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ABSTRACT

Although lithium-ion batteries (LIBs) have found an unprecedented place among portable electronic devices owing to their
attractive properties such as high energy density, single cell voltage, long shelf-life, etc., their application in electric vehicles still
requires further improvements in terms of power density, better safety, and fast-charging ability (i.e., 15 min charging) for long

driving range. The challenges of fast charging of LIBs have limitations such as low lithium-ion transport in the bulk and solid

electrode/electrolyte interfaces, which are mainly influenced by the ionic conductivity of the electrolyte. Therefore, electrolyte
engineering plays a key role in enhancing the fast-charging capability of LIBs. Here, we synthesize a novel propionic acid-based
viologen that contains a 4,4’-bipyridinium unit and a terminal carboxylic acid group with positive charges that confine PFs"
anions and accelerate the migration of lithium ions due to electrostatic repulsion, thus increasing the overall rate capability. The
LiFePO,/Li cells with 0.25% of viologen added to the electrolyte show a discharge capacity of 110 mAh g™ at 6C with 95% of
capacity retention even after 500 cycles. The added viologen not only enhances the electrochemical properties, but also

significantly reduces the self-extinguishing time.

1 | Introduction

The depletion of fossil fuel resources, current environmental
issues, and the progressive replacement of internal combustion
engines by electric vehicles (EVs) have immensely accelerated
research activities on alternative energy conversion and storage
systems with high power and energy densities [1-4].
Unfortunately, the widespread adoption of EVs is still lacking,
owing to the issue related to possible distance that can be tra-
veled and the huge charging time of batteries [5-8]. Accord-
ingly, extreme fast charging (XFC) of lithium-ion batteries
(LIBs) has been identified as a unique technique that is capable
of recharging batteries in a similar amount of time as refueling
of state-of-the-art internal combustion engine vehicles, which is
estimated to be 10-15min [9-12]. Although lithium metal has

been identified as an ultimate anode material (a sort of “Holy
Grail”) for high energy density storage devices, owing to its
ultrahigh specific capacity of 3860 mAh g™, low redox potential
(-3.040V vs. standard hydrogen electrode), and noteworthy
density of 0.534gcm™ [13-16], a few challenges such as low
Coulombic efficiency and undesirable dendrite growth are
impeding the use of this metal [17-19]. In parallel, advance-
ments in this field involve development of new concepts in
electrode design [20-23].

State-of-the-art non-aqueous liquid electrolytes comprise a
lithium salt, preferably lithium hexafluorophosphate (LiPFy),
dissolved in a combination of organic solvents, such as ethylene
carbonate and dimethyl carbonate (EC:DMC 1:1 v/v) [24-27]. In
this system, the migration of lithium ions is restricted due to
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their solvation by coordinating EC molecules, which obviously
reduces the Li* transference number and also leads to non-
uniform deposition of lithium on the anode upon cycling,
eventually causing the formation of dendrites [28-31]. Addi-
tionally, carbonate solvents, particularly DMC with high vapor
pressure, can start a fire, leading to explosions when short cir-
cuits accidentally occur [8-10, 32]. Furthermore, the most widely
incorporated lithium salt (i.e., LiPFs) decomposes into hydro-
fluoric acid (HF) in the presence of moisture. On the other hand,
the alternative salt lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) is likely to corrode the aluminum current collector at
high potential values (>4 V) [8-10]; this causes delamination of
the active materials from the current collector, leading to poor
safety and deterioration of LIBs' performance.

The commonly used LIBs based on a lithium-based transition-
metal oxide cathode, a graphitic anode, and a non-aqueous
liquid electrolyte are therefore unsuitable for extreme fast-
charging conditions. When LIBs are charged at high C-rates,
various types of polarizations (such as ohmic, concentration,
and electrochemical) take place, limiting the performances of
active materials and also increasing the depletion of lithium
ions, in addition to the generation of a huge amount of heat.
The ohmic drop, specifically at low temperature, notably
decreases the cell capacity due to early achievement of cut-off
voltage. More importantly, the higher charge density accelerates
the corrosion of current collectors, which leads to faster
capacity fading [33, 34]. In this framework, the electrolyte
properties play a decisive role in affecting the performance of
LIBs under XFC conditions. Therefore, addressing these chal-
lenges by optimizing the composition of the electrolyte is crit-
ically important for the successful commercialization of LIBs
for EV application [35-38].

