"I) Check for updates

Highly-Cyclable Room-Temperature Black Phosphorene Polymer Electrolyte Composites for Li Metal
Batteries

Ramin Ratore Cavallo *°, Santosh Mogurampelly ¢, Bill K. Wheatle °, Vitaliy

Yurkivy, Radaasgbramonian Deivanayagam °, Tara Foroozan °, Md Golam Rasul *, Soroosh
Shariﬁ-As,Hijit H. Phakatkar *, Meng Cheng ®, Seoung-Bum Son , Yayue Pan®, Farzad

Mashaye t Ganesan °, Reza Shahbazian-Yassar *™

LISC

* Mechan Industrial Engineering Department, University of Illinois at Chicago,

)

Chicago, Mlinois 60607, United States

® Depart nergy-DENERG, Politecnico di Torino, Corso Duca degli Abruzzi 24,

d

10129-Torino, Haly

¢ Institute mputational Molecular Science (ICMS) and Temple Materials Institute

IV

(TMI), iversity, 1925 North 12th St, Philadelphia, PA 19122, United States

d Departmgnt of Physics, Indian Institute of Technology Jodhpur, Rajasthan 342037, India

I

¢ Departm hemical Engineering, University of Texas at Austin, Austin, Texas 78712,

Q

United Sta'

" Chemicdl Sciences and Engineering Division, Argonne National Laboratory, 9700 South

h

Cass A ont, IL 60439, United States

t

Abstract
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In spite of si cant interest toward solid-state electrolytes owing to their superior safety in

comparison id-based electrolytes, sluggish ion diffusion and high interfacial resistance
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limit their application in durable and high-power density batteries. Here, we report a novel
quasi-solid Li" ion conductive nanocomposite polymer electrolyte containing black

phosphorouj) nanosheets. The developed electrolyte was successfully cycled against Li

metal (ov ycling) at 1 mA.cm™ at room temperature. The cycling overpotential
droppecT l!?%in comparison to BP-free polymer composite electrolyte indicating lower
interfacial gsesisggance at the electrode/electrolyte interfaces. Molecular dynamics (MD)
simulationgled that the coordination number of Li" ions around TFSI pairs and
ethylene W) chains decreases at the Li metal/electrolyte interface, which facilitates
the Li" transpoffathrough the polymer host. Density functional theory (DFT) calculations
confirmed e adsorption of the LiTFSI molecules at the BP surface leads to the
weakeninﬁd Li atomic bonding and enhances the dissociation of Li" ions. This work

offers a nmtial mechanism to tune the bulk and interfacial ionic conductivity of solid-

state e hat may lead to a new generation of lithium polymer batteries with high

ionic conducti inetics and stable long-life cycling.

Keywords§polymer electrolytes, two-dimensional materials, black phosphorous nanosheets,

lithium ba@
1. Intrg

Safe batte‘; high energy and power density and long cycle life are strongly desirable to

enable a

g

However, these electrolytes pose significant challenges in high energy density batteries due

radigm in the field of energy storage technologies. For decades, organic-

based lectrolytes have been the primary choice for commercial Li" ion batteries.

to flammability, dendritic lithium growth, and parasitic reactions' . Solid-state electrolytes
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offer new opportunities to enable Li metal electrodes as anode due to their high specific

1541 Polymer-

capacity of 3.86 A.h.g”’ and low electronegative standard potential of -3.04 V/

based soli!- electrolytes are great alternatives for liquid electrolytes that can potentially

lead to ﬂeﬁy storage devices and provide light-weight battery packs [*). However,
. W I s .

low ionic Sonductlon within the bulk polymers and across the electrode-polymer interfaces

limits the Qcharge and discharging capabilities in polymer batteries!'*'"). Tremendous

efforts hav made in improving the ionic conduction and enhancing the electrochemical

performarw lithium-polymer cells by adjusting chemical composition '*"*!, modifying

[14,15]

the molecular stfctures of the polymer backbone , using hybrid solid/liquid electrolytes

(16171 and_alj ent of composite polymer electrolytes ™. However, the slow
electrocheii inetics of solid-state electrolytes still limit their performance in Li-metal
batteries (m

Over t de, there have been tremendous efforts to increase the ionic conductivity in
polymer ytes. Creating composite polymer electrolytes (CPE) by using nanomaterial
additives such as AlL,O; [19’20], TiO, [21’22], Si0, [23’24], and carbon nanotubes (CNT) (23] hag
been shom effective in improving the electrochemical performance by changing the
crystallini @ 1e polymer backbone and increasing the dynamics of cations through
intersegme tions among the polymer chains. However, the low bulk ionic conductivity
and thtransport of Li" ions across the interfaces with electrodes still prove to be
limiting fd€tors.

Improve if¥ the molecular interactions of additives with the host polymer are key to
boost @E conduction in polymer electrolyte. A recent report by Liu et al. *® have
shown that the @€dition of Lig33;Lagss7Ti0Os (LLTO) nanowires in polyacrylonitrile (PAN)
resulted in facile pathways for Li" ion conductivity on the surface of LLTO nanowires

through the polymer matrix. In order to maximize the molecular interaction between
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nanofillers and the host polymer chains and to alter the strength of Li" binding with the

neighboring anions, the addition of two-dimensional (2D) materials with the highest surface

area offerSjmising opportunities. Interestingly, the utilization of two-dimensional

1. ® have shown that by adding

materials e electrolytes has been scarce. Wu ef a
0.9 wt.% saphene oxide (GO) nanosheets to polyacrylonitrile (PAN) the ionic conductivity
can reach gl <M * S.cm™! at 30 °C, which is one order of magnitude higher than that of the
filler-free olymer electrolyte. Yuan et al.®® grafted GO nanosheets into poly(ethylene
oxide) (PWepor‘ted an ionic conduction as high as 2 x 10° S.em™ at room temperature,
but the area! csacity was low (~0.17 mAh.cm?®). Ye et al. **! designed a PEO-based
compositiﬁr electrolyte by using ionic liquid-functionalized graphene molecular

brushes t i 1.5 x10™* S.em™ at 60 °C. In another report, Shim et al. ®” produced a

porous smtroly‘[e membrane of poly(vinylidene fluoride-co-hexafluoropropylene)

(P(VdE with functionalized boron nitride nanoflakes (BNNFs) to increase the

uptake of li lectrolyte. However, the major drawbacks of these polymer composites
have been either the lack of room temperature high cycling performance or the utilization of
flammabl&{organic liquid electrolytes as one of the main constituents of their composite

material.

In this t show for the first time that nanosheets of black phosphorous (BP) can

induce sl e conductivity at room-temperature in polymer electrolytes with modest
cycling p€rformance against Li metal and conventional cathodes. Recent efforts by the
authors arm have shown that BP nanosheets have extraordinary low energy barrier for
ion mo% the [100] direction ®'¥1. It was shown that the unique puckered structure
of BP nanos provides anisotropic ion diffusion in zigzag edge, resulting in a highly
selective ionic transport properties *2\. In the present work, it is shown that the incorporation

of passivated BP nanosheets can effectively trap the anions, and therefore, reduce the
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coordination number of ethylene-oxide (EO) groups and TFSI” anions around Li" ions within
the composite polymer electrolyte (CPE). The adsorption of the LiTFSI molecules at the BP

surface weiﬁ the bond length of N and Li atoms and, therefore, promotes the dissociation

of Li" ion ithium salt. This work demonstrates that the designed CPE delivers high
4+ . [ T o

Li ion c<sduct1v1ty comparable to organic liquid electrolytes. Lower overpotential in these

composite@ﬂytes is correlated to availability of undercoordinated Li" ions close to the

interface w metal. Additionally, the long-term stability of the CPE is improved for over

550 A cycwnst Li||Li electrodes and demonstrated a great rate performance of up to 3C

at room temperajre against Li||[LFP electrodes.

