
containing a three-component functional additive

The addition of the long-chain aliphatic dinitrile ADN
(3 wt%) into the basic electrolyte (BE) led inevitably to the
appearance of transparent needle-shaped crystals at room
temperature (see the video in the Supporting Information).
By analysis of the XRD pattern (Figure 2a), we see that the
obtained transparent needle-shaped crystal is not the stan-
dard LiPF4 salt. The FTIR spectra of the crystals (rinsed
with petroleum ether three times) are mainly comprised of
strong characteristic peaks of ADN (2274 and 724 cm™') and
LiPF, (851 and 555cm™'; Figure 2b). Therefore, we infer
that a crystallized complex between ADN and LiPF; is
formed.” The formation of this crystallized complex will in-
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Figure 2. (a) XRD patterns and (b) FTIR spectra of the transparent needle-
shaped crystals caused by the addition of only ADN (3 wt%) into BE.

evitably reduce the concentration of LiPF, and block the ho-
mogeneous migration of Li* in the electrolyte. Interestingly,
the transparent needle-shaped crystals disappeared after the
addition of boron-based anion receptor THFPB. This phe-
nomenon shows that we need to consider combinations
based on various long-chain aliphatic dinitriles and boron-
based anion receptors as functional additives in LiPF¢-based
carbonate electrolyte for LIBs. The LCO/graphite full cells
could not be charged normally (if the potential is >4.4 V)
with the combination of 3wt% ADN and 1 wt% THFPB.
Therefore, 0.1 wt% CHB was added to guarantee normal
charge—discharge of the cell by generating a thin electron-
conducting protective membrane on the cathode surface at
elevated potentials.

The synergistic effects of the ADN-THFPB-CHB addi-
tives on the cyclability and rate capabilities of LCO/graphite
full cells charged to 4.4, 445, and 4.5V were investigated.
Encouragingly, the full cells with HVE show a higher capaci-
ty retention of 87.6, 79.6, and 60.0% than their BE-based
counterparts at upper cut-off voltages of 4.4, 4.45, and 4.5V,
respectively (Figure 3a—c). Furthermore, upon cycling, the
full cells with HVE demonstrate a higher and more stable
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Figure 3. Cyclic and rate performances of LCO/graphite full cells with BE and HVE in the voltage ranges of (a,d) 3.0-4.4V, (b,e) 3.0-4.45V, and (c,f) 3.0-4.5 V.

Coulombic efficiency (CE) than their BE-based counterparts.
The cyclability of graphite/Li half cells with BE and HVE at
0.1C rate almost show no significant differences over 250
cycles (Figure S1), which indicates that the full cell perform-
ances are determined greatly by the behavior of the LCO
electrode. Therefore, the enhanced cyclability and CE of the
LCO/graphite full cells suggest that the three-component
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functional additive offers effective protection for the electro-
des (especially the LCO electrode) and alleviate electrolyte
decomposition. Full cells with HVE deliver a higher capacity
at relatively high discharge rates than their BE-based coun-
terparts (Figure 3d-f), which could be ascribed to the key
role of THFPB by augmenting the Li™ transference number
and partially dissolving the resistant components (e.g.,
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LiF).[%6488] To understand the modification of the electrode—
electrolyte interfaces by the three-component functional ad-
ditive, the 4.4 V LCO/graphite full cells were studied inten-
sively.

