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

Ramin Rojaee, Salvatore Cavallo, Santosh Mogurampelly, Bill K. Wheatle, Vitaliy Yurkiv,
Ramasubramonian Deivanayagam, Tara Foroozan, Md Golam Rasul, Soroosh Sharifi-Asl,
Abhijit H. Phakatkar, Meng Cheng, Seoung-Bum Son, Yayue Pan, Farzad Mashayek,

Venkat Ganesan, and Reza Shahbazian-Yassar*

Despite significant interest toward solid-state electrolytes owing to their
superior safety in comparison to liquid-based electrolytes, sluggish ion
diffusion and high interfacial resistance limit their application in durable
and high-power density batteries. Here, a novel quasi-solid Li* ion conduc-
tive nanocomposite polymer electrolyte containing black phosphorous (BP)
nanosheets is reported. The developed electrolyte is successfully cycled
against Li metal (over 550 h cycling) at 1 mA cm~2 at room temperature.
The cycling overpotential is dropped by 75% in comparison to BP-free
polymer composite electrolyte indicating lower interfacial resistance at

the electrode/electrolyte interfaces. Molecular dynamics simulations
reveal that the coordination number of Li* ions around (trifluoromethane-
sulfonyl)imide (TFSI7) pairs and ethylene-oxide chains decreases at the

Li metal/electrolyte interface, which facilitates the Li* transport through
the polymer host. Density functional theory calculations confirm that the
adsorption of the LiTFSI molecules at the BP surface leads to the weak-
ening of N and Li atomic bonding and enhances the dissociation of Li*
ions. This work offers a new potential mechanism to tune the bulk and
interfacial ionic conductivity of solid-state electrolytes that may lead to a
new generation of lithium polymer batteries with high ionic conduction
kinetics and stable long-life cycling.

1. Introduction

Safe batteries with high energy and power
density and long cycle life are strongly
desirable to enable a new paradigm in the
field of energy storage technologies. For
decades, organic-based liquid electrolytes
have been the primary choice for com-
mercial Li* ion batteries. However, these
electrolytes pose significant challenges in
high energy density batteries due to flam-
mability, dendritic lithium growth, and
parasitic reactions.'™ Solid-state electro-
Iytes offer new opportunities to enable
Li metal electrodes as anode due to their
high specific capacity of 3.86 A h g! and
low electronegative standard potential of
—3.04 V.0 Polymer-based solid-state elec-
trolytes are great alternatives for liquid
electrolytes that can potentially lead to
flexible energy storage devices and provide
light-weight battery packs.”®) However,
low ionic conduction within the bulk poly-
mers and across the electrode—polymer
interfaces limits the rate of charge and
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discharging capabilities in polymer batteries.l Tremendous
efforts have been made in improving the ionic conduction and
enhancing the electrochemical performance of the lithium-
polymer cells by adjusting chemical composition, >3l modi-
fying the molecular structures of the polymer backbone,[*!
using hybrid solid/liquid electrolytes '®7] and alignment of
composite polymer electrolytes (CPE).'®l However, the slow
electrochemical kinetics of solid-state electrolytes still limit
their performance in Li-metal batteries (LMBs).

Over the past decade, there have been tremendous efforts
to increase the ionic conductivity in polymer electrolytes. Cre-
ating CPE by using nanomaterial additives such as Al,0;,1%20
Ti0,,?122 §i0,,1?3?4 and carbon nanotubes (CNT)?! has been
shown to be effective in improving the electrochemical perfor-
mance by changing the crystallinity of the polymer backbone
and increasing the dynamics of cations through intersegmental
motions among the polymer chains. However, the low bulk
ionic conductivity and the sluggish transport of Li* ions across
the interfaces with electrodes still prove to be limiting factors.

Improvements in the molecular interactions of additives with
the host polymer are key, to boost the ionic conduction in polymer
electrolyte. A recent report by Liu et al.?®l have shown that the
addition of Lij 33La 5577103 (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 nanofillers and
the host polymer chains and to alter the strength of Li* binding
with the neighboring anions, the addition of 2D materials with
the highest surface area offers promising opportunities. Inter-
estingly, the utilization of 2D materials in solid-state electrolytes
has been scarce. Wu et al.l”/l have shown that by adding 0.9 wt%
graphene oxide (GO) nanosheets to PAN the ionic conductivity
can reach 1.1 X 10* S cm™ at 30 °C, which is one order of mag-
nitude higher than that of the filler-free PAN polymer electro-
lyte. Yuan et al.?® grafted GO nanosheets into poly(ethylene
oxide) (PEO) and reported an ionic conduction as high as
2 x10™ S cm™ at room temperature, but the areal capacity was
low (=0.17 mAh cm™2). Ye et al.?%! designed a PEO-based CPE by
using ionic liquid-functionalized graphene molecular brushes to
achieve 1.5 x 10 S cm™ at 60 °C. In another report, Shim et al.?!
produced a porous solid electrolyte membrane of poly(vinylidene
fluoride-co-hexafluoropropylene) with functionalized boron
nitride nanoflakes to increase the uptake of liquid electrolyte.
However, the major drawbacks of these polymer composites have
been either the lack of room temperature, high cycling perfor-
mance, or the utilization of flammable organic liquid electrolytes
as one of the main constituents of their composite material.