2. Compogmer electrolyte synthesis and characterization

The semi- ve nature of BP nanosheets could be a potential impediment to their use in
battery 3@18 B4 As such, the first step in designing BP nanosheets composite

electro sure that these nanosheets are electronically insulating to prevent the short
circuit o y 3% The band gap of BP nanosheets is thickness dependent, and
monolayer BP nanosheet has a direct band gap of ca. 2.0 e} comparing to bulk BP with the
value of CMV 371 Therefore, different methods to tune the band gap and passivation of
BP nano @ ere explored. Ryder et alP®® performed covalent aryl diazonium
functionalizati f exfoliated BP nanosheets. They have shown that this chemical process
forms ;ﬁcarbon bonds and produces passivated BP flakes. Controlled passivation of
BP nanMs also reported in other articles 39421 Kuntz et al. ! used high purity O,

and H,O mﬂe site selectivity for oxide and hydroxide formation on basal surface and

edge site nanosheets. Therefore, controlled passivation plays a significant role to keep
the integrity nanosheets crystal structure and corresponding properties simultaneously.
Ding et al. " performed molecular dynamic (MD) simulation to study the stable

THIS ARTICLE IS PROTECTED BY COPYRIGHT. ALL RIGHTS RESERVED.
5



WILEY-VCH

configurations of BP nanosheets after passivation. They have shown that different

arrangements of oxygen atoms and hydroxyl groups on BP can tune the band gap.

In the pre k, controlled passivation of BP nanosheets was performed to improve the

structural the BP nanosheets upon exposure to other chemical components and
N

increase tlSir corresponding band gap up to 4.3-8.6 eV 1*'“**|. Figure 1(a) and Figure S1 show

the transmfiSsion@lectron microscopy (TEM), corresponding EDS spectrum and atomic force

microscop ) images of the exfoliated BP nanosheets demonstrating that the nanosheets

SC

of over ca! in lateral size and thickness of 1-8 nm were achieved. The authors believe

that the large eff@ctive surface area of the BP additives enhance the interactions with Li salt

d

and incre i" ions transport. X-ray photon spectroscopy (XPS) was used to study the

n

structural of the BP before and after passivation (Figure 1(b) and 1(c)). The presence
of Au andme overall survey of BP crystal is mainly due to the manufacturing processes
which alloy and it is not present after the BP is exfoliated [43] (Figure 1(b)). In
addition contamination is also detected in the BP crystal which disappears after the

exfoliation. The signal for C is mainly related to the contamination from sample holder and
atmospherm:hemical state of pristine and passivated BP nanosheets was probed with
core-level @ d P2p. The core electron binding energies of phosphorus 2p electrons is
shown in Fi ¢). The results presented in Figure 1(c) indicate a doublet peak at ~128 eV,
which ﬁnvoluted into two binding energy signals P2p3 /zand P2p1 /, at 127.8 eV
and 128.6 gl crystal respectively. These peaks are respectively shifted to 127.7 e}V and
128.4 eV mom e exfoliation of BP, owing to the partial charge accumulation of non-

condu: ace. Moreover, Ols signals are centered at 529.7 and 529.4 eV in BP crystal
and passivate spectra in Figure 1(c), respectively. The passivated BP induces an explicit

shoulder at 531 eV, suggesting the surface oxidation of the BP with multiple bonding states of

dangling and bridging oxygen bonds compared to that of bulk crystal. Furthermore, the P2p
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doublet of the passivated BP, which is exposed to H,O oxidant agent, is resembling the 2p

peak signals of passivated BP nanosheets and suggests their structural integrity [***7),

A sample mof the synthesis procedure for BP/CPE is shown in Figure 1(d). Ternary

polymer
I .

(TEGDME)/1-Ethyl-2,3-dimethylimidazolium  bis(trifluoromethylsulfonyl)imide (EMIM-

containing poly(ethylene oxide) (PEO)/ glycol dimethyl ether

TFSI) andffithiumM bis(trifluoromethanesulfonyl)imid (Li-TFSI) as lithium salt and passivated

BP nanoshgetsgwas developed in this study. Different concentrations of passivated BP

nanosheetwbeen used in the synthesis of nanocomposite polymer electrolyte. The

samples arelEd as CPE-OP for polymer with no BP, and CPE-0.05P, CPE-0.1P, CPE-

0.5P, CP E-2P for 0.05, 0.1, 0.5, 1, 2 wt.% of passivated BP nanosheets additives,
<

respectiv ental mapping of C, F, O, S, and P is shown in Figure 1(e). The

compositimnution of carbon (C) atoms primarily arises from the ethylene oxide groups

of the kbone. Similarly, the density maps of fluorine (F) and sulfur (S) indicate a
uniform__ds ution of their two sources of the 1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM-TFSI) and Lithium

bis(triﬂuow‘msulfonyl)imide (Li-TFSI) salts. Finally, the phosphorus (P) density map

is a result @ assivated BP nanosheets additives and oxygen (O) is a common element in

all the elec omponents which are equally distributed throughout the sample, indicating
that th osite electrolyte is homogenously synthesized.

Aut
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Figure 1. P % of the nanocomposite polymer electrolyte with passivated BP nanosheets additive.

(a) TE i f the BP nanosheets, (b) Survey XPS spectra and, (c) High-resolution XPS spectra of the
P2pand O 1s of the pristine BP crystal and passivated BP nanosheets, (d) Overall synthesis procedure.
Inset: P

he developed electrolytes. From left to right: CPE-OP (no additive), and nanocomposite

polymer electrolytes with 0.05, 0.1, 0.5, 1, 2 wt.% of passivated BP nanosheets, (¢) SEM image of the 0.5 wt.%

with the co img EDS mapping.
3. Electrl evaluation

The first to quantify the optimum concentration of passivated BP nanosheets in the
polym - Tigure S2 shows the ionic conductivity of the CPEs with different
concentra passivated BP nanosheets. The highest ionic conductivity occurs in CPE-
0.5P. Intenests , the value of the ionic conductivity drops down to 8.1x10™ S.cm™ at 25 °C
upon adgs wt.% or higher quantity of passivated BP nanosheets into the electrolyte which

is likely due to @gglomeration of passivated BP nanosheets through the polymer host. This
behavior was also observed in other composite electrolytes where optimum amount of

organic/inorganic additives are needed to improve the ionic conductivity beyond which the
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performance drops *%. In the next section we showed that the rheological behavior of the

samples can explain the optimum ionic conductivity due slight increase in shear modulus of
the CPE- d‘ ber electrolyte. Other possibilities for having an optimum value of ionic

conductiv e possibly due to higher concentration of electrolyte additives. This

N . . . .
phenomer!n can lead to aggregation of passivated BP nanosheets, resulting excessive

number o(inTbilizing anions. The aggregation behavior of inorganic and organic

[51-54]

electrolyte additives has also been reported before . For example, Yuan et al.*®

'd 8

developed a PEO-based solid polymer electrolyte with graphene oxide nanosheet additives

-

for Li" ion battefies. A significant reduction of tensile strength and ionic conductivity was

observed IEjing > 1 wt.% of graphene oxide additives. The aggregation of graphene

oxide addai s related to be due to their close proximity and high tendency to reduce

surface erf@rgy °*. Similar observation was reported by Polu et al. > who studied the effect

a

of TiO, nanoparticles on structural, thermal, mechanical and ionic conductivity of PEO-based
solid polymer electrolyte. They showed that when TiO, content was increased > 8 wt. %, the
ionic c&/ decreased from the maximum value. This behavior was attributed to the
TiO, aggrSation and reduction its miscibility in the polymer matrix °°!. While TEM imaging

of phosphgnosheets distribution in gel polymer electrolytes containing salts and ionic

liquid wou challenging due to beam sensitivity, future cryogenic-TEM studies or other

h

imaging tS8ehniques can be pursued to study the possible agglomeration of BP in polymer

electrol

L

rtain concentrations. Therefore, CPE-0.5P was chosen as the optimal

concentration ofy passivated BP nanosheets and was compared to CPE-0.1P as a

Ui

demonstrati ow ion conductivity electrolytes. Both electrolytes were compared to CPE-