The charge and discharge curves of LCO/graphite full cells
(3.0-4.4 V) with BE and HVE for the 1st, 50th, and 100th
cycles are shown in Figure 4a and b. Upon cycling, the full-
cell capacity deterioration is associated with the ever-increas-
ing electrode polarization (i.e., electrode impedance), which
is estimated from the difference between the charge and dis-
charge voltage. By the addition of the functional additive,
the electrode polarization becomes much smaller and the
voltage plateau is better retained upon cycling. We infer that
more favorable electrode surface films are formed with the
help of the three-component functional additives. Electro-
chemical impedance spectroscopy (EIS) was performed to
explore the synergistic effects of the three-component func-
tional additive on the electrochemical processes occurring at
electrode interfaces. EIS spectra of LCO/graphite full cells
(3.0-4.4 V) with BE and HVE at both fully charged and dis-
charged state in the 1st and 100th cycle are presented in Fig-
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ure 4c and d. The high-frequency semicircle represents the
SEI resistance (Rgg;), and the medium-frequency semicircle
is attributed to interfacial charge-transfer resistance (Rcr).
Clearly, regardless of the fully charged (Figure 4c) or fully
discharged state (Figure 4d), the LCO/graphite full cells with
HVE possess lower interfacial resistances (Rgg; and Rep)
than their BE-based counterparts at both the 1st and 100th
cycle. The reduced Rgg; suggests that, in the presence of the
three-component functional additive, protective conductive
films are formed on both the graphite and LCO electrode
surface by suppressing electrolyte decomposition and parasit-
ic reactions, which results in the improved interfacial stability
of electrodes and cyclability of full cells. Furthermore, the re-
duced interfacial resistance is beneficial for the improvement
of the rate capability of full cells.

To investigate the effect of the three-component functional
additive on the reduction and oxidation behavior of the elec-
trodes, the cyclic voltammograms (CVs) of graphite/Li and
LCO/Li half cells at 0.2 mVs™' were measured. In the CV
curves, the major anodic peak and cathodic peak denote the
Li* extraction and insertion process, respectively. The CVs
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Figure 4. Charge and discharge curves of the LCO/graphite full cells (3.0-4.4 V) with (a) BE and (b) HVE for the 1st, 50th, and 100th cycles. EIS spectra of the
LCO/graphite full cells (3.0-4.4 V) with BE and HVE at the (c) fully charged and (d) discharged state of the 1st and 100th cycles.
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of graphite/Li (Figure 5a) and LCO/Li (Figure 5b) half cells
with BE+3% ADN show serious polarization, which can be
ascribed to the reduced LiPF, concentration and blocked ho-
mogeneous migration of Li* by the formation of a crystal-
lized complex. According to the initial reduction potential of
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Figure 5. CVs of (a) graphite/Li and (b) LCO/Li half cells with BE, BE+3 wt%
ADN, BE+0.1 wt% CHB, BE+1 wt% THFPB, HVE, at 0.2 mVs~' for the first
cycle.

the graphite/Li half cell with BE +-each single additive, the
reduction sequence is ADN, THFPB, and CHB (see inset in
Figure 5a). However, the reduction sequence is not distin-
guishable in the CV of the graphite/Li half cell with HVE,
which only shows a strong reduction peak around 1.5 V. This
indicates that the three functional additives interact with
each other and are reduced preferentially to participate in
the SEI formation at the graphite surface. According to the
initial oxidation potential of the LCO/Li half cell with BE +
each single additive, the oxidation sequence is also ADN,
THFPB, and CHB (see inset in Figure 5b). However, the ox-
idation sequence is also not distinguishable in the CV of the
LCO/Li half cell with HVE, which only shows a lower initial
oxidation potential than the half cell with BE. This indicates
that the ternary functional additives interact with each other
and are preferentially oxidized to contribute to the SEI
modification at LCO surface.”” There are three identical re-
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duction peaks at approximately 4.15, 4.05, and 3.83 V for
LCO/Li half cells with different electrolytes (except BE +
3wt% ADN; Figure5b). A pair of major redox peaks
(which contain the reduction peak at approximately 3.82 V)
result from the redox reaction of Co’" and Co*" for the
first-order phase transformation (Li* extraction/insertion)
between two hexagonal phases.”” Two pairs of minor redox
peaks (which contain reduction peaks at approximately 4.15
and 4.05V, respectively) are caused by the order—disorder
phase transformation between hexagonal and monoclinic
phases. However, only one oxidation peak is demonstrated
for the LCO/Li half cell with BE and BE+0.1 wt% CHB,
which is ascribed to the overlap of the three oxidation peaks.
The addition of THFPB additive facilitates the main Li ex-
traction process (Co®"/Co*" redox), and one minor oxidation
peak appears at approximately 4.2 V (another minor oxida-
tion peak is still overlapped). Furthermore, for both the
graphite/Li and LCO/Li half cells, the potential differences
between the major anodic and cathodic peaks are smaller be-
cause of the addition of the three functional additives (Fig-
ure Sa and b). The reduced polarization, which can be
mainly ascribed to the key influences of THFPB (Figure Sa
and b), also contributes to the enhanced rate capability of
the full cells.