In order to tackle these issues, attempts have extensively been
made, including replacement of non-aqueous liquid electrolytes
by solid polymer electrolytes [39], superionic conductors [40,
41], ionic liquids [42, 43], introduction of super concentrated
electrolytes [44-47], electrolyte additives [48, 49], artificial solid
electrolyte interphases [50, 51], etc. Nevertheless, the poor
electrode/electrolyte interfacial properties of superionic con-
ductors and solid polymer electrolytes as well as their process-
ibility still remain major challenges for practical applications.
Thus, the incorporation of electrolyte additives (usually 5%-10%
by weight or volume) has been identified as a potential strategy
to improve the electrochemical performances of LIBs [26, 27].
An incremental improvement in the charging rate of LIBs and
lithium-metal batteries has been achieved by using dual-salt
electrolytes, e.g., LITFSI with lithium bis(oxalato)borate [52].

Viologens are organic salts that show redox behavior and, when a
bias potential is applied, they undergo reduction in two consec-
utive steps. However, their highly reactive radical intermediate

leads to a number of undesirable side reactions that contribute to
comproportionation, dimerization, etc. Viologens are widely
investigated systems in supramolecular chemistry, leading to
host/guest systems that interact with other molecules via elec-
trostatic interactions, ion-dipole interactions, donor-acceptor
interactions, charge-transfer complexation, etc. [53, 54]. Being
dicationic salts, viologens show electrostatic attraction with
negatively charged species and this has been utilized in Li-S
systems to restrict polysulfide migration [55]. Similarly, viologens
can confer electrostatic repulsion to lithium ions, which can
enhance the mobility of this species and also inhibit dendrite
formation [56]. We have investigated these hypotheses and the
results are documented [33, 34].

In this study, we have prepared a propionic acid-based viologen
that contains a 4,4’-bipyridinium unit and a terminal carboxylic
acid group; this species was incorporated as an electrolyte
additive to improve the Li* transport number and suppress
lithium dendrite formation, thereby facilitating fast-charging
applications. Enhanced cycling performance of LiFePO,/Li cells
by optimizing a non-aqueous electrolyte composed of LiPFs 1 M
in EC:DMC (1:1v/v) is demonstrated. In order to increase the
solubility of viologen and to reduce the viscosity of the elec-
trolyte, acetonitrile was used as a co-solvent; it has oxidation
tolerance, a high dielectric constant, and a wide electrochemical
stability window (above 5 V), though it has poor reductive sta-
bility [57, 58]. The combination of added acetonitrile and vio-
logen not only leads to the formation of a highly stable solid
electrolyte interphase (SEI), but also improves the wettability of
the membrane, reduces the self-extinguishing time, inhibits
aluminum corrosion, and increases the discharge capacity of
LiFePO,/Li cells even at a 6C rate.

2 | Results and Discussion

2.1 | Physico-Chemical Characterization and
Electrochemical Behavior

The formulation, ionic conductivity, density, viscosity, and
lithium-ion transference number of the bare and viologen-
added electrolytes were measured at 25°C and are shown in
Table 1. There are marginal differences in the values of density
and viscosity due to the incorporation of viologen. Although the
viologen-added electrolyte was expected to have higher viscosity
and density than the bare electrolyte, no discernible changes in
these values were observed, as a compensation effect is pro-
duced by acetonitrile. However, the value of ionic conductivity
is found to be higher for the viologen-added electrolyte.

The contact angle is usually measured by dropping the non-
aqueous liquid electrolyte on the polyolefin separator, in order
to determine its wettability. In general, poor wettability of the

TABLE 1 | Composition and physicochemical data of the two electrolytes at 25°C.

Transport Conductivity Viscosity = Density
Sample Composition number (x103Scm™) (mPa s) (gcm™)
Bare LiPFs 1M in EC/DMC 1:1 vol/vol 0.57 0.9 1.398 1.185
Viologen-added  Bare + viologen 0.25 wt% + acetonitrile 1 vol% 0.64 1.1 1.353 1.198
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membrane increases the cell resistance and reduces the rate
capability. The wettability of the electrolyte with the polyolefin
membrane is a direct measure of the contact angle. The contact
angle values of the bare and viologen-added electrolytes with
the Celgard 2500 membrane are depicted in Supporting Infor-
mation S1: Figure Slab, respectively. The viologen-added
electrolyte had a lower contact angle value and showed better
wettability than the bare electrolyte, and this was attributed to
the hydrophilic nature of viologen-added electrolytes [59, 60].