OP for fu ectrochemical studies. Figure 2(a) shows the ionic conductivity of the CPE-

A

0P, CPE-0.1P, and CPE-0.5P electrolytes as a function of temperature and their

corresponding Nyquist plots at 25 °C. Our data analysis pointed out that the ionic
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conductivity has increased from 5.9x10* S.em™ in CPE-OP to 1.2x107 S.em™ and 2.4x107

1

S.em™ in CPE-0.1P and CPE-0.5P composites, respectively. This improvement in ionic

{

conductivi gests that the addition of passivated BP nanosheets facilitates Li" ion

transport polymeric network during charge/discharge processes. Considering

[
Arrheniusgplots in Figure S3, one can measure the activation energy of the Li" ions transport

through polymemelectrolytes **°%. Figure S3 demonstrates a deflection in the slope of the

G

graphs. Th ection indicates the phase transformation from solid state to viscous gel

S

57581 The e,4wo values of activation energies (E, E,) were calculated and summarized in

Table S1. As shOwn in Table S1, activation energy at -5 to 25 °C (E,) decreases from ca. 0.57

U

eV in CPE- a. 0.42 eV after adding BP additives (CPE-0.1P, CPE-0.5P). This indicates

M

that BP ad@litisesscan effectively lower the activation energy of Li" ions transport by ca. 25

%. Activg orgy is even lower for CPE-0.5P at the temperature range of 35 to 65 °C

d

(E'a,CPE el rather than CPE-0.1P and CPE-OP with the values of about 0.29 eV.

The lower actiga@fion energy at higher temperature is due to the lower ionic resistance in the
electrolyte and the electrode/electrolyte interface. These values are in agreement with other

reports & ¢

or

Investigat @ electrochemical stability window (ESW) of the developed electrolytes
provides g information about the oxidative electrochemical stability of electrolytes over a

determi range **). As shown in Figure 2(b), the onset of change in current appears

at about gb =Vs. Li/Li") and then a significant peak emerges at about 5.5 V' (vs. Li/Li"). This

is a clear indicati@n of the oxidative degradation of the polymer network [°“*", Meaning that,
all devel ectrolytes have good electrochemical stability up to 5 ¥ (vs. Li/Li"). This is
considerably cient to guarantee the safe operation of almost all lithium ion battery

chemistries. It should be noted that there is a minor current peak starting at about 4.1 V' vs.

Li/Li". The electrical current attributed to this behavior is as high as 0.015 mA and is about 1
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% of the maximum current that occurs at about 5.5 ¥ vs. Li/Li". This phenomenon could be
due to electrolysis of trace humidity in the system which could be trapped into the electrolyte
during synthesis and assembly. It is known that water electrolysis occurs at ~+1.23 V vs.
standard hydrogen electrode (SHE) ). Considering that standard electrode potential of Li

oxidation/reduction is ~ -3.02 ¥ vs. SHE (!, the water electrolysis happens to be ~ +4.25 V

vs. Li/Li" ?agrees with our observation. Similar observation was reported at about 4.3-4.6
V vs. Li/Li’, which is ascribed to the electrolysis of remainder of trace trapped humidity in
the systemv[“’éj This wide ESW allows efficient charge transfer without limiting the cell
voltage which allgws delivering higher specific energy densities [°°**]. Interestingly, the peak
area decre&er adding BP nanosheets. This could be a consequence of less aggressive

decomposii actions which may spike at higher voltages. This observation is in

agreemenmpons of Xi et al. ') and Hu et al. " where the addition of mesoporous

nanos mer networks was shown to exhibit excellent electrochemical stability. It is

worth notin ESW of the polymer electrolyte is closely related to chemical and
morphological aspects of the host polymer. Armand 7 showed that in general, the limited
ESW is due to degradation of polymer chains and decomposition of the anion in the
electrolyﬁ@ver, the value of ESW is affected by different interactions between the
polymer ch3e, lithium salts and other electrolyte additives [">"*!. Using different Li-salt
chemistrie8, and electrolyte additives can immobilize and electrochemically inactivate the
negativMWhich leads to an increased value of electrochemical stability. Zhu et al.
52 reported a hi; ESW of up to 5.4 V vs. Li/Li* with PEO@nano-SiO, composite polymer
electrolyte. ehavior was explained by anions absorption by SiO; nanoparticles to
decrease osition at the cathode side and increasing the polymer oxidation resistance.

74]

Similar study has been performed by Park et al. ", which demonstrated that the difference
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of surface group arrangements of Al,Os; additive to PEO can change the ESW of the

composite electrolyte and reach the value of ca. 5V vs.Li/Li™.

In order tm effect of BP nanosheets on the polymer electrolyte in more details, the

transferen
H I

number s&ws the fraction of the Li' ion motions through the electrolyte in a media

was measured through electrochemical techniques 7). Transference

containingfhigh @pncentrations of anions and cations. Therefore, measuring and monitoring

77791~ As shown in

this value m:ry important factor in developing new electrolytes

Figures S d Table S2, the transference number of the polymer composite increases

from 0.18 for C;E-OP to 0.32 for CPE-0.5P. Therefore, the incorporation of BP nanosheets
can effectd crease the Li' ion motion through the electrolyte and improves the

electroch roperties. However, it should be noted that other ionic species may

~

participate in ion conduction properties besides Li ions and limit transference number.
v w

Howe ors believe that there is still a room to address this challenge and improve

the Li" ions transport.

In addition to other electrochemical tests, confirming that the electrical conductivity (EC) is

considerably lower compared to ionic conductivity is one of the fundamental requirements of

adverse effects on the insulative nature of the polymer network *°2°, the representative EC

an electro confirm that the addition of passivated BP nanosheets does not introduce

plots withﬁolari’ition voltage of 1 V are displayed in Figure 2(c). Electrical conductivity of

the develgtrolytes has been performed by DC polarization tests for the symmetric
s

stainless- L blocking electrodes. The calculated EC for CPE-OP, CPE-0.1P, and CPE-

0.5P re@@idedlhs 7 X 107°,3 x 107°, and 2 x 107° S.cm™. This test was also repeated with 5
mV applied potential to minimize the effect of voltage perturbation to the electrolyte (Figure

S7 and Table S3). Both sets of results confirm that the electrical conductivity of the samples
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is approximately 10° times lower than the ionic conductivity, offering a safe network to
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Figure 2- Electro#:mical evaluation of the developed electrolytes. (a) lonic conductivity as a function of
temperature for CPE80P, CPE-0.1P, and CPE-0.5P. The inset graph shows the Nyquist plots corresponding
samples at 2542

Linear sweep voltammetry showing electrochemical stability window, (c) Direct current

polarization easure the electronic conductivity of the developed electrolytes.

Galvanos@ing of a battery against symmetric non-blocking electrodes (Li metal) is a
prelimi itical measure in studying the electrochemical capabilities of the developed
chemistr electrolytes. This test allows studying the overpotential () values at
different current densities and cycles. The symmetric behavior of the voltage-time profile

ensures a Mneous current distribution on the electrode surface and is a good indication

of controution of solid electrolyte interphase (SEI) layer *°!. This will ultimately

result in a Coulombic efficiency and longer-life cyclability ", The overpotential ()

wectly proportional to charge transfer resistance at bulk electrolyte (R.),

electrode/électrolyte interfacial resistance (R;,.) and the applied current (/). This correlation is

shown as follo§§Equaﬁon 1) 782,

Ne =1 =R T+ Ry - 1 (1)

where the 1, 1, Nine. and I indicate the total, bulk electrolyte, interface overpotential, and

the applied current to the electrochemical cell, respectively. It is well-known that the drastic
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changes in overpotential values is a result of non-uniform and unstable solid-electrolyte

interphase (SEI) layer that forms on the surface of lithium metal anode upon cycling .