Disassembled cell and ex situ characterization

For ex situ characterization, the LCO/graphite full cells with
BE and HVE in the voltage ranges of 3.0-4.4 V were disas-
sembled after 100 cycles. For full cells with BE, there are
some deep-colored compounds deposited on the separators
and stainless steel plate (SS; Figure 6). The elemental con-
tents of the cycled separators (the side close to the graphite
electrode) are estimated preliminarily by using energy-dis-
persive X-ray spectroscopy (EDS; inset of Figure 6). The
cycled separator in HVE has higher C and lower O and F
contents than the cycled separator in BE. The lower C con-
tent of the cycled separator in BE can be attributed to the
partial coverage of the polyolefin surface by deep-colored
deposits. The lower O and F contents of the cycled separator
in HVE suggest that the decomposition of carbonate solvents
and LiPF salt are suppressed greatly by the three functional
additives. The improved stability of HVE can be ascribed
mainly to the increased ion-pair dissociation of the Li*PFg~
caused by the boron-based anion receptor of THFPB./*”

The surface morphology of the cycled graphite and LCO
electrodes disassembled from LCO/graphite full cells with
BE and HVE and that of uncycled pristine graphite and
LCO electrodes was analyzed by using field-emission scan-
ning electron microscopy (FESEM) and TEM (Figure 7).
Pristine graphite particles with a clean surface can be ob-
served (Figure 7a). The surface morphologies of cycled
graphite with BE and HVE are very different (Figure 7b and
c). After cycling in full cells with BE, a thick and relatively
smooth SEI layer is formed on the surface of graphite (Fig-
ure 7b). Clearly, some microcracks appear on the SEI layer
without additives, indicated by black arrows, which suggests
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Figure 6. Disassembled LCO/graphite full cells (0.5 C rate, after 100 cycles) with BE and HVE in the voltage ranges of 3.0-4.4 V.

that the formed SEI is not compact and stable enough for
graphite protection. The graphite SEI modified by the three
functional additives becomes thinner and much rougher, with
large amounts of homogeneous deposits (Figure 7¢). For the
pristine LCO particle, the surface is clean and smooth (Fig-
ure 7d). After LCO is cycled in BE, some significant micro-
cracks (indicated by a white circle in Figure 7¢) and macro-
cracks (indicated by a white circle in Figure S2) appear on
the LCO particle. Except for the formation of a thick SEI

Energy Technol. 2017, 5, 19791989
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gaphite-HVE .

l LCO-HVE

Figure 7. Typical FESEM images of (a) pristine graphite and (d) LCO electrodes, and typical FESEM and TEM images (inset) of cycled graphite and LCO electro-
des disassembled from LCO/graphite full cells in voltage ranges of 3.0 V-4.4 V with BE [(b) graphite and (e) LCO] and HVE [(c) graphite and (f) LCO] at 0.5C
rate after 100 cycles.

layer (~28 nm; inset of Figure 7¢) on the surface of LCO
cycled in BE, there is also a larger number of large deposits
between the LCO particles (enclosed by a white line in Fig-
ure S3). For LCO cycled in HVE, there are some deposits
distributed uniformly (white points) and no clear macro- or
microcracks on the particle surface (Figure 7 f). Additionally,
the surface of LCO cycled in HVE is covered by a thin
(~17 nm) and compact SEI layer (inset of Figure 7f). The
XRD patterns of graphite and LCO electrodes disassembled
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from the LCO/graphite full cells with BE and HVE are pre-
sented in Figure 8. The main (002) peak of the cycled graph-
ite electrode and the main (003) peak of the cycled LCO
electrode in HVE display a higher peak intensity and smaller
angle shift and peak broadening than their BE-based coun-
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Figure 8. XRD patterns of (a) graphite electrodes and (b) LCO electrodes dis-
assembled from LCO/graphite full cells with BE and HVE at 0.5 C rate after
100 cycles. Inset of (a) is the enlarged (002) diffraction peak of graphite, and
inset of (b) is the enlarged (003) diffraction peak of LCO.

terparts, which indicates that the structural degradation of
graphite and LCO is suppressed greatly by the addition of
the three-component functional additives. In conclusion, new
types of thinner, more compact, and protective SEIs for both
graphite and LCO electrodes form with the assistance of
ADN, THFPB, and CHB functional additives, and conse-
quently, the performances of the LCO/graphite full cells are
improved.