The conventional LIB electrolytes are highly flammable and the
flame lasts for more than 15s. Extinguishing the flames by the
introduction of electrolyte additives or a co-solvent to electro-
lytes has been found to be an effective strategy as well as eco-
nomically viable. In general, four types of flame retardants have
been explored for LIB applications (i.e., phosphates, phos-
phides, phosphazene, and fluorinated ethers) [26, 27]. Never-
theless, incorporation of electrolyte additives leads to
considerable deterioration in the performance of LIBs, as some
of them are incompatible with the electrolyte solvents [61, 62].
Figure 1 shows the self-extinguishing time for the bare elec-
trolyte to be 17 s per 100 uL. On the other hand, upon addition
of viologen, the electrolyte is completely extinguished before 7 s
per 100 uL. According to Roth and Orendorff [39], two mech-
anisms can be proposed to explain the role of flame-retardant
additives. The first one is the physical char-forming process,
where an isolating layer is formed between the condensed and
gas phases, whereas the second one is the termination of the
chemical combustion process [40]. In the present work, when
the added viologen is heated above the pyrolysis temperature,
free radicals (i.e., PO" and F’) are generated, which actively
confine other free radicals generated by the burning electro-
lytes, such as H and OH,, to inhibit the combustion [63, 64].

In general, fluorinated and/or phosphorous-containing (co-)
solvents can suppress the flammability of an electrolyte by
means of radical quenching [65]. Upon heating, carbonate-
based solvents will produce hydrogen radicals, which will fur-
ther react with oxygen to produce oxygen-free radicals, which
leads to the generation of more free radicals, eventually leading
to a self-sustaining fire. One of the effective strategies for ter-
minating this radical formation chain is the introduction of
hydrogen or oxygen radical scavengers in the electrolytes. It is
well known that fluorinated or phosphorus-containing materi-
als efficiently act as radical scavengers when the electrolyte
breaks down. The fluorine and phosphorus radicals, which are

electrolyte decomposition products, can react with hydrogen
radicals and impede the radical linear chain reaction, which
suppresses the combustion of the electrolyte solvent [66]. The
typical charge and discharge (voltage vs. specific capacity)
profiles obtained at 25°C between 3.45 and 3.4V versus Li*/Li
at 0.1, 1, 3, and 6C-rates are shown in Supporting Information
S1: Figure S2a-d. The cyclic voltammograms of Li/LiFePO,
cells with bare and viologen-added electrolytes are illustrated in
Supporting Information S1: Figure S2e, where the Li/LiFePO,
cell with the viologen-added electrolyte shows well-defined and
sharp peaks during oxidation and reduction with high ampli-
tude of current. This reveals the fact that the kinetics is faster
with viologen-added electrolytes. The Li/LiFePO, cell showed
voltage plateaus at 3.4V, which are highly reproducible and
well defined. The overpotential is also lower at 3- and 6C-rates;
the specific capacity approaches almost full capacity, which
rapidly reduces to about 155mAhg™ and, then, it remains
almost stable after the 5th cycle.

Figure 2a illustrates the charge-discharge profiles of a
Li/LiFePO, cell with bare and viologen-added electrolytes at
different C-rates at 25°C. The formation cycles were performed
before charge-discharge studies at higher current densities. The
Li/LiFePO, cells showed voltage plateaus at 3.4V, which
are highly reproducible and well defined. In the cell with bare
electrolytes, samples A-1 and A-2 showed an initial discharge
capacity of 160 and 176 mAh g™* at a 0.1C-rate during their first
cycle, respectively. At a 6C-rate, the Li/LiFePO, cells showed an
initial discharge capacity of 127 and 137 mAh g*, respectively,
with bare and viologen-added electrolytes. The Li/LiFePO, cells
showed a stable discharge capacity up to 500 cycles even at a
6C-rate. On the other hand, an abrupt decrease in the values of
discharge capacity for the Li/LiFePO, cell comprising a bare
electrolyte was detected. The capacity decay rates of the cells
with bare and viologen-added electrolytes at a 6C-rate were
calculated to be 0.1% and 0.03%, respectively. The discharge
capacity obtained in the present work is compared with earlier
reports and is shown in Supporting Information S1: Table S1.

A similar observation was reported by Zheng et al. [67] for
LiNiy 4Mng 4Coq,/Li cells. EIS data were recorded before and
after cycling (500 cycles) lithium-ion cells with two different
electrolytes (i.e., bare and viologen-added electrolytes) at 25°C,
and are depicted in Figure 2b,c. The Li-ion cell cycled with a
viologen-added electrolyte showed lower solution resistance
(Rs) (12.6 Q) and charge-transfer resistance (R.) (150.9 Q) than

(15s) 3s) (55s) (7s) ©95s)

(11s) (13s)  (159) (17s)  (19s)

45s) (55) (6s) (7s)