Usually, as EI layer becomes thicker at the electrode/electrolyte interface, the electronic

conducta ectrodes decreases due to its insulating nature ™, Figure 3 shows the
H ) ) . . .

voltage prsﬁle of the Li||CPE]||Li cell configuration at different current densities of 0.05, 0.2,

0.5 and wz. The average value of overpotential at 0.05 mA.cm™ for CPE-OP
E_

(nmean,CP s 120 mV, which is slightly higher than Nmean,CPE—0.1P and Nmean,CPE—0.5P

(Figure 3 eneral, no significant differences can be observed at low current density of

0.05 mA.cm'i. 50wever, Figure 3(b) shows that there is a gradual increase in the

nmean,cpicm 200 mV at 150 4 to 300 mV at 500 &, suggesting that the resistance of the

lithium d iwignA increases in CPE-OP. Similar behavior was observed for CPE-0.1P, where
the nmean jumped to 350 mV after 500 i while keeping the symmetric shape of the
graph. the Nmean,cpE—0.5p Maintained constant value of less than 250 m ) in a time
period o at 0.2 mA.cm™, suggesting that the energy barrier of transferring cations
across the interface decreases compared to other counterpart electrolytes *. Similar but

more signhverpotential changes were observed for the higher current densities of 0.5

and 1 mA gures 3(c) and 3(d) display prolonged cycling tests of CPE-OP and CPE-
0.5P at cu s of 0.5 and 1 mA.cm™. The Nmean,cPE—op at 0.5 mA.cm? is 430 mV in the
initial ﬁieaches 280 mV after the 550 4 which is higher than that of CPE-0.5P

electrolyt!with the value of 59 mV. Meanwhile, CPE-0.1P showed a relatively lower voltage

polarizati s compared to CPE-0P, it reached to 260 mV after 550 & cycling at 0.5

mA.cm< (Figure
3(¢))- Nmean,cPE®Mp~915 MV > Nmean,cpe—01p~310 MV > Nmean,cpe-0sp~215mV  at 1

mA.cm™ after 550 cycles was reported in Figure 3(d). This is possibly due to the formation of

electrochemically inactive species at the electrode/electrolyte interface and thicker SEI layer

THIS ARTICLE IS PROTECTED BY COPYRIGHT. ALL RIGHTS RESERVED.
14



WILEY-VCH

#8] This will change the initial concentration of free cations within the

upon long cycling |
CPE-0P resulting in more drastic changes in overpotential. Overpotential test for CPE-1P at
high current density of 1 mA4.cm™ was also performed to compare with CPE-OP, CPE-0.1P,
and CPE- own in Figure S8, voltage profile of the CPE-1P shows a fluctuating
behavio-r Eﬂse of 450 h and reach to > 1 ¥ vs. Li/Li" at some time intervals. The
average o tial value of CPE-1P at 1 mA.cm™ over 450 h is ~560 mV which is higher
than the a\gverpotential value of CPE-0.1P (~310 mV), and CPE-0.5P (~120 mV) at the
same conwr he authors believe that this behavior is possibly due to the non-uniform

distribution OE 5 at high concentrations thorough composite polymer electrolyte, leading to

variable ele mical interactions of Li" ions with the polymer matrix. It is worth noting
that the c

at 1 mA.cm™ showed a slightly lower overpotential than the cell cycled at

0.5 mA.cm about 350 cycles. The cycling tests are possible to undergo some minor

changesgdnadifferent cell assemblies. However, the overpotential values increase more
significantl mA.cm™ after 350 cycles, confirming more aggressive electrochemical

conditions at higher current densities and longer cycles. This behavior was further confirmed

by studyivs the interfacial resistance before and after 300 cycles. Figure S9 demonstrate that
the total ransfer resistance value of CPE-OP increased from 746 to 918 Q.cm™.
Interestingly, the total charge transfer resistance value of CPE-0.5P slightly decreased from

F

317 to 216 Q.cm™ without any parasitic reactions (see Figure S9 and Figure S10). Besides,

||
the rheological tests demonstrate the decrease in viscosity of polymer electrolyte by the

addition of BP nanosheets (see detailed explanation in the following section). The decreased

l

viscosity leads to better electrode/electrolyte contact and facilitate the Li" ion transport at the

)

interface. In addition, the molecular dynamic simulations that are discussed in this paper
|
further confirm that the BP nanosheets increase the carrier ions (Li') at the

electrode/electrolyte interface. In addition, no dramatic overpotential deflections were
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observed in any sample at any current rates for all samples, indicating that the batteries can

be safely used without any short circuit within the tested timeline.
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Figure 3. E:nical overpotential studies of developed CPEs against Li metal. Time evolution of the

potential a urrent densities in symmetrical lithium cell (a) 0.05 mA.cm?, (b) 0.2 mA.cm?, (c) 0.5

mA.cm, mA.cm . Note that the y-axis scale might be different for demonstration purposes.

4. Li" ion transport mechanism
To further understand the mechanism of improved electrochemical behavior upon the

addition of 2D nanosheets, the association of the ions in polymer backbone was investigated.
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As discussed by Rey et al. *® and Edman *”), FT-IR and Raman vibrational spectra indicate
the formation of Li"-TFSI ion clusters and dissociated ions in the range of 730-750 cm™. The
FT-IR an n signals consist of two peaks at 740 cm ™’ and 746 ¢m ™', which are assigned
to the dis j@ns and ion-pairs, respectively in accordance with other reports 5%,
These ;esm attributed to intramolecular vibrational modes of TFSI' anions, which
implies thes tr ort of Li" ions through salt dissociation ***”. Since the peaks are
normalizem:spect to the CH;-scissoring vibration located in the frequency range 1425-
1510 cm"wgntiﬁcation of peaks could be a good indication of the importance of BP
additives 1n the portion of dissociated ions in the electrolyte. More details on peak analysis

are plrovi(ﬁl Methods section. As shown in Figures 4(a) and 4(b), upon the addition of

passivate osheets to the polymer electrolyte, the intensity of IR absorbance and

Raman smrease progressively by adding higher concentration of passivated BP

nanos ntify the proportion of intact ion-pairs and dissociated ions, deconvolution

analysis has erformed in the same frequency range. According to FT-IR data (inset bar

chart in a)), the degree of dissociated Li" ions increases from 71% in CPE-OP to
89% and @4% in CPE-0.1P and CPE-0.5P, respectively. The quantification analysis using
Raman son confirms the observed enhancements of dissociated ions (Figure 4(a)).
The slight ences in the FT-IR and Raman analyses reports could be attributed to the data
collectiongéociated with different vibrational modes and energy levels. Overall, the results

obtaineM—IR and Raman experimental measurements confirm that the addition of

passivated BP ;nosheets results in higher ionic mobility by increasing the ion-pair

dissociation i electrolyte. The full range FTIR and Raman spectra are also provided in
Figures for reference.

To examine the ion-pair dissociation mechanism in more detail, nuclear magnetic resonance

(NMR) spectroscopy was employed for all the samples to understand the interactions among
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Li" ions, passivated BP nanosheets and polymer host as shown in Figure 4(c). The "Li-NMR
signal shows a downfield shift of 1.23 ppm for CPE-OP to 1.02 and 0.96 ppm in the presence
of pass#nanosheets for CPE-0.1P and CPE-0.5P, respectively. This observation is
proposed & the changes in the EO-Li" and [(CF3S0,),N]~ — Li* coordination upon
additio: osmnosheets. This hypothesis is confirmed with MD and DFT simulations later
in this paper, Which show that the BP nanosheets provide uniform distribution of ionic
species tth electrolyte and the electrode/electrolyte interface and entrap the Li" ions
on the B . This behavior could also be attributed to an increase in the amorphous
portion ofﬁymer host and the anion trapping in the presence of nanofillers !, To
further un& if the passivated BP nanosheets have any contribution in the degree of

crystallini polymer host, differential scanning calorimetry (DSC) was carried out to

determines transition temperature (T,). T, represents the temperature in which the
polym do not have enough energy to rearrange, and therefore, they form a glassy
matrix %% ¢ 4(d) shows that the T, of all the CPE-OP, CPE-0.1P, and CPE-0.5P is ca.
-73 °C which implies that there is no significant change in crystallinity of the CPEs. Thus, the

enhanced @on conduction and outstanding electrochemical properties are not a result of

amorphiz@ the polymer backbone which is a typical explanation of effect of the

addition of (28.91]

particles to polymer matrices
Beside entioned mechanism, viscosity is another important factor that could play
a criticaﬁnic conductivity. The change in viscosity affects the ionic conductivity and
diffusion of Li" i)ns through the electrolyte . According to the fractional Walden rule,
ionic condugi and viscosity of the electrolyte are inversely related in PEO-based
electrol 2% The variation of viscosity of the developed polymer electrolyte at different

concentrations of BP additives was studied in Figure S13. As shown in Figure S13, all the

samples show near-Newtonian behavior. Interestingly, BP additives decreased the viscosity
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in comparison to CPE-OP. This result shows that BP additives lead to segmental motion of

polymer chains and facilitate the migration of carrier ions compared to pristine polymer

electrolyte =2 In brief, the authors emphasize that the change in viscosity cannot explain

the entire the increase in ionic conductivity since CPE-0.1P and CPE-0.5P both
N . ) .