To further elucidate the synergistic effects of ternary func-
tional additives on the SEI modifications, the surface compo-
sitions of both cycled graphite and LCO electrodes were in-
vestigated by using X-ray photoelectron spectroscopy (XPS).
Interestingly, both the N and B signals appear on the surface
of the cycled graphite and LCO electrodes disassembled
from LCO/graphite full cells with HVE, which implies that
both ADN and THFPB are incorporated into the surface

Energy Technol. 2017, 5, 19791989
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SEI during cycling (Figures S4 and S5). All of the peaks in
the F1s spectra of the cycled graphite and LCO electrodes
with the three-component functional additive show weaker
intensities than that of their BE-based counterparts (Fig-
ure 9a and b), which indicates that there are less F species in
the SEI. For the cycled graphite electrode in BE (Figure 9a),
the Fls spectrum mainly contains two peaks, a LiF peak
(centered at a binding energy of 684.7¢V) and a LiPF/
PF,(OH), peak (centered at 688.1 eV).*** Conversely, the
F1s spectrum of the cycled graphite electrode in HVE (Fig-
ure 9a) only shows one weakened LiF peak (centered at
685.3 V). For the cycled LCO electrodes in BE (Figure 9b),
the F1s spectrum can be deconvoluted into five components
centered at 685.3 (LiF, Peak a), 686 (CoF,, Peak f3), 686.6
(Li,PF,O,, Peaky), 687.7 (PVDF (-CF,), Peak ), and
688.8 ¢V (Li,PF,/PF,(OH),, Peak ¢).’**! Moreover, the F1s
spectrum of the cycled LCO electrode in HVE (Figure 9b)
only demonstrates four weakened peaks centered at 684.4
(LiF, Peak a'), 686 (CoF, Peakf'), 686.7 (LiPF,0.,
Peak v'), and 687.5eV (PVDF (—CF,), Peak 8') without
peaks related to Li,PF/PF,(OH), We can reasonably infer
that the reduced F species in SEI can be attributed to the
partial dissolution and enhanced Li*PF~ ion-pair dissocia-
tion by the boron-based anion receptor of THFPB.P>-%% In.
terestingly, the F1s spectrum of the LCO electrode suggests
the formation of CoF,. Particularly for cycled LCO
electrodes in both BE and HVE, the Co2p spectra can
be deconvoluted into six peaks (Figure 7c¢ and d), LCO
Co2ps;, (=7803eV, Peakl) and its  satellite
(~790.3 eV, Peak 4), LCO Co2p,, (=795.5 ¢V, Peak 5) and
its satellite (~805.5eV, Peak6), and CoF, Co2p;,
(~783.7eV, Peak2) and its satellite (~788.3¢V,
Peak 3).*?1 Significantly, the CoF, Co2ps,-related peaks
dominate the Co2p spectrum of cycled LCO electrode in
HVE, which further confirms the generation of stable, pro-
tective, and conductive CoF,, which can stabilize the SEI
layer, suppress electrolyte decomposition, and possibly facili-
tate the migration of Li*.**?*77 It is inferred that the for-
mation of CoF, originates from the F~ attack on the surface
complex between Co species and ADN. There is a great pos-
sibility that these F~ species originate mainly from the
THFPB additive (which contains large amounts of F atoms)
rather than from the corrosive HF. Furthermore, FTIR spec-
tra of the cycled LCO electrode were obtained (Figures S6—
S9). The weak signals centered at 1597, 1577, 1500, and
1450 cm ™! are typical of the C=C stretching of aromatic com-
pounds. Together with the appearance of the C—H bending
centered at 758 cm !, we infer that CHB is polymerized on
the surface of LCO electrode.™ The stretching of C=N and
the bending vibration of B—O are seen in the spectra at 2244
and 717 cm "% respectively, which further confirms the par-
ticipation of ADN and THFPB in SEI modification on the
LCO electrode.