FIGURE 1 | Self-extinguishing time of (a) bare and (b) viologen-added electrolytes at 25°C.
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FIGURE 2 | (a)Discharge capacity versus cycle number of LiFePO,//Li cells with viologen-added and bare electrolytes. Data fluctuation is due to
issues with the laboratory air conditioning service. EIS plots of LiFePO,//Li cells (b) before and (c) after 500 cycles. Chronoamperometry of a Li/Li
symmetric cell with (d) bare electrolytes and (e) viologen-added electrolytes (inset: EIS before and after perturbation).

the cell cycled with a bare electrolyte (i.e., Ry=98.4Q, R =
1997.9 Q), which implies that the formed SEI layer has better
conductivity due to the added viologen. Upon cycling (500
cycles, Figure 2b), though the values of Ry and R, were
reduced, the value of R.; in the presence of the bare electrolyte
was found to be higher and this was attributed to the rapid
consumption of the electrolyte due to side reactions with the
lithium-metal anode [45]. It is worth mentioning that the values
of Ry and R, are more stable with the viologen-added electro-
lyte than the bare electrolyte, and this can be ascribed to better
compatibility of the viologen-added electrolytes with the
lithium-metal anode. This is also substantiated on studying the
compatibility of a lithium-metal anode with different electro-
lytes, as illustrated in Supporting Information S1: Figure S3,
where the viologen-added electrolytes showed lower resistance
values than the bare electrolytes.

The galvanostatic cycling of a Li/Li symmetric cell configura-
tion at current densities of 0.1 and 0.3 mA cm ™ using bare and
viologen-added electrolytes is depicted in Supporting Informa-
tion S1: Figure S4a,b. A dramatic difference was observed
between bare and viologen-added electrolytes. For the bare
electrolyte, the value of overpotential was high and was at-
tributed to the formation of dead lithium with cycling, resulting
in cell failure after 30 h. On the other hand, the Li/Li cells with
viologen-added electrolyte showed stable cycling stability and
the overpotential remained almost unchanged even after 120 h.
As described in the experimental section, the lithium-ion
transport number was calculated using Equation (2). The
chronoamperometric curves of Li/Li cells with bare and

viologen-added cells are illustrated in Figure 2d,e. The values of
the lithium-ion transport number were determined to be 0.57
and 0.64, respectively, for the bare and viologen-added elec-
trolytes. An increase in the value of lithium-ion transference
number was observed for the viologen-added electrolyte and
this was presumably attributed to the confinement of PFs an-
ions by the added viologen ions, as schematically illustrated in
Figure 3.

The metallic dendrite nucleation mechanism was proposed in
1901 by Sand, but it is still widely adopted for lithium dendrites
and it is often used to obtain its nucleation time [68]. At higher
charging rates and with non-aqueous liquid electrolytes, the
concentration of cations at the surface of the lithium metal
battery electrode will decrease to zero at Sand's time. The
nucleation time of lithium dendrites can be calculated using
Sand's equation as follows [46]:

7T X Dypp X (Ze X Cy X F)?
4% (j X t,)?

; @

Isand =

where D,,,, Z., C,, and F represent the apparent diffusion
coefficient, the cationic charge number (Z, = 1 for Li*), the bulk
salt concentration, and the Faraday's constant, respectively.
Then, j and f,=1—t;;" represent the current density, the
transference number of Li* and that of associated anions,
respectively. Therefore, the prolongation of the nucleation time
of dendrites can effectively mitigate the formation of lithium
dendrites, which can only be achieved by reducing the current
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FIGURE 3 | Schematic representation of electrostatic attraction of PFs by added viologen.

density or increasing the t;". This can be accomplished either
by the introduction of functional membranes or by modification
of the non-aqueous liquid electrolytes. In the present work,
viologen with two positive charges is expected to confine the
PF¢ anion due to its electrostatic attraction, and it also accel-
erates the migration of lithium-ion by electrostatic repulsion.
This process enhances the lithium-ion transport number and,
thereby, increases the rate capability at the 6C-rate.

Aluminum foil current collectors, which are the main state-of-
the-art LIBs, naturally generate Al,O; on their surfaces. How-
ever, Al,O; is only resistive enough against corrosion in the
normal operation of LIBs [69]. This naturally formed passive
layer prevents corrosion of aluminum current collectors at
higher potential. Depending on the environmental conditions,
the passive films are composed of oxides, oxyhydroxides, and
hydroxides that confer an additional benefit, i.e., providing an
adhesive property for the coated active materials [70, 71]. Upon
long-term storage in the charged state and also while cycling,
pitting corrosion of the aluminum current collector has been
observed for lithium-metal and LIBs [49]. Moreover, the added
lithium salt (i.e., LiPF,) in the non-aqueous liquid electrolyte is
highly unstable under some thermal/chemical conditions,
which can lead to the production of PFs, which is a strong
Lewis acid that increases the decomposition of electrolyte sol-
vents [72-74]. Furthermore, LiPF is prone to undergo hydrol-
ysis, in the presence of water impurities, to produce HF, which
obviously degrades the performance of the battery. Several at-
tempts have been made to circumvent this issue by incorpo-
rating lithium salts of different anions (e.g., FSA, FSI, N(SO,F),)
[52, 75].