have 51m1sr effect on the polymer segmental motions. However, the salt dissociation and

immobilizm)ns are more sensitive to BP concentration and determine the overall

ehavior.
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Figure 4%emical characterization of the BP-composite polymer electrolytes. ATR-FTIR (a) and
Raman (b) spectra of CPE-OP, CPE-0.1P, CPE-0.5P electrolytes. The inset bar charts quantify these portions for

each sample. (c) 'Li NMR spectra.1M LiTFSI in D,O is used as a control sample. (d) DSC of the composite
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polymer electrolytes. The dotted lines and the corresponding bar plot in the inset show the glass transition

temperature (T).

5. Compjational studies: polymer-ion and ion-ion interactions

To suppo rimental observations and validate our mechanistic hypotheses, fully
atomisfic simulations of the CPEs were performed to characterize the structure and
dynamics of p ers and ions (Figure 5(a)). To characterize the cation-anion association
dynamics P-loaded electrolytes, the continuous time auto correlation function S(t)

was charw and are displayed for Li"-TFSI pairs at different temperatures in Figure
5(b). This showed that the Li"-TFSI ion pairs relax more quickly in the BP-loaded
electrolytes 1n comparison to BP-free electrolytes at all temperatures, suggesting lower ion
pairing or@whigher count of dissociated ions. Similar trend was observed for EMIM -TFSI
ion pairs 48 w in Figure S16. These findings demonstrate that the addition of passivated

BP nanosheets increases the relaxation rate of ion pairing in polymer electrolyte, thereby

increasing the erimentally measured conductivity. To further understand the interactions

of pass anosheets with the ion species through the electrolyte, the ratio of anions
(TFST') tofeations (Li +EMIM ") was studied as a function of distance from a BP nanosheet
(Figure SO shown in Figure 5(c), TFSI ions are present in significantly higher

concentrati ar (<5 A) the passivated BP nanosheets in comparison to the cations in the

system. Tss, it is clear that the addition of BP nanosheets sequesters the TFSI™ anions in the
electrol“g to a decrease in ion pairing in agreement with the experimental results of
FT-IR and@ spectra (Figure 4(a,b)).

To study the ct of BP nanosheets on the structural and dynamic properties of the
electro the solvation of Li" ion at the Li metal interface, the spatial distribution of Li"
ion density and the solvation structure near the metal wall interface was examined in Figure

5(d). The normalized Li" ion number density (w.r.t. bulk) as a function of the distance from
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interface for BP loaded and BP-free electrolytes is presented in Figure 5(e). The density
profile of Li" ions displays a strong peak in the interfacial zone compared to the bulk system,
similar to orted for a neat PEO-LiTFSI electrolyte . However, the presence of BP
nanosheet iilge lower concentration gradient of Li" ions near the interface (up to ca. 6
A), thus- n‘!morm distribution of ionic species is expected through the electrolyte and the
electrode/clgctrayte interface. In general, the aggregation of anions and cations could
potentially to the formation of a double layer close to the electrode surface. The
formation isdouble layer can introduce an ionic transport resistance over this boundary
layer %, \@diminished by adding BP nanosheets. Moving away from the interface, Li"

ion concentration approaches the bulk value for both the BP loaded and BP-free electrolytes
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Figure 5. ational studies of the CPE with BP nanosheets. (a) Schematic of the transport

mechanism electrolyte. (b) The continuous time correlation function for Li*-TFSI™ ion-pairs. The
solid and dashed lines represent BP-free and BP loaded electrolytes respectively. (¢) Cumulated number

of available TFSI ions per cation as a function of the distance away from BP nanosheets. (d) Equilibrated

structure of the Li metal/electrolyte interface, (¢) Partial density of Li" as a function of distance from the
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Li metal/electrolyte interface, (f) The most stable configuration of LiTFSI (left) and LiTFSI on the BP
(right) as obtained in the present DFT calculations. The adsorption energy is equal to -0.612 eV, and the

bond lenw the N atom and the Li atom is 2.1 A, (g) DFT results showing adsorption process of

LiTFSI to ¢ face, and (h) the corresponding adsorption energies.

ConsisfnfSWHHe observation on Li" ion density profiles, in the interfacial regime (r<10 A),
the coord*number of Li" ions around TFSI ions and EO chains decreases upon
addition oaated BP nanosheets to the electrolyte (Figures S17, S18). This reduction in
coordinatiWer indicates that the BP nanosheets promote breaking of ion pairs at the
electrode/ e interface and reduce the resistance at this region which is in agreement
with our ogtial data (Figure 3).

In order tg;nderstand the Li* — TFSI~ dissociation mechanism in more detail, the binding

energies I to a single BP nanosheet surface were calculated using density functional

theory (DFT). The optimized LiTFSI molecule together with the optimized BP nanosheet is
shown

in F 1g§
possibi

geometriegf LiTSFI adsorbed at BP nanosheet surface. Two possible adsorption geometries

18. Owing to the specific structure of BP nanosheet, there could be several

1TFSI adsorption configurations. Figures S19 show results of optimized

were foanamed as vertical (Figure S20(a-c)) and horizontal (Figure S20(d,e))

structural ration of LiTFSI salt near BP nanosheets. The horizontal adsorption
structures!ave more negative adsorption energy than the vertical ones, meaning more stable
structuer, eventually this structure leads to the entrapping of Li" ions on the BP
surface. The defAghment of Li" ions from the TFSI” anion with further insertion between BP
arms leads to ry stable P-Li bonding **!. Considering the present MD and experimental
findingS} rizontal configuration will not be considered in this study. In the most stable

vertical adsorption, the Li atom moves away from the equilibrium position with increase

bond length to 2.1 A comparing to 1.95 4 in the equilibrium structure (Figure 5(f)). This
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clearly demonstrates that the adsorption of LiTFSI molecule at the BP surface leads to the

reduction of interactive force between the N atom and the Li atom, which subsequently leads

{

. —t .
to dissocia Li ion.

Followin igs presented in Figure 5(f), the adsorption energies of LiTFSI at different

[
distances @gway from the BP surface were calculated for most stable vertical configuration

(NEB calcgdatiams). Figure 5(g) shows the DFT results of this adsorption process depicting

C

atomic st and corresponding adsorption energies in Figure 5(h). Interestingly, the

S

LiTSFI m leMoes not interact with the BP nanosheet surface up to 8 4, where adsorption

energy is ca However, below 8 4 from the surface adsorption energy starts to fall with

U

a visible int ion at 6 4. This is in accordance with our MD simulation which shows a high

1

concentra ions trap near the BP nanosheets.

