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Enabling Lithium Metal Anode in Nonflammable Phosphate
Electrolyte with Electrochemically Induced Chemical Reactions
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Christopher Povinelli, Nicholas Wong, Wei Fan, Junwei Lucas Bao, and Dunwei Wang*

Abstract: Lithium metal anode holds great promises for next-
generation battery technologies but is notoriously difficult to
work with. The key to solving this challenge is believed to lie in
the ability of forming stable solid-electrolyte interphase (SEI)
layers. To further address potential safety issues, it is critical to
achieve this goal in nonflammable electrolytes. Building upon
previous successes in forming stable SEI in conventional
carbonate-based electrolytes, here we report that reversible Li
stripping/plating could be realized in triethyl phosphate (TEP),
a known flame retardant. The critical enabling factor of our
approach was the introduction of oxygen, which upon electro-
chemical reduction induces the initial decomposition of TEP
and produces Li;PO, and poly-phosphates. Importantly, the
reaction was self-limiting, and the resulting material regulated
Li plating by limiting dendrite formation. In effect, we obtained
a functional SEI on Li metal in a nonflammable electrolyte.
When tested in a symmetric Li || Li cell, more than 300 cycles of
stripping/plating were measured at a current density of
0.5 mAcm™. Prototypical Li-O, and Li-ion batteries were
also fabricated and tested to further support the effectiveness of
this strategy. The mechanism by which the SEI forms was
studied by density functional theory (DFT), and the predic-
tions were corroborated by the successful detection of the
intermediates and products.

Introduction

Safety is of paramount importance to modern electro-
chemical energy storage devices.!"? For state-of-the-art Li-ion
batteries, a common failure mechanism is understood to start
with uneven plating of Li on the anode, leading to the
formation of dendrites that could eventually short the
circuit.®% The flammable nature of the common electrolytes
exacerbates the problem and, hence, the often-dramatic
fashion in which batteries fail. The problem of uncontrolled
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Li platting is especially acute for high capacity electrodes such
as Li metal.”! This is because the reactions between Li metal
and the commonly used carbonate-based electrolytes do not
produce stable solid-electrolyte interphase (SEI) layers that
are critical to safe battery operations.® "l How to enable the
utilization of Li metal, which features low electrochemical
potential and unparalleled capacity, as a direct anode material
constitutes a grand challenge in today’s intense research on
battery technologies."'"¥ Inspired by how SEI enables
graphite as a successful anode for Li-ion batteries, researchers
have tested a number of approaches on forming a similar SEI
on Li metal. For instance, fluoroethylene carbonate (FEC)
and LiNO; have proven effective as additives in introducing
LiF-rich and Li;N/LiN,O,-rich SEI, respectively, for stable Li
operations."*'% A coating of reactive polymer composites has
been shown to enable the formation of self-repairing SEI for
high-efficiency cycling in lean electrolyte conditions.”! High-
concentration electrolytes have also been demonstrated to
significantly change solvation structures and facilitate the
formation of a salt-derived SEI, which could help to mitigate
anode and electrolyte degradation during extended cy-
cling.®* > These exciting progresses notwithstanding, prior
demonstrations were carried out in electrolytes that are
flammable. The safety concerns connected to the flamma-
bility of the electrolyte remain outstanding. It is, therefore,
important to explore Li/electrolyte reactions in nonflam-
mable electrolytes. Our work is conceived within this context,
with the goal of enabling the formation of a stable SEI to
permit operations of Li metal in nonflammable media.
Indeed, great attention has already been attracted to
replicate stable SEI formation on Li anode in nonflammable
electrolytes.*! With all other parameters equal, being able
to replace flammable electrolytes with nonflammable ones
should readily improve the safety of batteries. Guided by this
idea, a number of solvents have been tested, and organic
phosphates (e.g., triethyl phosphate or TEP) stand out.[***
This is because the P atoms can act as trapping agents for
hydrogen radicals that play critical roles in initiating combus-
tion chain reactions.” Prior studies have shown that TEP
could serve as a flame retardant to reduce the flammability of
conventional electrolytes. Direct utilization of TEP for Li-ion
batteries, however, exhibited a multitude of problems,
including speculated TEP insertion into graphite and rapidly
increasing interface resistance on Li metal.’®? To circumvent
these issues, approaches such as adding nitrate salts or relying
on the decomposition of salts but not solvents have been
proposed and proven promising.?****3! Inspired by these
prior efforts, we hereby report a radically new approach. Our
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strategy involves promoting new chemical reaction pathways.
It takes advantage of the unique reactivity between electro-
chemically reduced O, species and TEP, which enables the
formation of a stable and effective SEI directly on Li anode.
The reaction mechanism is supported by density functional
theory (DFT) calculations, which are corroborated by the
detection of corresponding products both in the electrolyte
and in the SEI. When tested in a symmetric Li||Li cell,
> 300 cycles of repeated Li stripping and plating was achieved
at a current density of 0.5 mA cm 2; when tested in a Li-O,
prototypical cell, the system showed comparable performance
as in a flammable, ether-based electrolyte. A similar strategy
worked equally well for prototypical Li-ion batteries. The
approach represents a new direction in addressing the critical
safety concerns for high-capacity electrochemical energy
storage technologies.