The aluminum corrosion in batteries causes several issues, e.g.:
(i) it passivates cathode active materials, (ii) the formed solid
products increase the electrical resistance, and (iii) it con-
taminates the non-aqueous liquid electrolytes, triggers self-
discharge, and the discharged AI** ions migrate to the anode
and are deposited [50]. Incorporation of electrolyte additives is a
widely used strategy to prevent aluminum corrosion of LIBs.

The addition of fluorinated solvents such as methyl di-
fluoroacetate has been found to suppress the corrosion of alu-
minum foils and was attributed to the passivation of the
aluminum surface due to the generation of AlF;. Several tech-
niques have been used to investigate the corrosion behavior of
aluminum current collectors, which include CV or linear sweep
voltammetry, EIS, XPS, SEM, etc. [51-53, 76]. In the present
work, potentiodynamic polarization, atomic force microscopy
(AFM), SEM, and EIS have been used to probe the corrosion
behavior of both aluminum and copper current collectors.

Figure 4 depicts the potentiodynamic polarization curves for an
aluminum current collector immersed in a non-aqueous liquid
electrolyte for 1, 24, 48, 72, 96, and 120 h. The electrochemical
parameters, such as corrosion potential (E.,), corrosion cur-
rent density (Ieor), anodic (a) and cathodic (3c) Tafel slopes,
have been calculated from Tafel extrapolation of the polariza-
tion plots and are displayed in Table 2. The polarization
resistance (R,,) was calculated using Equation (2):

R _ ﬁa X B{:
p = .
2.303 X Iorr X (B, + B.)

2

When the value of R, increases, the corrosion rate (CR)
decreases, as illustrated in Table 2 and calculated using Equa-
tion (3). The value of R, is found to be higher for the viologen-
added electrolytes than the bare electrolyte. Similarly, the cor-
rosion rate was also found to be higher for the bare electrolyte.

10 x weight loss of the respected foil (g)
" density (g cm™3) x area (cm?) X time (y)

3

The surface morphology and EDS data are displayed in Sup-
porting Information S1: Figure S5. The surface morphology of
the bare aluminum foil shows a rough morphology. Upon
immersion in the non-aqueous liquid electrolyte containing
viologen for 120 h, cracks are seen on the aluminum surface.
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FIGURE 5 | Potentiodynamic polarization curves (Tafel plots) of a

copper foil

soaked in (a) bare and (b) viologen-added electrolytes for

different time intervals.