We summarized and analyzed all the aforementioned re-
sults and illustrated the synergistic effects of the ADN-
THFPB-CHB additive in LiPFs-based carbonate electrolyte
for high-voltage LCO/graphite battery system schematically
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Figure 9. F 1s XPS spectra of (a) the cycled graphite, and the (b) F1s and (c,d) Co2p XPS spectra of the cycled LCO electrodes disassembled from LCO/graphite

full cells with BE and HVE at 0.5C rate after 100 cycles.

in Scheme 1. Generally, the electrolyte is stabilized (see sup-
pressed Reactions 1, 2, and 3 in Scheme 1) and new types of
less resistant, thinner, more compact and protective SEIs are
formed simultaneously on the surfaces of the graphite anode
and LCO cathode with the help of a three-component func-
tional additive, and consequently, the cyclability and rate ca-
pability of the high-voltage LCO/graphite full cells are im-
proved. We conclude that both ADN- and THFPB-derived
species participate in the SEI modifications of both the
graphite and LCO electrode. The formation of stable, protec-
tive, and conductive CoF, in the SEI of the LCO cathode
could originate from the F~ attack to the surface complex be-
tween Co species and ADN (Reaction 4 in Scheme 1). The
reduced F species in SEI, which relates to the reduction of
polarization and interfacial resistances, can be attributed to
the partial dissolution and enhanced Li*PF,~ ion-pair disso-
ciation by the boron-based anion receptor of THFPB.F%¢2-¢8I
Furthermore, a small amount of CHB participates in the SEI
modification of the LCO cathode at elevated voltages possi-
bly by polymerization (Reaction 5 in Scheme 1).7"]
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Conclusions

Adiponitrile (ADN), tris(2H-hexafluoroisopropyl) borate
(THFPB), and cyclohexylbenzene (CHB) as a three-compo-
nent functional additive in LiPF¢-based carbonate electro-
lytes effectively improve the cyclability and rate capabilities
of lithium cobalt oxide (LCO)/graphite full cells charged to
4.4, 445, and 4.5 V. It is rationally demonstrated that, be-
cause of the three-component functional additives, the elec-
trolyte is stabilized and new types of less resistant, thin,
more compact, and protective solid—electrolyte interfaces
(SEIs) are constructed simultaneously on the surfaces of the
graphite anode and LCO cathode. Interestingly, the SEI of
the LCO cathode contains stable, protective, and conductive
CoF,, which may originate from the F~ attack on the surface
complex between Co species and ADN. THFPB plays a key
role in the reduction of polarization and interfacial resistan-
ces by partially dissolving the resistant components (such as
LiF), which increases Li*PF¢~ ion-pair dissociation and in-
creases the Li" transference number. Furthermore, a small
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Scheme 1. Illustration of the synergistic effects of ADN-THFPB-CHB functional additives in a LiPFg-based carbonate electrolyte for a high-voltage LiCoO,/graph-

ite battery system.

amount of CHB participates in SEI modification of the LCO
cathode at elevated voltages possibly by polymerization.
Notably, the addition of the boron-based anion receptor
THFPB can completely suppress the appearance of transpar-
ent needle-shaped crystals (a LiPF; and ADN complex) by
the addition of the long-chain aliphatic dinitrile of ADN,
which encouraged us to pay more attention to combinations
based on various long-chain aliphatic dinitriles and boron-
based anion receptors as functional additives in LiPF-based
carbonate electrolytes for high-voltage Li-ion batteries
(LIBs). Finally, we emphasize that a systematic study of the
synergistic effects of multicomponent functional additives in
electrolytes will open new avenues to develop high-voltage
LIBs with excellent performances.
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Experimental Section
Preparation of HVE