In this report, we show for the first time that nanosheets
of black phosphorous (BP) can induce high ionic conductivity
at room temperature in polymer electrolytes with modest
cycling performance against Li metal and conventional cath-
odes. Recent efforts by the authors and others have shown
that BP nanosheets have extraordinary low energy barrier for
ion mobility along the [100] direction.?33 It was shown that
the unique puckered structure of BP nanosheets provides
anisotropic ion diffusion in zigzag edge, resulting in a highly
selective ionic transport properties.?? In the present work, it is
shown that the incorporation of passivated BP nanosheets can
effectively trap the anions, and therefore, reduce the coordina-
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tion number of ethylene-oxide (EO) groups and TFSI™ anions
around Li* ions within the CPE. The adsorption of the lithium
bis(trifluoromethanesulfonyl)imide  (LiTFSI) molecules at
the BP surface weakens the bond length of N and Li atoms
and therefore, promotes the dissociation of Li* ions from the
lithium salt. This work demonstrates that the designed CPE
delivers high Li* ion conductivity comparable to organic liquid
electrolytes. Lower overpotential in these composite electrolytes
is correlated to the availability of undercoordinated Li* ions
close to the interface with Li metal. Additionally, the long-term
stability of the CPE is improved for over 550 h cycling against
Li||Li electrodes and demonstrated a great rate performance of
up to 3C at room temperature against Li||LFP electrodes.

2. Composite Polymer Electrolyte Synthesis
and Characterization

The semi-conductive nature of BP nanosheets could be a poten-
tial impediment to their use in battery applications.? As such,
the first step in designing BP nanosheets composite electro-
lyte is to ensure that these nanosheets are electronically insu-
lating to prevent the short circuit of battery.>>3¢ The band gap
of BP nanosheets is thickness dependent, and monolayer BP
nanosheet has a direct band gap of =2.0 eV comparing to bulk
BP with the value of =0.34 eV.’] Therefore, different methods
to tune the band gap and passivation of BP nanosheets were
explored. Ryder et al.*® performed covalent aryl diazonium
functionalization of exfoliated BP nanosheets. They have shown
that this chemical process forms phosphorus—carbon bonds
and produces passivated BP flakes. Controlled passivation of
BP nanosheets was also reported in other articles.?** Kuntz
et al.®¥ used high purity O, and H,0 to provide site selectivity
for oxide and hydroxide formation on basal surface and edge
sites of BP nanosheets. Therefore, controlled passivation plays
a significant role to keep the integrity of BP nanosheets crystal
structure and corresponding properties simultaneously. Ding
et al.* performed molecular dynamic (MD) simulation to
study the stable configurations of BP nanosheets after passiva-
tion. They have shown that different arrangements of oxygen
atoms and hydroxyl groups on BP can tune the band gap.

In the present work, controlled passivation of BP nanosheets
was performed to improve the structural stability of the BP
nanosheets upon exposure to other chemical components and
increase their corresponding band gap up to 4.3-8.6 eV.**4l
Figure 1a and Figure S1, Supporting Information, show the
transmission electron microscopy (TEM), corresponding EDS
spectrum, and atomic force microscopy images of the exfoli-
ated BP nanosheets demonstrating that the nanosheets of over
~200 nm in lateral size and thickness of 1-8 nm were achieved.
The authors believe that the large effective surface area of the BP
additives enhance the interactions with Li salt and increase the
Li* ions transport. X-ray photon spectroscopy (XPS) was used to
study the structural integrity of the BP before and after passiva-
tion (Figure 1b,c). The presence of Au and Sn in the overall survey
of BP crystal is mainly due to the manufacturing processes which
use Au/Sn alloy and it is not present after the BP is exfoliated*’!
(Figure 1b). In addition, the Si contamination is also detected in
the BP crystal, which disappears after the exfoliation. The signal
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Figure 1. Preparation of the nanocomposite polymer electrolyte with passivated BP nanosheets additive. a) TEM micrograph of the BP nanosheets,
b) survey XPS spectra, and c) high-resolution XPS spectra of the P 2p and O Ts signals of the pristine BP crystal and passivated BP nanosheets.
d) Overall synthesis procedure. Inset: photograph of the developed electrolytes. From left to right: CPE-OP (no additive) and nanocomposite polymer
electrolytes with 0.05, 0.1, 0.5, 1, and 2 wt% of passivated BP nanosheets. e) SEM image of the 0.5 wt% with the corresponding EDS mapping.