TABLE 2 | Electrochemical parameters of the potentiodynamic curves of an Al foil in electrolytes with different additives.
Corrosion
Sample Time Ecorr (V) Ieorr (MA) B (Vdec™)  B.(Vdec™) R, (kQ)  rate (mmpy)
Bare After 1h —0.3927 5.23 0.408 0.31 14.63 1.411
After 1 day —-0.4259 2.697 0.3819 0.4139 31.98
After 2 days —0.3074 2.169 0.4217 0.3952 40.82
After 3 days —0.436 3.249 0.3944 0.4146 27.005
After 4 days —0.4394 4.9 0.4354 0.3488 17.16
After 5 days —0.4053 5.554 0.3879 0.3725 14.85
Viologen-added After 1h —0.6099 1.2 0.2926 0.276 51.39 0.359
After 1 day —0.6044 0.721 0.266 0.361 92.234
After 2 days —0.5965 0.5936 0.2987 0.332 115.02
After 3 days —0.4135 1.295 0.3093 0.345 54.684
After 4 days —0.4074 1.114 0.2517 0.3023 53.534
After 5 days —0.4439 1.413 0.3086 0.3585 50.963
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TABLE 3 | Electrochemical parameters of the potentiodynamic curves of a Cu foil in electrolytes with different additives.
Corrosion
Sample Time Ecorr (V) Teore (BA)  Ba(Vdec™) B (Vdec’) R, (kQ)  rate (mmpy)
Bare After 1h 0.4375 194.3 0.165 0.257 0.225 49.352
After 1 day 0.2414 2.672 0.219 0.255 19.146
After 2 days 0.223 4.79 0.341 0.35 15.657
After 3 days 0.2378 5.025 0.266 0.275 11.684
After 4 days 0.2151 6.941 0.308 0.37 10.515
After 5 days 0.3733 68.9 0.175 0.241 0.639
Viologen-added After 1h —0.1609 5.856 0.0567 0.1356 2.965 26.061
After 1 day 0.1898 3.077 0.315 0.34 23.074
After 2 days —0.0473 3.557 0.251 0.256 15471
After 3 days —0.0289 101 0.1664 0.1685 0.3599
After 4 days —0.0297 102.6 0.187 0.206 0.4148
After 5 days —0.1526 50.3 0.0208 0.2225 0.1642
(2) (b)
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FIGURE 6 | XPS Fy spectra of the cathode surface cycled with (a) bare and (b) viologen-added electrolytes; XPS N, spectra in the presence of
(c) bare and (d) viologen-added electrolytes.
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On the other hand, pitting of corrosion is observed on
immersion in the bare electrolyte. The corresponding EDS
data confirm the presence of phosphorus and fluorine on both
surfaces; however, the content of these elements is increased
for the aluminum immersed in the bare electrolyte, indicating
its more corrosive nature (Supporting Information S1:
Figure S5b,c). The formation of F and O elements indicates
that the corrosion products are composed of aluminum fluo-
ride and aluminum oxides, as illustrated in the anodic reaction
[77-81]. The presence of P further substantiates the formation
of AlF;, as proposed in the cathodic reactions. The AFM
images (Supporting Information S1: Figure S6) also illustrate
that the surface of the aluminum foil immersed in bare
electrolytes is more corroded than when immersed in
the viologen-added electrolytes, and also the impedance
values further confirm this (Supporting Information S1:
Figure S6a,b). Additionally, Table 2 summarizes the imped-
ance values and corrosion rate of an aluminum foil immersed
in bare and viologen-added electrolytes (given in mm per year).

The hypothesized mechanism is summarized in the following
equations:

Anodic reaction:

2Al1 + 3H,0 — Al,O3 + 2H' + 2e7, 4)

Cathodic reaction:

EC+2e” + 2Li* —» LiCH,CH,0CO,Li, (5)
DMC+ e™ + Lit - CHj; + CH3;0CO,Li, (6)
LiPF; © LiF + PF;, @)

PF; + H,0 < 2HF + PF;0, (8)
ALO; + 6HF « 2AlF; + 3H,0. (9)

(a) (b)
(P-0)
2

—_ )
s o .
] 3
> &
G z
S 'z
= (Phosphates) g

(LiPO;) =

"9"&:.@.--.,._.,,,.m.e&.’m(m«?
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FIGURE 7 | XPS P, spectra of the cathode surface cycled with (a) bare and (b) viologen-added electrolytes; XPS Li; spectra in the presence of

(c) bare and (d) viologen-added electrolytes.
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Similarly, the corrosion behavior of a copper current collector
was analyzed and their Tafel plots are displayed in Figure 5.

The anodic reaction is

Cu+ xH,0 - Cu,O + 2xH* + 2xe™. (10)

Oxygen reduction as a cathodic reaction can be neglected in
such a closed system; however, EC and DMC in the electrolyte
have been reduced to compounds that absorb on the surface of
copper, as shown in Equations (5) and (6).

It is worth mentioning that LiPF, can decompose and react with the
traces of water that exist in the electrolyte to subsequently produce
HF and PF;0. The presence of traces of HF in the water residuals
results in a significant reduction in the pH. The copper foil can
sometimes corrode in a deoxygenated acid solution and the copper
oxide can dissolve in the solution containing HF. This results in the
reactions described in Equations (7) and (8), as well as in

CuOy + 2xHF — CuF, + xH,0. (11)
(@)
S
~ A
= =
’;: P-0) @ o
& £
Q =}
z £
S w =
= T o®
v
545 540 535 530 525 520
Binding energy (eV)
(©)
2
300 295 290 285 280 275
Binding energy (eV)
FIGURE 8 |

(c) bare and (d) viologen-added electrolytes.