The BE was 1.0Mm LiPF; in ethylene carbonate (EC)/diethyl car-
bonate (DEC)/ethyl methyl carbonate (EMC) (1:1:1 by volume;
customized from Suzhou Qianmin Chemistry Co. Ltd., China).
THFPB Jalso called boric acid tris(hexafluoroisopropyl) ester]
was purchased from TCI, ADN was purchased from Alfa Aesar,
and CHB was purchased from Aladdin. All of these reagents
were used without further purification. To prepare the HVE,
3wt% ADN, 1wt% THFPB, and 0.1 wt% CHB were added
into the BE in an Ar-filled glovebox (Mikrouna, China) with the
concentrations of moisture and oxygen less than 1 ppm.
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Preparation of electrodes and construction of full cells

The cathode consisted of 93 wt % LCO [kindly supplied by Con-
temporary Amperex Technology Co. Ltd., China (CATL)],
4wt% conductive carbon (Super P™Li, TIMCAL), and 3 wt %
polyvinylidene difluoride (PVDF, Solef™ 5130) binder. The
anode consisted of 93 wt % artificial graphite (CAG-3M, Shang-
hai Shanshan Tech Co. Ltd., China), 2 wt% Super P™ Li, and
5wt% aqueous binder (LA133, Chengdu Indigo power sources
Co. Ltd., China). The slurries for the cathode (with N-methyl-2-
pyrrolidinone (NMP) as the solvent) and anode (water as the
solvent) were coated, dried, and pressed on Al foil and Cu foil,
respectively. Then, the electrodes were punched into disks (cath-
ode disks diameter =12 mm, anode disks diameter =14 mm) fol-
lowed by additional vacuum drying at 120°C for 8 h before as-
sembly. Finally, in sequence of shell/SS/graphite electrode/Cel-
gard 2500/LCO electrode/SS/leaf spring/shell, 2032 coin-type
LCO/graphite full cells with different electrolytes were construct-
ed with N/P values of approximately 1.35 in an Ar-filled glove-
box.

Electrochemical measurements

The charge—discharge behavior of the LCO/graphite full cells
were measured at RT by using a LAND battery testing system.
The currents for testing were calculated based on the LCO cath-
ode material. All the full cells were charged to elevated cut-off
voltages (4.4, 4.45, and 4.5 V, respectively) followed by a constant
potential (4.4, 4.45, and 4.5V, respectively) for 5 min and then
discharged to 3.0 V. To evaluate the cyclability, the full cells were
cycled at 0.2C for the initial two cycles (called the formation
process) and then cycled at 0.5 C for 100 cycles. The rate capabil-
ity testing was performed at 0.2C, 0.5C, 1C, 2C, 3C, and then
reversed back to 0.2C, successively. The EIS (VMP3, Bio-Logic
Science Instruments SAS) of the full cells at both fully charged
and discharged state was performed over frequencies ranging
from 1 MHz to 100 mHz using a voltage amplitude of 5 mV. CVs
(VMP3, Bio-Logic Science Instruments SAS) of graphite/Li and
LCO/Li half cells with BE and HVE at 1.0 mVs™" were also ob-
tained.

Ex situ characterization

The cycled graphite electrodes, LCO electrodes, and separators
were dismantled carefully from the discharged full cells and
rinsed with electronic-grade dimethyl carbonate (DMC; Shenz-
hen Capchem Technology Co. Ltd., China) to remove the resi-
dues, and then they were dried under vacuum for 8 h at RT
before analysis. The surface morphologies of the cycled electro-
des were characterized by using FESEM (HITACHI S-4800) and
TEM (HITACHI H-7650). The elemental contents of the cycled
separators were estimated by using EDS by using a HITACHI S-
4800 SEM. XPS spectra were acquired by using an ESCALa-
b220i-XL spectrometer (VG Scientific) with AlK, radiation with
twin anodes at 14 kVx16 mA. FTIR spectra were acquired by
using a Bruker TENSOR 27 spectrometer. XRD patterns of the
cycled electrodes were recorded by using a Bruker-AXS Micro-
diffractometer (D8 ADVANCE) with CuK, radiation (1=
1.5406 A) from 20=10-90° at a scanning speed of 4° min~". For
comparison, the uncycled pristine electrodes were also character-
ized.
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