6. Cyclin ance

d

Figure ows the capacity-efficiency vs. cycle number of Li||CPE||LFP at constant

charge/di ge current density of 140 mA.g” under a voltage range of 2.5-4.2 V vs. Li/Li"

M

(Figures 6(a-f)). As demonstrated, the Li||[CPE-OP||[LFP shows high overpotential value of an

I

average 1) 2ppl 500 mV upon long cycling. In contrast, the voltage hysteresis drops to an

average d mV in CPE-0.1P and CPE-0.5P, which corresponds to facilitating the

lithiation lithiation processes due to uniform distribution of ionic species at the

electro e interface and reducing the ion transport resistance upon the addition of

uth

BP nan (1264 This observation agrees with our simulation results at

electrode/ e interface. Figure S21 summarizes the voltage polarization of the

develo trolytes at different cycles in half-cell Li|[LFP cells. Moreover, the CPE

A

exhibits over capacity retention upon the addition of passivated BP nanosheets to the
electrolyte that is significantly higher than the CPE-OP with the capacity retention of ca. 30%.

This behavior is due to the higher conduction of Li" ions in the presence of passivated BP
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nanosheets and formation of a protective layer on the electrodes during cycling to avoid

[13.1001 "1t should be noted that, in the samples with BP additives, the

parasitic reactions
passivation of BP nanosheets may have not been fully performed and very minimal amount
of as-synthesized BP nanosheets may have been participated in the side reactions and
- ————
lowering the Coulombic efficiency slightly. Galvanostatic cycling of Li||CPE||LFP cells was
performedat dififerent current densities of 14 mA.g”" and 28 mA.g”" as shown in Figures S22-
S23. As cgen clearly, BP additive improves the electrochemical performance of the
CPE by iw the capacity retention. The mean value of Coulombic efficiency remains
99.4% of a sample types, showing that the developed electrolytes demonstrate good
electrochemy ability over 50 cycles. It can be observed that in the sample with no BP
additive, &city of half-cell Li||CPE-OP||LFP shows a continuous fading trend in all
cycling rms behavior could be due to high charge transfer resistance resulting in
sluggis@ in the CPE-OP configuration "°"'%1. The exact chemistry of sluggish

reactions is not known very well and deep chemistry studies are required. However, polymer

I\

decomposition may occur at long cycling conditions and lowers the Coulombic efficiency.
Additionas, the electrolyte/electrode interface may face a higher resistance over long
cycling as ed earlier, which decreases the ability of the CPE-OP electrolyte to keep a

steady capa at long-term cycles. Although BP nanosheets cannot completely impede the

]

parasitic reactions, the optimum concentration of that can minimize the capacity loss and

- =
improve long term performance as can be understood from Figure 6, and Figures S22-S23.

AU
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Figure 6- acity and efficiency vs. cycle number of the Li||CPE||LFP for developed electrolytes at 140

q

mA.g'l at 258 arge—discharge curves of CPE-OP (a), CPE-0.1P (b), CPE-0.5P (c¢) with different

d

composite i The corresponding cycling performance and Coulombic efficiency are displayed in

Figures 0 , respectively.

M

To ex clability of the CPE at different current densities, the rate performance of
the electrolytes was monitored (Figure 7). The Li||CPE-0.5P||LFP exhibits good capacity
retention ate cycling condition. While the CPE-OP sample retains only 10% of the

initial cap a) 420 mA.g", the CPE-0.5P exhibits 80% capacity retention at this current

or

density. T, clear indication that the BP nanosheets play an important role in boosting

h

{

the rate pgrformance of batteries. Moreover, in the case of polymer electrolytes containing

lower co gon of BP nanosheets (CPE-0.1P), although the capacity reduced to 35-45

U

mAh.g”! a A.g", by decreasing the current density to 14 mA.g” after 60 cycles, the
g Yy

battery, ined its initial capacity and cycled very stable. This observation indicates that

/A

cycling at high Current densities does not damage the electrodes and the poor capacity

retention is due to low ionic mobility within the electrolyte. Therefore, passivated BP
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nanosheets facilitate Li" ion transport and enable the full capacity extraction at high current

densities.

180 4 @ CPE-OP
= CPE-0.1P
160 4 @ CPE-0.5P
140 { S dian 70 mAy i
120 4 e TR Baoapaasaad B0 madg
BBIRIIIRRY
Bappradayy 420 m,

£

=]
=
N

@ ‘.ﬂuahm
404

20 4

T T T

0 10 20 30 40 50 60 70
Cycle number

nu§&ﬁpt
/

d

Figure 7- E ical performance of the developed electrolytes at 25 °C. Rate capability of the CPE-

0P, CP and CPE-0.5P in Li|[CPE||LFP cell.

7. Con

M

In this article, a novel composite polymer electrolyte containing passivated BP nanosheets

I

was designed to achieve one order of magnitude increase in ionic conductivity in comparison

to BP—fre Osites. It was discovered that the passivated BP additives significantly

improve tif Tate cycling stability (up to 420 mA.g”"). The addition of 0.5 wt.% BP effectively

i

decreases ghe cyghing overpotential values to one-fourth over a prolonged cycling of 550 4 at

t

1 mA.cm” lar dynamic studies of Li" ion density profiles and coordination numbers

U

in the int zone suggest that adding passivated BP nanosheets results in lowering the

tenden: -pair formation. Moreover, the BP nanosheets facilitate the Li" ion diffusion

A

through bulk electrolyte by aggregating TFSI" anions and EO groups near their surface.

Density functional theory calculations confirmed that the adsorption of the LiTFSI molecule
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at the BP surface increases the bond length of N and Li atoms promoting the dissociation of

Li" ion from Li salt. These new findings provide a novel platform to incorporate 2D materials

by e

in design -conductive polymer electrolytes for rechargeable LMBs.
Supporti tion
N

Supporting Information is available from the Wiley Online Library or from the author.

Acknowl@ts

This expeu work is financially supported by the NSF Award number 1620901. The
authors a%dge the characterization facilities provided by University of Illinois at
Chicago, @ Resources Center, Electron Microscopy Core and KECK-II facilities of
NorthwesEversity’s NUANCE Center. The molecular dynamics simulations reported

F1599), a

in this work funded in part by grants from the Robert A. Welch Foundation (Grant
mational Science Foundation (CBET-17069698 and DMR-1721512). The

author owledge the Texas Advanced Computing Center (TACC) for computing
resour 1s research also includes calculations carried out on Temple University's HPC
resources and thus was supported in part by the NSF through major research instrumentation
grant nurhS%l and by the US Army Research Laboratory under contract number
WOIINF @ 89. We thank Prof. Luciano T. Costa for clarifications on modeling lithium
metal wa authors acknowledge the financial support from the National Science
Found# CBET-1805938. In addition, we would like to acknowledge the Advanced

Cyberinfrﬁe for Education and Research (ACER) group at The University of Illinois

at Chicag - https://acer.uic.edu) as well as the National Science Foundation Extreme

Scienc<%ineering Discovery Environment (XSEDE) award no. TG-DMR180106 for
providing HP ources that have contributed to the research results reported in this paper.

THIS ARTICLE IS PROTECTED BY COPYRIGHT. ALL RIGHTS RESERVED.
27



WILEY-VCH

Contribu"ons '

R.R. and itiated the idea and designed the experimental protocols. R.R. carried out
the elec-trolge sgnthesis, FT-IR, Raman, NMR characterizations of the passivated BP and
developedwr electrolytes. R.R. and S-B. S. performed XPS tests and analysis. R.R. and
S.C. carr@he electrochemical measurements and interpretations. R.R. and A.H.P.
contributedp i exfoliation processes A.H.P. performed the TEM imaging. R.R. and
M.G.R. perfornied DSC analysis. Y. P. and M.C. provided the facilities for rheological tests
and perfom relevant analyses. S.M., B.K.W.,; V.G. carried out MD simulation. V.Y.
and F.M. Eed DFT calculations. The simulation results were discussed and written in
collaboration_with S.M., BK.W., V.G., V.Y., FM., RR. and R.S.Y. All the authors

contribute evision and discussion of the manuscript.

Referenc

[1] S. J.Q, C. Daniel, D. Mohanty, S. Nagpure, D. L. Wood, Carbon N. Y. 2016, 105, 52.
[2] ﬁ, L. Fan, X. Kong, Y. Lu, Green Energy Environ. 2016, 1, 18.