for C is mainly related to the contamination from sample holder
and atmosphere. The chemical state of pristine and passivated
BP nanosheets was probed with core-level O 1s and P 2p. The
core electron binding energies of phosphorus 2p electrons is
shown in Figure Ic. The results presented in Figure 1c indicate
a doublet peak at =128 eV, which can be deconvoluted into two
binding energy signals P 2p;,, and P 2p;, at 1278 and 128.6 eV
in BP crystal, respectively. These peaks are respectively shifted to
1277 and 128.4 eV with the exfoliation of BP, owing to the par-
tial charge accumulation of non-conductive surface. Moreover, O
1s signals are centered at 529.7 and 529.4 eV in BP crystal and
passivated BP spectra in Figure Ic, 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. Further-
more, the P 2p doublet of the passivated BP, which is exposed
to H,O oxidant agent, is resembling the 2p peak signals of pas-
sivated BP nanosheets and suggests their structural integrity.1*6]

A sample illustration of the synthesis procedure for BP/CPE
is shown in Figure 1d. Ternary polymer electrolyte containing
poly(ethylene oxide) (PEO)/glycol dimethyl ether (TEGDME)/1-
ethyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)
imide (EMIM-TFSI) and Li-TFSI as lithium salt and passivated
BP nanosheets was developed in this study. Different concen-
trations of passivated BP nanosheets have been used in the
synthesis of nanocomposite polymer electrolyte. The samples
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are labeled as CPE-OP for polymer with no BP, and CPE-0.05P,
CPE-0.1P, CPE-0.5P, CPE-1P, CPE-2P for 0.05, 0.1, 0.5, 1, 2 wt%
of passivated BP nanosheets additives, respectively. Elemental
mapping of C, F, O, S, and P is shown in Figure le. The com-
position distribution of carbon (C) atoms primarily arises from
the ethylene oxide groups of the polymer backbone. Similarly,
the density maps of fluorine (F) and sulfur (S) indicate a uni-
form distribution of their two sources of the 1-ethyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide (EMIM-TESI)
and Li-TFSI salts. Finally, the phosphorus (P) density map is a
result of the passivated BP nanosheets additives and oxygen (O)
is a common element in all the electrolyte components, which
are equally distributed throughout the sample, indicating that
the nanocomposite electrolyte is homogenously synthesized.

3. Electrochemical Evaluation

The first step was to quantify the optimum concentration of
passivated BP nanosheets in the polymer host. Figure S2, Sup-
porting Information, shows the ionic conductivity of the CPEs
with different concentrations of passivated BP nanosheets. The
highest ionic conductivity occurs in CPE-0.5P. Interestingly,
the value of the ionic conductivity drops down to 8.1 x 107 S
cm™ at 25 °C upon adding 1 wit% or higher quantity of passi-
vated BP nanosheets into the electrolyte which is likely due to
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agglomeration of passivated BP nanosheets through the polymer
host. This behavior was also observed in other composite elec-
trolytes where optimum amount of organic/inorganic additives
are needed to improve the ionic conductivity beyond which the
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-1P polymer electrolyte. Other possibilities for having an
optimum value of ionic conductivity could be possibly due to
higher concentration of electrolyte additives. This phenomenon
can lead to aggregation of passivated BP nanosheets, resulting
excessive number of immobilizing anions. The aggregation
behavior of inorganic and organic electrolyte additives has also
been reported before.’'4 For example, Yuan et al.?¥ devel-
oped a PEO-based solid polymer electrolyte with graphene oxide
nanosheet additives for Li* ion batteries. A significant reduction
of tensile strength and ionic conductivity was observed upon
adding > 1 wt% of graphene oxide additives. The aggregation
of graphene oxide additives was related to be due to their close
proximity and high tendency to reduce surface energy.?® Sim-
ilar observation was reported by Polu et al.’ who studied the
effect 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 conductivity decreased from the maximum value. This
behavior was attributed to the TiO, aggregation and reduction
its miscibility in the polymer matrix.’® While TEM imaging of
phosphorene nanosheets distribution in gel polymer electro-
lytes containing salts and ionic liquid would be challenging due
to electron beam sensitivity, future cryogenic-TEM studies, or
other imaging techniques can be pursued to study the possible
agglomeration of BP in polymer electrolytes at certain concentra-
tions. Therefore, CPE-0.5P was chosen as the optimal concentra-
tion of passivated BP nanosheets and was compared to CPE-0.1P
as a demonstration of low ion conductivity electrolytes. Both elec-
trolytes were compared to CPE-OP for further electrochemical
studies. Figure 2a shows the ionic conductivity of the CPE-OP,
CPE-0.1P, and CPE-0.5P electrolytes as a function of temperature
and their corresponding Nyquist plots at 25 °C. Our data anal-
ysis pointed out that the ionic conductivity has increased from