In general, during the electrochemical corrosion process, oxide
films are formed and are eventually ruptured [82, 83]. Ac-
cording to Equation (11), galvanic coupling is formed between
the attacked copper oxide and the intact sites, which further
forms small anodes when metal dissolution occurs. Addition-
ally, the pitting corrosion induced by F occurs on the surface of
copper. Moreover, the pH is locally reduced due to the forma-
tion of H*, resulting in the dissolution of copper oxide [84].
With an increase in the concentration of metal ions and accu-
mulation of positive charge, a strong electric field is thus
formed, which attracts PFs~ or decomposed F~ inside the holes.
By the synergistic effect of H* and F~, the pitting holes are
continuously dissolved by the self-catalyzed effect [85, 86].
Therefore, holes are formed with increasing exposure time. The
detected elements P and F in the EDS spectra (Supporting
Information S1: Figure S7) in the holes further substantiate this
phenomenon. With an increase in the immersion time in the
electrolyte, various organic and inorganic compounds are pro-
duced by the spontaneous decomposition or electrochemical
reduction of the electrolyte solvents (i.e., EC and DMC) de-
posited on the surface of copper with the formation of a porous

(b)

(Surface O in LiFePO,)
(Lattice O in LiFePO,)

Intensity (a.u.)

545 540 535 530 52§ 520

Intensity (a.u)

300 295 290 285 280 275
Binding energy (eV)

XPS O, spectra of the cathode surface cycled with (a) bare and (b) viologen-added electrolytes; XPS C, spectra in the presence of
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corrosion product layer [56-58]. The AFM images (Supporting
Information S1: Figure S8) also illustrate that the surface of the
copper foil immersed in bare electrolytes is more corroded than
that immersed in the viologen-added electrolyte. Additionally,
Table 3 also shows the impedance values and corrosion rate of a
copper foil immersed in bare and viologen-added electrolytes
(given in mm per year). The prevention of aluminum and
copper corrosion due to the viologen-added electrolyte can
presumably be attributed to the decomposition of the electrolyte
additive (viologen), which prevents electrolyte decomposition
and thus prevents HF attack on both current collectors [32].

2.2 | XPS Studies of the Cathode/Electrolyte
Interface

In order to investigate the surface properties, cathode samples
cycled with bare and viologen-added electrolytes were subjected
to XPS and FT-IR analyses. The samples were rinsed thrice with
DMC before characterization in order to remove the traces of
electrolytes. Supporting Information S1: Figure S15a,b shows the
full survey of XPS spectra of bare and viologen-added electrolytes,
respectively. Figure 6a-d shows that F; of the cathode sample

cycled with viologen-added electrolyte peaks at 684.9 and
687.6 eV, assigned to LiF and PVDF, respectively. In addition to
the typical peaks of LiF and PVDF, an additional peak at 683.7 eV
has been observed for the sample cycled with a bare electrolyte,
which can be ascribed to the formation of FeOF [57]. In the case
of Ny spectra, peaks at 391.5, 395.3, 399.6, 403.2, and 405.9 are,
respectively, ascribed to C-N=C, pyridinic linkage, benzenoid
amine, oxide-N species, N-O bond, and amide for the sample
cycled with viologen-added electrolytes, whereas only three peaks
are observed at 399.3, 402.2, and 405.1 eV for the sample cycled
with bare electrolytes and are attributed to C =N, graphitic N,
and oxidized N, respectively.

Upon cycling, the sample with the bare electrolyte showed three
peaks at 132.5 and 133.6eV (Figure 7a,b), which are assigned to
phosphates/P-O, while that at 134.8 eV is attributed to LiPO3. In the
case of the electrode cycled with a viologen-added electrolyte, an
additional peak was found at 131.8 €V, attributed to P-C. For Liy,
the bare electrolyte showed peaks at 55.4 and 57.5 eV, attributed to
Li,CO; and LiOH, respectively (Figure 7c,d). The sample cycled
with a viologen-added electrolyte showed peaks at 54.8 and 55.8 eV,
attributed to LiF and Li,O, respectively. In O, (Figure 8a,b), the
peaks observed at 528.8, 530, 531.3, and 532.6 eV are attributed to
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FIGURE 9 | XPS Fy, spectra of a lithium surface cycled with (a) bare and (b) viologen-added electrolytes; XPS C, spectra in the presence of

(c) bare and (d) viologen-added electrolytes.
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the O-C-O bond originating from ROCO,Li, lattice and surface
oxygen in LiFePO,, and oxygen in C-O/P-O-F, respectively, for the
cathode material cycled with viologen-added electrolytes. However,
the sample cycled with bare electrolytes displayed peaks at 529.5
and 531.7 eV and are ascribed to lattice oxygen in LiFePO, and the
P-O group, respectively. The C;s XPS spectrum of viologen-added
sample (Figure 8c,d) showed peaks at 284.4, 286.9, and 290.3, cor-
responding to C-C, C=0, and aromatic carbon compounds/car-
boxylate carbon, respectively. Both viologen-added and bare
samples displayed peaks corresponding to C-C, C=0, and carbox-
ylate carbons.