[3]  J.Mfn, T. Yim, J. H. Park, J. . Ryu, S. Y. Lee, Y. G. Kim, S. M. Oh, Sci. Rep. 2015, 4, 5802.

[4] . F:f A. Soto, V. Yurkiv, S. Sharifi-Asl, R. Deivanayagam, Z. Huang, R. Rojaee, F.

T
M , P. B. Balbuena, R. Shahbazian-Yassar, Adv. Funct. Mater. 2018, 28, 1705917 (1.
[5] K. Kerman, A. Luntz, V. Viswanathan, Y.-M. Chiang, Z. Chen, J. Electrochem. Soc. 2017, 164, A1731.

[6] J. M. Tarascon, J. M. Tarascon, M. Armand, M. Armand, Nature 2001, 414, 359.

THIS ARTICLE IS PROTECTED BY COPYRIGHT. ALL RIGHTS RESERVED.
28



(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

(24]

[25]

WILEY-VCH

W. Liu, M.-S. Song, B. Kong, Y. Cui, Adv. Mater. 2017, 29, 1603436.

L. Ling, S. Yang, M. Xiao, Y. Meng, J. Mater. Chem. A 2016, 4, 10038.
w. v. Mater. 1998, 10, 439.

EW, S. L. Wunder, ACS Energy Lett. 2017, 2, 134.

N. (%akada, L. Zhang, R. Ma, M. Osada, T. Sasaki, Adv. Mater. 2006, 18, 2226.

I. Os PDe Vries, B. Scrosati, S. Passerini, Angew. Chemie - Int. Ed. 2016, 55, 500.

Y. mo, Y. Shi, Y. Yang, Y. Hou, Y. Wu, Adv. Energy Mater. 2014, 4, 1.

R. Khurana,s L. Schaefer, L. A. Archer, G. W. Coates, J. Am. Chem. Soc. 2014, 136, 7395.

M. B1, W. Zhu, P. Zhang, Y. Chao, Q. He, B. Yang, H. Li, A. Borisevich, S. Dai, Small 2016, 3535.

R. Tm@, Y. Zhao, M. Zhang, J. Xu, J. Yang, F. Pan, ACS Appl. Mater. Interfaces 2016, 8, 31273.

M. R. Busche, T. Drossel, T. Leichtweiss, D. A. Weber, M. Falk, M. Schneider, M. L. Reich, H.

delhelm, J. Janek, Nat. Chem. 2016, 8, 1.

1e, X. Kong, Z. Liu, K. Liu, F. Shi, A. Pei, H. Chen, W. Chen, J. Chen, X. Zhang, L. Zong,

J. Wang, L.-Q. Chen, J. Qin, Y. Cui, Nat. Nanotechnol. 2019, 14, 705.

L. VOanapatibhotla, J. K. Maranas, Macromolecules 2014, 47, 3625.
ﬁsh, J. Appl. Phys. 2015, 117, 174103.
. P amilselvi, G. Hirankumar, lonics (Kiel). 2017, 23,2707.

C. g, M. Xu, Q. Xia, J. Liu, S. Zhao, L. Chen, A. Pan, D. G. Ivey, W. Wei, J. Power Sources
201 .

4& Y. Liu, H. R. Lee, P. C. Hsu, K. Liu, Y. Cui, Nano Lett. 2016, 16, 459.

N. Zebardastan, M. H. Khanmirzaei, S. Ramesh, K. Ramesh, Electrochim. Acta 2016, 220, 1.

C. Tang, K. Hackenberg, Q. Fu, P. M. Ajayan, H. Ardebili, Nano Lett. 2012, 12, 1152.

THIS ARTICLE IS PROTECTED BY COPYRIGHT. ALL RIGHTS RESERVED.
29



[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

WILEY-VCH

W. Liu, S. W. Lee, D. Lin, F. Shi, S. Wang, A. D. Sendek, Y. Cui, Nat. Energy 2017, 2, 1.

B. ﬁu, L. Wing, Z. Li, M. Zhao, K. Chen, S. Liu, Y. Pu, J. Li, J. Electrochem. Soc. 2016, 163, A2248.

M. mnan, C. Tang, H. Ardebili, RSC Adv. 2014, 4, 59637.

Yo SemblgVang, S.-G. Bi, Y. Xue, Z.-G. Xue, X.-P. Zhou, X.-L. Xie, Y.-W. Mai, J. Mater. Chem. 4

20 idsgs

J. S@Kim, B. G.Kim, Y. S. Kim, D.-G. Kim, J.-C. Lee, Energy Environ. Sci. 2017, 10, 1911.
F. )w:g, Y. Jia, Nat. Commun. 2014, 5, 1,

A. Nie, Y. Glieng, S. Ning, T. Foroozan, P. Yasaei, W. Li, B. Song, Y. Yuan, L. Chen, A. Salehi-

Khojtht; F.-"Mashayek, R. Shahbazian-Yassar, Nano Lett. 2016, 16, 2240.

2017, 29, 1350.

Y. Czhu, Y. Han, Z. Liu, B. Yang, A. Nie, W. Huang, R. Shahbazian-Yassar, F. Mashayek,

(0
0q, A. Hashmi, J. Hong, Sci. Rep. 2015, 5, 12482.

F. E Een, R. Chen, Q. Zhu, G. Tan, L. Li, Adv. Sci. 2015, 1.

J. Hassoun, R. Verrelli, P. Reale, S. Panero, G. Mariotto, S. Greenbaum, B. Scrosati, .J. Power Sources

201 hit?
S. ui, K. N. Hui, Adv. Sci. 2018, 5.

yder, J. D. Wood, S. A. Wells, Y. Yang, D. Jariwala, T. J. Marks, G. C. Schatz, M. C. Hersam,

16, 8, 597.

V. \3 E. E. Fileti, O. V. Prezhdo, ACS Nano 2017, 11, 6459.

M. T. Ed s, A. Tadich, A. Carvalho, A. Ziletti, K. M. O’Donnell, S. P. Koenig, D. F. Coker, B.
A. H. C. Neto, M. S. Fuhrer, ACS Appl. Mater. Interfaces 2015, 7, 14557.

J.Lu, J. Wu, A. Carvalho, A. Ziletti, H. Liu, J. Tan, Y. Chen, A. H. Castro Neto, B. Ozyilmaz, C. H.

Sow, ACS Nano 2015, 9, 10411.

THIS ARTICLE IS PROTECTED BY COPYRIGHT. ALL RIGHTS RESERVED.
30



[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

WILEY-VCH

A. Ziletti, A. Carvalho, P. E. Trevisanutto, D. K. Campbell, D. F. Coker, A. H. Castro Neto, Phys. Rev.

B 2015, 91, 085407.

T

K. L. ntz, R. A. Wells, J. Hu, T. Yang, B. Dong, H. Guo, A. H. Woomer, D. L. Druffel, A. Alabanza,

D. @ . C. Warren, ACS Appl. Mater. Interfaces 2017, 9, 9126.

e |

|
ing, W. Chen, Z. Tang, J. Zhang, J. Phys. Chem. C 2016, 120, 2149.

rosig. Sofer, M. Pumera, Angew. Chemie Int. Ed. 2017, 56, 10443.

g

W. Seo, T. G. Kim, E. S. Lee, P. T. Lanh, S. Yang, S. Ryu, J. W. Kim, ACS Nano 2016, 10,

87

. A. Wells, D. Jariwala, K. S. Chen, E. Cho, V. K. Sangwan, X. Liu, L. J. Lauhon, T. J.

Hersam, Nano Lett. 2014, 14, 6964.

<
.&i

<
%

ang, S. G. Bi, Y. Xue, Z. G. Xue, Y. G. Liao, X. P. Zhou, X. L. Xie, Y. W. Mai, Carbon

=
S

, 86.

R. Sharma, M. K. Das, P. Gajbhiye, K. K. Kar, Electrochim. Acta 2016, 215, 1.

M

ng, Z. Zhang, L. Wu, L. Yao, Z. Wei, Y. Deng, D. Xie, X. Yao, X. Xu, J. Power Sources

2018, 387, 72.