59%10*S cm™ in CPE-OP to 1.2 x 1073 and 2.4 X 103 S cm ™' in
CPE-0.1P and CPE-0.5P composites, respectively. This improve-
ment in ionic conductivity suggests that the addition of pas-
sivated BP nanosheets facilitates Li* ion transport through the
polymeric network during charge/discharge processes. Consid-
ering Arrhenius plots in Figure S3, Supporting Information,
one can measure the activation energy of the Li* ions transport
through polymer electrolytes.?*>0! Figure S3, Supporting Infor-
mation, demonstrates a deflection in the slope of the graphs. This
deflection indicates the phase transformation from solid state
to viscous gel.P®>] Therefore, two values of activation energies
(E, E.) were calculated and summarized in Table S1. As shown
in Table S1, Supporting Information, activation energy at —5 to
25 °C (E,) decreases from =0.57 eV in CPE-OP to =0.42 eV after
adding BP additives (CPE-0.1P, CPE-0.5P). This indicates that BP
additives can effectively lower the activation energy of Li* ions
transport by =25%. Activation energy is even lower for CPE-0.5P
at the temperature range of 35-65 °C (E, cpr.o.sp = 0.26 V) rather
than CPE-0.1P and CPE-OP with the values of about 0.29 eV. The
lower activation 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.’’>8]
Investigation of electrochemical stability window (ESW) of the
developed electrolytes provides good information about the oxi-
dative electrochemical stability of electrolytes over a determined
voltage range.?’l As shown in Figure 2b, the onset of change in
current appears at about 5 V (vs Li/Li*) and then a significant
peak emerges at about 5.5 V (vs Li/Li*). This is a clear indica-
tion of the oxidative degradation of the polymer network.%¢
Meaning that, all developed electrolytes have good electrochem-
ical stability up to 5 V (vs Li/Li*). This is considerably sufficient
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 versus Li/Li*. The electrical current
attributed to this behavior is as high as 0.015 mA and is about 1%
of the maximum current that occurs at about 5.5 V versus 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 versus standard hydrogen electrode (SHE).I®! Con-
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Figure 2. Electrochemical evaluation of the developed electrolytes. a) lonic conductivity as a function of temperature for CPE-OP, CPE-0.1P, and CPE-
0.5P. The inset graph shows the Nyquist plots corresponding samples at 25 °C. b) Linear sweep voltammetry showing electrochemical stability window.
c) Direct current polarization tests to measure the electronic conductivity of the developed electrolytes.
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sidering that standard electrode potential of Li oxidation/reduc-
tion is =—3.02 V versus SHE,/Y the water electrolysis happens
to be =+4.25 V versus Li/Li* and agrees with our observation.
Similar observation was reported at about 4.3-4.6 V versus
Li/Li*, which is ascribed to the electrolysis of remainder of trace
trapped humidity in the system.*®4 This wide ESW allows
efficient charge transfer without limiting the cell voltage which
allows delivering higher specific energy densities.®>®") Interest-
ingly, the peak area decreases after adding BP nanosheets. This
could be a consequence of less aggressive decomposition reac-
tions, which may spike at higher voltages. This observation is in
agreement with reports of Xi et al.®® and Hu et al.®! where the
addition of mesoporous nanosheets to polymer networks was
shown to exhibit excellent electrochemical stability. It is worth
noting that ESW of the polymer electrolyte is closely related
to chemical and morphological aspects of the host polymer.
Armand” showed that in general, the limited ESW is due to
degradation of polymer chains and decomposition of the anion in
the electrolyte. However, the value of ESW is affected by different
interactions between the polymer chains, lithium salts, and other
electrolyte additives.’7?l Using different Li-salt chemistries, and
electrolyte additives can immobilize and electrochemically inac-
tivate the negative charges, which leads to an increased value of
electrochemical stability. Zhu et al.> reported a high ESW of up
to 5.4 V versus Li/Li* with PEO@nano-SiO, composite polymer
electrolyte. This behavior was explained by anions absorption by
SiO, nanoparticles to decrease their deposition at the cathode
side and increasing the polymer oxidation resistance. Similar
study has been performed by Park et al.,”*! which demonstrated
that the difference of surface group arrangements of Al,O; addi-
tive to PEO could change the ESW of the composite electrolyte
and reach the value of = 5 V versus Li/Li*.

In order to study the effect of BP nanosheets on the polymer
electrolyte in more details, the transference number was meas-
ured through electrochemical techniques.”#7>! Transference
number shows the fraction of the Li* ion motions through the
electrolyte in a media containing high concentrations of anions
and cations. Therefore, measuring and monitoring this value
is a very important factor in developing new electrolytes.6~78l
As shown in Figures S4-S6 and Table S2, Supporting Infor-
mation, the transference number of the polymer composite
increases from 0.18 for CPE-OP to 0.32 for CPE-0.5P. Therefore,
the incorporation of BP nanosheets can effectively increase the
Li* ion motion through the electrolyte and improves the elec-
trochemical properties. However, it should be noted that other
ionic species may participate in ion conduction properties
besides Li* ions and limit transference number. However, the
authors believe that there is still a room to address this chal-
lenge 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 an electrolyte. To confirm that the addition of passivated BP
nanosheets does not introduce adverse effects on the insula-
tive nature of the polymer network,3>3¢ the representative EC
plots with polarization voltage of 1 V are displayed in Figure 2c.
Electrical conductivity of the developed electrolytes has been
performed by DC polarization tests for the symmetric stain-
less-steel 316L blocking electrodes. The calculated EC for CPE-

Adv. Funct. Mater. 2020, 30, 1910749

1910749 (5 of 13)

OP, CPE-0.1P, and CPE-0.5P recorded as 7 x 10, 3 x 107, and
2% 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, Supporting Information).
Both sets of results confirm that the electrical conductivity of the
samples is =10° times lower than the ionic conductivity, offering
a safe network to transport ions without internal short circuit.