2.3 | XPS Studies of the Anode/Electrolyte
Interface

The lithium metal anode surfaces cycled with bare and
viologen-added electrolytes were characterized by XPS and are
displayed in Figures 9-11. The Cy spectra of the anode surface

(a)

Intensity (a.u.)

140 135 130 125
Binding energy (eV)

()

(Li,CO3)

(R-CH,0COOLi)

Intensity (a.u.)

62 60 58 56 54 52 50
Binding energy (eV)

FIGURE 10 | XPS P, spectra of a lithium surface cycled with (a) bare and (b) viologen-added electrolytes; XPS Li;, spectra in the presence of

(c) bare and (d) viologen-added electrolytes.

Intensity (a.u.)

without viologen showed binding energy peaks at 287.8 and
285.6 eV, attributed to C=0 and C-O, respectively, whereas the
viologen-added anode surface showed binding energy peaks at
291.7, 289.3, 287.6, and 285.2¢eV, ascribed to aromatic m-m*
transitions/C-F groups, the carboxylic acid (COOH), carbonyl
group (C=0), and C-C groups, respectively. Possibly, these
peaks can be attributed to the presence of a viologen molecule
in the sample. The Fy5 spectra of the anode surface without
viologen showed peaks at 688.2, 686, and 684.7, attributed to
semi-ionic and ionic C-F bonds and LiF, respectively. The
viologen-added anode surface showed peaks at 689.2, 687.3, and
685.4 ¢V, attributed to C-F, Li,PFy, and LiF formed as a result
of the decomposition of the electrolyte. Upon cycling, the
sample with the bare electrolyte showed two peaks at 137.8 and
135.1 eV, which are assigned P-F and P-O functional groups,
respectively. In the case of the electrode cycled with a viologen-
added electrolyte, three distinct peaks at 139.2, 136.5, and
133.4 eV were observed, attributed to LiPFe, Li PF,, and P-O,
respectively. The Li;s spectra of the anode without viologen
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FIGURE 11 |
(c) bare and (d) viologen-added electrolytes.

showed two peaks corresponding to Li,CO; and R-CH,OCOOLi
at 56.5 and 55.5 eV, respectively. Likewise, the viologen-added
anode showed two peaks at 58.1 and 55.8 eV, attributed to the
electrolyte decomposition with Li-rich species (LiF, LiPFs) and
formation of R-CH,OCOOLI, respectively.

The O spectra of the anode without viologen showed two
peaks corresponding to the oxygen of carboxylic acid and car-
bonyl groups at 534.5 and 532.7, respectively, whereas the
viologen-added anode showed peaks at 535.7, 534.1, and 531.8,
attributed to oxygen of the hydroxyl group, carboxylic acid, and
the carbonyl group, respectively. This could possibly be attrib-
uted to the carboxylic acid terminals present in the viologen.
Although the Ny spectra of the anode without viologen did not
show any peaks, the viologen-added anode showed three peaks
at 404.4, 401.8, and 399.5 eV, attributed to oxidized pyridinic-O,
graphitic N, and Benzenoid amine.

Supporting Information S1: Figure S10 shows the FTIR spectra
of a lithium surface cycled with bare and viologen-added elec-
trolytes. Although some differences could be seen in the XPS

Intensity (a.u.)
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(Graphitic N)
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(Benzenoid amine)

405 400
Binding energy (eV)

410

395

XPS Oy spectra of a lithium surface cycled with (a) bare and (b) viologen-added electrolytes; XPS Ny spectra in the presence of

analysis of the cathode/electrolyte and the anode/electrolyte
interfaces cycled with bare and viologen-added electrolytes, no
discernible changes could be seen in the FTIR spectra. The
lithium surfaces showed peaks corresponding to ROCO,Li,
Li,CO;, aromatic C-H stretching, C-O symmetric and asym-
metric stretching bands, and that of P-F stretching, indicating
the presence of these functional groups in both cases. The FTIR
of the cycled cathode surface showed no significant changes
between the bare and viologen-added electrolytes.

3 | Conclusion

We found than an optimal amount of 0.25wt.% of viologen
added in the commercially available electrolyte could consid-
erably enhance the charge-discharge performances of LIBs at a
6C-rate. Stable cycling with an admissible electrode over-
potential has been attained at a 6C-rate. The added viologen not
only increased the discharge capacity of the LiFePO,/Li cell, but
also prevented the corrosion of aluminum and copper current
collectors from HF attack. The viologen also minimizes the self-
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extinguishing time and thus paves the way for the manufacture
of safe and reliable LIBs. The added viologen played a key role
in increasing the wettability and facilitating the formation of
robust and stable solid electrolyte and cathode/electrolyte in-
terfaces, which are substantiated by XPS analysis.
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