[

D. Ki iu, B. Yu, S. Mateti, L. A. O’Dell, Q. Rong, Y. Chen, Adv. Funct. Mater. 2020, 1910813,

1.

Y. Zhu, J. Cao, H. Chen, Q. Yu, B. Li, J. Mater. Chem. A 2019, 7, 6832.

g

g, C. Wu, X. Wu, G. Wang, P. Jiang, Polymer (Guildf). 2012, 53, 471.

i

M. Cheng, Y®Jiang, W. Yao, Y. Yuan, R. Deivanayagam, T. Foroozan, Z. Huang, B. Song, R. Rojaee,

9

T. Sho Y. Pan, J. Lu, R. Shahbazian-Yassar, Adv. Mater. 2018, 30, 1800615.

A W. Rhee, J. Ind. Eng. Chem. 2016, 37, 347.

A

Z. Osman, M. 1. Mohd Ghazali, L. Othman, K. B. Md Isa, Results Phys. 2012, 2, 1.

Z. Osman, M. I. Mohd Ghazali, L. Othman, K. B. Md Isa, Results Phys. 2012, 2, 1.

THIS ARTICLE IS PROTECTED BY COPYRIGHT. ALL RIGHTS RESERVED.
31



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

WILEY-VCH

Shalu, S. VK., S. RK., J. Mater. Chem. C 2015, 3, 7305.
A ya, A. L. Sharma, J. Phys. D. Appl. Phys. 2017, 50, 443002.

e, Q. Yu, B. Li, Y. V. Kaneti, Y. Yao, F. Kang, Q.-H. Yang, Adv. Mater. 2017, 29,

13

QO n

o B. Yin, B. Li, Y. Huang, G. Xu, Electrochim. Acta 2017, 257, 31.

ng, Y. Huang, Q. Yang, X. Li, Z. Huang, C. Zhi, Chem. Soc. Rev. 2020, 49, 180.

C

. Butler, J. Phys. Chem. 1968, 72, 4263.

S

g Q. Shi, X. Li, Q. Xia, Z. Xue, Y. Ye, X. Xie, J. Power Sources 2018, 405, 7.
:u D. Chen, Y. Xie, L. Chen, M. Que, Y. Hou, RSC Adv. 2017, 7, 22728.
R. Sa 00 Pal, T. Pal, Chem. Commun. 2016, 52, 13528.

terlals Development for All-Solid-State Battery Electrolytes, University of Michigan,

E, C. Zhan, J. Wang, D. Mu, J. Lu, K. Amine, Nano Lett. 2016, 16, 1960.

J. Q1u X. Ma, M. Cui, J. Yang, X. Tang, W. Zhu, L. Chen, Solid State Ionics 2005, 176, 1249.

HO Z. Zhang, J. Power Sources 2007, 166, 226.
:f: : olid State Ionics 1983, 9—10, 745.
nkatram, C. Kim, R. Batra, A. Chandrasekaran, R. Ramprasad, Chem. Mater. 2019, 31,

: Persi, B. Scrosati, F. Serraino-Fiory, E. Plichta, M. A. Hendrickson, Electrochim. Acta

C. H. Park, : W. Kim, J. Prakash, Y. K. Sun, Solid State Ionics 2003, 159, 111.

J. Evans, C. A. Vincent, P. G. Bruce, Polymer (Guildf). 1987, 28, 2324.

:2

THIS ARTICLE IS PROTECTED BY COPYRIGHT. ALL RIGHTS RESERVED.
32



[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

(88]

[89]

[90]

(91]

WILEY-VCH

S. Zugmann, M. Fleischmann, M. Amereller, R. M. Gschwind, H. D. Wiemhofer, H. J. Gores,

Electrochim. Acta 2011, 56, 3926.

Self K. M. Diederichsen, B. M. Wood, B. D. McCloskey, K. A. Persson, ACS Cent. Sci.

H I
M. @hintapalli, K. Timachova, K. R. Olson, S. J. Mecham, D. Devaux, J. M. Desimone, N. P. Balsara,

Macrgmolgcules 2016, 49, 3508.
QK Timachova, R. Bhattacharya, M. C. Smith, 1. Villaluenga, J. Newman, N. P. Balsara, J.

Ele ogliemMSoc. 2017, 164, E3569.

K. N. WOOSV[ Noked, N. P. Dasgupta, ACS Energy Lett. 2017, 2, 664.

adam H. Li, S. Shi, Y. Qi, npj Comput. Mater. 2018, 4, 15 (1.

E:

M. To . Armstrong, In Solid State Electrochemistry (Chemistry of Solid State Materials); Bruce,

bridge University Press, 1997; pp. 264-291.
J. Electrochem. Soc. 1979, 126, 2047.
Wu, J. Chou, M. Winter, N. L. Wu, Adv. Mater. 2014, 27, 130.
D. 1 Y. Shao T. Lozano, W. D. Bennett, G. L. Graff, B. Polzin, J. Zhang, M. H. Engelhard, N. T.
Saenz, Henderson P. Bhattacharya, J. Liu, J. Xiao, Adv. Energy Mater. 2015, 5, 1.
Qnsson J. Lindgren, J. C. Lasségues, J. Grondin, L. Servant, J. Phys. Chem. A 1998, 102,
e

I_ths. Chem. B 2000, 104, 7254.

J.-C. Lasseégues, J. Grondin, D. Talaga, Phys. Chem. Chem. Phys. 2006, 8, 5629.
L . Lasségues, J. Grondin, L. Servant, Electrochim. Acta 1998, 43, 1505.
M. Ulaganathan, C. M. Mathew, S. Rajendran, Electrochim. Acta 2013, 93, 230.

S. Mogurampelly, O. Borodin, V. Ganesan, Annu. Rev. Chem. Biomol. Eng 2016, 7, 349.

THIS ARTICLE IS PROTECTED BY COPYRIGHT. ALL RIGHTS RESERVED.
33



[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

WILEY-VCH

M. Suchitra, In Advanced Topics in Characterization of Composites; Kessler, M. R., Ed.; Trafford

Publishing, 2004; pp. 11-33.

|

. Bice Prediction of Polymers, Third Edition , Revised and Expanded; 2002.

®R. Barhdadi, M. Laurent, M. Troupel, J. Chem. Eng. Data 2006, 51, 680.

D

=m0

inotti, H. R. Corti, J. Phys. Chem. B 2009, 113, 5500.

D. sser, 3§ Lyonnard, C. Iojoiu, L. Picard, S. Passerini, Mol. Syst. Des. Eng. 2019, 4, 779.

C

ulst, M. H. Samiullah, J. Kressler, J. Polym. Sci. Part B Polym. Phys. 2019, 57, 21.

H. Sasabe, Sy Saito, Polym. J. 1972, 3, 624.

U

. Costa, C. M. Araujo, D. Brandell, Electrochim. Acta 2017, 234, 43.

<
<
Zjlr’..IE

S. M. Eo, E. Cha, D. W. Kim, J. Power Sources 2009, 189, 766.

ctrochemistry 2010, 78, 319.

H. Zha i, M. Piszcz, E. Coya, T. Rojo, L. M. Rodriguez-Martinez, M. Armand, Z. Zhou, Chem.

7,46, 797.

Author N

THIS ARTICLE IS PROTECTED BY COPYRIGHT. ALL RIGHTS RESERVED.
34



WILEY-VCH

Composite polymer

Phosphorene

Dissociated
Li*ions
Li*-TFSI

30 735 740 745 750
crystals Wavenumber [cm™]

\

The incorporation of phosphorene (BP) nanosheets effectively increased the Li" ion motion
through tle electrolyte and improved the electrochemical properties. The computer

simulatio demonstrated a high concentration of anions trap near the BP nanosheets.
This show, potential for developing new generation of lithium polymer batteries with
high ionicfgo ion kinetics and stable long-life cycling.
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