Galvanostatic cycling of a battery against symmetric non-
blocking electrodes (Li metal) is a preliminary and critical
measure in studying the electrochemical capabilities of the
developed chemistry of the electrolytes. This test allows stud-
ying the overpotential (1) values at different current densities
and cycles. The symmetric behavior of the voltage-time profile
ensures a homogeneous current distribution on the electrode
surface and is a good indication of controlled evolution of solid
electrolyte interphase (SEI) layer.””! This will ultimately result
in a higher Coulombic efficiency and longer-life cyclability.
The overpotential (1) of a battery is directly proportional to
charge transfer resistance at bulk electrolyte (R), electrode/
electrolyte interfacial resistance (Ry,), and the applied current
(I). This correlation is shown as follows(#4

771 = ncl + ninl = Rct XI+ Rim XI (1)

where the 1, N4 7 and I indicate the total, bulk electrolyte,
interface overpotential, and the applied current to the elec-
trochemical cell, respectively. It is well-known that the drastic
changes in overpotential values is a result of non-uniform and
unstable SEI layer that forms on the surface of lithium metal
anode upon cycling.**>! Usually, as the SEI layer becomes thicker
at the electrode/electrolyte interface, the electronic conductance
of the electrodes decreases due to its insulating nature.8283
Figure 3 shows the voltage profile of the Li||CPE||Li cell con-
figuration at different current densities of 0.05, 0.2, 0.5, and
1 mA cm2 The average value of overpotential at 0.05 mA cm™
for CPE-OP (7mean, cpE - op) is 120 mV, which is slightly higher
than Thmean, CPE — 0.1P and Thmean, CPE — 0.5P (Figure 33.) In gen-
eral, no significant differences can be observed at low current
density of 0.05 mA cm™. However, Figure 3b shows that there
is a gradual increase in the Mpean cpr - o1p from 200 mV at
150 h to 300 mV at 500 h, suggesting that the resistance of the
lithium deposition increases in CPE-OP. Similar behavior was
observed for CPE-0.1P, where the e cpr - o5p jumped to
350 mV after 500 h while keeping the symmetric shape of the
graph. In contrast, the 7yean cpE - 0.5p Maintained constant value
of less than 250 mV in a time period of 500 h at 0.2 mA cm™,
suggesting that the energy barrier of transferring cations
across the interface decreases compared to other counter-
part electrolytes.l Similar but more significant overpoten-
tial changes were observed for the higher current densities
of 0.5 and 1 mA cm™. Figure 3c,d displays prolonged cycling
tests of CPE-OP and CPE-0.5P at current rates of 0.5 and 1 mA
ecm™. The Tmean, cpE - op 2t 0.5 mA cm™ is 430 mV in the ini-
tial stages and reaches 280 mV after the 550 h which is higher
than that of CPE-0.5P electrolyte with the value of 59 mV. Mean-
while, CPE-0.1P showed a relatively lower voltage polarization
values compared to CPE-OP, it reached to 260 mV after 550 h
cycling at 0.5 mA cm™ (Figure 3¢) Mmeancee - op = 915 mV
> Tmean,CPE - 0.1P = 310 mv> Tmean,CPE-0.5P = 215 mV at 1 mA cm™
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Figure 3. Electrochemical overpotential studies of developed CPEs against Li metal. Time evolution of the potential at various current densities in
symmetrical lithium cell a) 0.05 mA cm™2, b) 0.2 mA cm™2, c) 0.5 mA cm™2, and d) 1 mA cm~2. Note that the y-axis scale might be different for dem-

onstration purposes.

after 550 cycles was reported in Figure 3d. This is possibly due
to the formation of electrochemically inactive species at the
electrode/electrolyte interface and thicker SEI layer upon long
cycling.*84 This will change the initial concentration of free cat-
ions within the CPE-OP resulting in more drastic changes in over-
potential. Overpotential test for CPE-1P at high current density of
1 mA cm™ was also performed to compare with CPE-OP, CPE-
0.1P, and CPE-0.5P. As shown in Figure S8, Supporting Informa-
tion, voltage profile of the CPE-1P shows a fluctuating behavior in
a course of 450 h and reach to > 1 V versus Li/Li* at some time
intervals. The average overpotential value of CPE-1P at 1 mA cm™
over 450 h is =560 mV which is higher than the average overpo-
tential value of CPE-0.1P (=310 mV), and CPE-0.5P (=120 mV) at
the same conditions. The authors believe that this behavior is pos-
sibly due to the non-uniform distribution of BP at high concentra-
tions thorough composite polymer electrolyte, leading to variable
electrochemical interactions of Li* ions with the polymer matrix.
It is worth noting that the cell cycled at 1 mA cm™ showed a
slightly lower overpotential than the cell cycled at 0.5 mA cm™ up
to about 350 cycles. The cycling tests are possible to undergo some
minor changes in different cell assemblies. However, the overpo-
tential values increase more significantly at 1 mA cm™ after 350
cycles, confirming more aggressive electrochemical conditions
at higher current densities and longer cycles. This behavior was
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further confirmed by studying the interfacial resistance before
and after 300 cycles. Figure S9, Supporting Information, demon-
strates that the total charge transfer 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 317
to 216 Q cm™ without any parasitic reactions (see Figures S9
and S10, Supporting Information). Besides, the rheological tests
demonstrate the decrease in viscosity of polymer electrolyte by
the addition of BP nanosheets (see detailed explanation in the fol-
lowing section). The decreased viscosity leads to better electrode/
electrolyte contact and facilitate the Li* ion transport at the inter-
face. 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 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.

4. Li* lon Transport Mechanism

To further understand the mechanism of improved electro-
chemical behavior upon the addition of 2D nanosheets, the
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association of the ions in polymer backbone was investigated.
As discussed by Rey et al.® and Edman,®®! FTIR and Raman
vibrational spectra indicate the formation of Li*-~TFSI~ ion
clusters and dissociated ions in the range of 730-750 cm™.
The FTIR and Raman signals consist of two peaks at 740 and
746 cm™, which are assigned to the dissociated ions and ion-
pairs, respectively in accordance with other reports.[# These
peaks are attributed to intramolecular vibrational modes of
TFSI™ anions, which implies the transport of Li* ions through
salt dissociation.®¥8% Since the peaks are normalized with
respect to the CH, scissoring vibration located in the frequency
range 1425-1510 cm™, the quantification of peaks could be a
good indication of the importance of BP additives in the por-
tion of dissociated ions in the electrolyte. More details on peak
analysis are provided in Methods section, Supporting Infor-
mation. As shown in Figure 4a,b, upon the addition of passi-
vated BP nanosheets to the polymer electrolyte, the intensity
of IR absorbance and Raman signal increase progressively by
adding higher concentration of passivated BP nanosheets.
To quantify the proportion of intact ion-pairs and dissociated
ions, deconvolution analysis has been performed in the same
frequency range. According to FTIR data (inset bar chart in
Figure 4a), the degree of dissociated Li* ions increases from
71% in CPE-OP to 89% and 94% in CPE-0.1P and CPE-0.5P,
respectively. The quantification analysis using Raman spectra
also confirms the observed enhancements of dissociated ions
(Figure 4a). The slight differences in the FTIR and Raman
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sample. ¢) ’Li NMR spectra. 1 m LiTFSI in D,O is used as a control sample.
Ty).
g

analyses reports could be attributed to the data collection
associated with different vibrational modes and energy levels.
Overall, the results obtained from FTIR and Raman experi-
mental measurements confirm that the addition of passivated
BP nanosheets results in higher ionic mobility by increasing
the ion-pair dissociation in the electrolyte. The full range FTIR
and Raman spectra are also provided in Figures S11 and S12,
Supporting Information, 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 Li* ions, passivated BP nanosheets, and polymer host
as shown in Figure 4c. The 7Li-NMR signal shows a downfield
shift of 1.23 ppm for CPE-OP to 1.02 and 0.96 ppm in the pres-
ence of passivated BP nanosheets for CPE-0.1P and CPE-0.5P,
respectively. This observation is proposed to be due to the
changes in the EO-Li* and [(CF3SO,),N]” — Li* coordination
upon addition of BP nanosheets. This hypothesis is confirmed
with MD and density functional theory (DFT) simulations later
in this paper, which show that the BP nanosheets provide uni-
form distribution of ionic species through the electrolyte and
the electrode/electrolyte interface and entrap the Li* ions on the
BP surface. This behavior could also be attributed to an increase
in the amorphous portion of the polymer host and the anion
trapping in the presence of nanofillers.”” To further under-
stand if the passivated BP nanosheets have any contribution
in the degree of crystallinity of the polymer host, differential

(7 of 13) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

scanning calorimetry (DSC) was carried out to determine the
glass transition temperature (T;). T, represents the temperature
before which the polymer segments do not have enough energy
to rearrange, and therefore, they form a glassy matrix.’%%%
Figure 4d shows that the T, of all the CPE-OP, CPE-0.1P, and
CPE-0.5P is =73 °C which implies that there is no significant
change in crystallinity of the CPEs. Thus, the enhanced ion
conduction and outstanding electrochemical properties are not
a result of amorphization of the polymer backbone, which is a
typical explanation of effect of the addition of nanoparticles to
polymer matrices. 2890

Besides the abovementioned mechanism, viscosity is another
important factor that could play a critical role in ionic conduc-
tivity. The change in viscosity affects the ionic conductivity and
diffusion of Li* ions through the electrolyte.l’] According to the
fractional Walden rule, ionic conductivity and viscosity of the
electrolyte are inversely related in PEO-based electrolytes.*+%]
The variation of viscosity of the developed polymer electro-
lyte at different concentrations of BP additives was studied in
Figure S13, Supporting Information. As shown in Figure S13,
Supporting Information, all the samples show near-Newtonian
behavior. Interestingly, BP additives decreased the viscosity 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 elec-
trolyte.®®% In brief, the authors emphasize that the change
in viscosity cannot explain the entire behavior of the increase
in ionic conductivity since CPE-0.1P and CPE-0.5P both have
similar effect on the polymer segmental motions. However, the
salt dissociation and immobilizing anions are more sensitive
to BP concentration and determine the overall electrochemical
behavior.

5. Computational Studies: Polymer—lon and
lon—lon Interactions

To support the experimental observations and validate our
mechanistic hypotheses, fully atomistic MD simulations of
the CPEs were performed to characterize the structure and
dynamics of polymers and ions (Figure 5a). To characterize
the cation—-anion association dynamics in the BP-loaded elec-
trolytes, the continuous time auto correlation function S(7) was
characterized and are displayed for Li*~TFSI™ pairs at different
temperatures in Figure 5b. This analysis showed that the Li*—
TFSI™ ion pairs relax more quickly in the BP-loaded electro-
lytes in comparison to BP-free electrolytes at all temperatures,
suggesting lower ion pairing or a higher count of dissociated
ions. Similar trend was observed for EMIM*~TFSI™ ion pairs
as shown in Figure S16, Supporting Information. These find-
ings demonstrate that the addition of passivated BP nanosheets
increases the relaxation rate of ion pairing in polymer electro-
lyte, thereby increasing the experimentally measured conduc-
tivity. To further understand the interactions of passivated BP
nanosheets with the ion species through the electrolyte, the
ratio of anions (TFSI7) to cations (Li* + EMIM™) was studied
as a function of distance from a BP nanosheet (Figure 5c). As
shown in Figure 5c, TFSI™ ions are present in significantly
higher concentrations near (<5 A) the passivated BP nanosheets
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in comparison to the cations in the system. Thus, it is clear that
the addition of BP nanosheets sequesters the TFSI™ anions in
the electrolyte, leading to a decrease in ion pairing in agree-
ment with the experimental results of FTIR and Raman spectra
(Figure 4a,b).

To study the effect of BP nanosheets on the structural and
dynamic properties of the electrolyte and 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 5d. The normalized Li* ion number
density (with respect to bulk) as a function of the distance from
interface for BP loaded and BP-free electrolytes is presented in
Figure 5e. The density profile of Li* ions displays a strong peak
in the interfacial zone compared to the bulk system, similar to
that reported for a neat PEO-LiTFSI electrolyte.”® However,
the presence of BP nanosheet results in a lower concentration
gradient of Li* ions near the interface (up to =6 A), thus more
uniform distribution of ionic species is expected through the
electrolyte and the electrode/electrolyte interface. In general,
the aggregation of anions and cations could potentially lead to
the formation of a double layer close to the electrode surface.
The formation of this double layer can introduce an ionic trans-
port resistance over this boundary layer,®® which is 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 (pLix/PLi{pu) — 1)-

Consistent with the observation on Li* ion density profiles,
in the interfacial regime (r < 10 A), the coordination number
of Li* ions around TFSI” ions and EO chains decreases
upon addition of passivated BP nanosheets to the electrolyte
(Figures S17 and S18, Supporting Information). This reduction
in coordination number indicates that the BP nanosheets pro-
mote breaking of ion pairs at the electrode/electrolyte interface
and reduce the resistance at this region, which is in agreement
with our overpotential data (Figure 3).

In order to understand the Li* — TFSI~ dissociation mech-
anism in more detail, the binding energies of LiTFSI to a
single BP nanosheet surface were calculated using DFT. The
optimized LiTFSI molecule together with the optimized BP
nanosheet is shown in Figure S18, Supporting Information.
Owing to the specific structure of BP nanosheet, there could
be several possibilities for LiTFSI adsorption configurations.
Figure S19, Supporting Information, shows results of opti-
mized geometries of LITSFI adsorbed at BP nanosheet surface.
Two possible adsorption geometries were found and named as
vertical (Figure S20a—c) and horizontal (Figure S20d,e) struc-
tural configuration of LiTFSI salt near BP nanosheets. The
horizontal adsorption structures have more negative adsorption
energy than the vertical ones, meaning more stable structure.
However, eventually this structure leads to the entrapping of Li*
ions on the BP surface. The detachment of Li* ions from the
TFSI™ anion with further insertion between BP arms leads to
a very stable P-Li bonding.*” Considering the present MD and
experimental findings, the horizontal 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 A in the equi-
librium structure (Figure 5f). This clearly demonstrates that the
adsorption of LiTFSI molecule at the BP surface leads to the
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Figure 5. Computational studies of the CPE with BP nanosheets. a) Schematic of the transport mechanism in bulk 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. e) Partial density of Li* as a function of distance from the 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 length between the N
atom and the Li atom is 2.1 A. g) DFT results showing adsorption process of LiTFSI to the BP surface and h) the corresponding adsorption energies.

reduction of interactive force between the N atom and the Li
atom, which subsequently leads to dissociation of Li* ion.

Following the findings presented in Figure 5f, the adsorption
energies of LiTFSI at different distances away from the BP sur-
face were calculated for most stable vertical configuration (NEB
calculations). Figure 5g shows the DFT results of this adsorp-
tion process depicting atomic structures and corresponding
adsorption energies in Figure 5h. Interestingly, the LiTSFI
molecule does not interact with the BP nanosheet surface up
to 8 A, where adsorption energy is =0 eV. However, below 8 A
from the surface adsorption energy starts to fall with a visible
interaction at 6 A. This is in accordance with our MD simula-
tion, which shows a high concentration of anions trap near the
BP nanosheets.

6. Cycling Performance

Figure 6 shows the capacity-efficiency versus cycle number of
Li||CPE||LFP at constant charge/discharge current density of
140 mA g7! under a voltage range of 2.5-4.2 V versus Li/Li"
(Figures 6a—f). As demonstrated, the Li||CPE-OP||LFP shows

Adv. Funct. Mater. 2020, 30, 1910749

1910749 (9 of 13)

high overpotential value of an average ncpg _ op > 500 mV
upon long cycling. In contrast, the voltage hysteresis drops to
an average =200 mV in CPE-0.1P and CPE-0.5P, which corre-
sponds to facilitating the lithiation and de-lithiation processes
due to uniform distribution of ionic species at the electrode/
electrolyte interface and reducing the ion transport resist-
ance upon the addition of BP nanosheets.263] This observa-
tion agrees with our simulation results at electrode/electrolyte
interface. Figure S21, Supporting Information, summarizes the
voltage polarization of the developed electrolytes at different
cycles in half-cell Li||LFP cells. Moreover, the CPE exhibits
over 90% 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 =30%. This
behavior is due to the higher conduction of Li* ions in the pres-
ence of passivated BP nanosheets and formation of a protec-
tive layer on the electrodes during cycling to avoid parasitic
reactions.'>?9 It should be noted that, in the samples with BP
additives, the 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
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displayed in (b), (e), and (f), respectively.

cycling of Li||CPE||LFP cells was performed at different cur-
rent densities of 14 and 28 mA g! as shown in Figures S22
and S23, Supporting Information. As can be seen clearly, BP
additive improves the electrochemical performance of the
CPE by improving the capacity retention. The mean value of
Coulombic efficiency remains 99.4% of all the sample types,
showing that the developed electrolytes demonstrate good elec-
trochemical stability over 50 cycles. It can be observed that in
the sample with no BP additive, the capacity of half-cell Li||CPE-
OP||LFP shows a continuous fading trend in all cycling rates.
This behavior could be due to high charge transfer resist-
ance resulting in sluggish reactions in the CPE-OP configura-
tion.1%010U The exact chemistry of sluggish reactions is not
known very well and deep chemistry studies are required. How-
ever, polymer decomposition may occur at long cycling condi-
tions and lowers the Coulombic efficiency. Additionally, the
electrolyte/electrode interface may face a higher resistance over
long cycling as discussed earlier, which decreases the ability of
the CPE-OP electrolyte to keep a steady capacity 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 and S23,
Supporting Information.

To examine the cyclability of the CPE at different current
densities, the rate performance of the electrolytes was moni-
tored (Figure 7). The Li||CPE-0.5P||LFP exhibits good capacity

Adv. Funct. Mater. 2020, 30, 1910749

1910749 (10 of 13)

retention at high rate cycling condition. While the CPE-OP
sample retains only 10% of the initial capacity at 420 mA g7/,
the CPE-0.5P exhibits 80% capacity retention at this current
density. This is a clear indication that the BP nanosheets play
an important role in boosting the rate performance of bat-
teries. Moreover, in the case of polymer electrolytes containing
lower concentration of BP nanosheets (CPE-0.1P), although the
capacity reduced to 35-45 mAh g~! at 420 mA g, by decreasing
the current density to 14 mA g after 60 cycles, the battery cell
retained its initial capacity and cycled very stable. This obser-
vation indicates that 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 nanosheets facilitate Li* ion transport and enable the full
capacity extraction at high current densities.

7. Conclusions

In this article, a novel composite polymer electrolyte containing
passivated BP nanosheets was designed to achieve one order
of magnitude increase in ionic conductivity in comparison to
BP-free composites. It was discovered that the passivated BP
additives significantly improve the rate cycling stability (up to
420 mA g!). The addition of 0.5 wt% BP effectively decreases
the cycling overpotential values to one-fourth over a prolonged
cycling of 550 h at 1 mA cm™2. Molecular dynamic studies of Li*
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ion density profiles and coordination numbers in the interfa-
cial zone suggest that adding passivated BP nanosheets results
in lowering the tendency of ion-pair formation. Moreover, the
BP nanosheets facilitate the Li* ion diffusion through bulk elec-
trolyte by aggregating TFSI™ anions and EO groups near their
surface. DFT calculations confirmed that the adsorption of the
LiTFSI molecule 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 incorpo-
rate 2D materials in design of ion-conductive polymer electro-
lytes for rechargeable LMBs.
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