Results and Discussion

Our first task was to establish a baseline of TEP electro-
chemical behaviors when Li is used as an electrode. For this
purpose, we prepared 1 M Li bis(trifluoromethanesulfonyl)i-
mide (LiTFSI) in TEP as an electrolyte and constructed
a two-electrode Li|Cu cell that is typically used in the
literature for similar studies. In this configuration, Cu served
as the working electrode, and Li was used as both the counter
and reference electrodes. As shown in Figure 1a, three
reduction peaks were observed at ca. 1.4V, 1.2V and 0.5V
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(vs. Li*/Li, unless noted, all potentials hereafter are relative to
this reference) in the first cycle of cyclic voltammetry (CV)
scan. Of them, the peak at 1.2 V was ascribed to the reduction
of TEP;*! the peaks at 1.4 V and 0.5V may report on the
reduction of TEP or TFSI™ (Figures S1,2 in the Supporting
Information, SI). The dominating reduction wave past 0 V is
due to Li plating onto the Cu working electrode. On the
reverse scan, an oxidation peak at ca. 0.1 V was observed,
corresponding to the stripping of the newly plated Li. The
broad peak at > 1.0 V is believed to be due to re-oxidation of
SEI components.” Notably, these redox features were
quickly suppressed upon repeated CV scans, and they were
barely visible after 5 cycles (Figure 1b). This feature suggests
that the Li stripping/plating in TEP-based electrolyte as
observed in the initial CV scan is highly irreversible.
Correspondingly, when tested in a symmetric Li || Li cell, the
system exhibited a rapid increase of the stripping and plating
overpotentials (Figure 1c). By the 5th cycle, the plating
overpotential already reached —0.75V, and the stripping
overpotential reached 1 V. At this point, we considered the
test cell has failed. The phenomenon as reported here is
consistent with prior reports on TEP electrochemical behav-
iors when used directly for Li stripping and plating stud-
ies.”"* It highlights the challenges of using TEP as a non-
flammable electrolyte for safe operations of Li electrodes.
Next, we introduced O, to the system and observed
dramatic improvements. As shown in Figure 1a, the first
difference we noticed was the appearance of a new, broad
reduction peak at ca. 1.8 V in the Li || Cu cell in the presence
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Figure 1. Electrochemical performance of TEP electrolyte with or without O,. Cyclic voltagram studies of Li|| Cu cell at a scan rate of 0.4 mVs™' in
a) first cycle and b) fifth cycle; c) Voltage profiles of Li|| Li cell for long-term cycling test at a current density of 0.5 mAcm~ with 0.5 mAh capacity

(forming cycle at a current density of 0.1 mAcm™* with 1 mAh capacity).
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of O,. Presumably, this peak corresponded to the reduction of
O,. While the other reduction features of the first scan were
similar to those without O,, the oxidation peak was indeed
more pronounced upon the first reverse scan, reporting
a greater recovery of plated Li (ca. 68 %) when tested in O,
than without O, (ca. 55%). The most striking difference,
however, was how the cell behaved upon repeated CV scans.
The Li stripping and plating features were by and large
preserved at the Sth cycle (Figure 1b), although the broad
peak corresponding to O, reduction was now absent. Argu-
ably, the Li stripping peak appeared to be enhanced in
comparison to that in the first cycle. These observations led us
to conclude that the initial (electrochemical) reactions on the
surface of Cu working electrode in O,-containing TEP
electrolyte have resulted in an SEI that favors subsequent
Li stripping and plating. To further test this understanding, we
next performed cycling tests in a symmetric Li || Li cell. At
a current density of 0.5 mA cm ™2, no apparent increase of the
overpotentials (< 120 mV) for both stripping and plating of Li
was observed after 300 cycles (Figure 1c¢), at which point the
experiment was artificially terminated. Similar results were
reproduced for two more times. Afterwards, following
literature proposed method,® we conducted cycling test in
the Li|| Cu cell to further evaluate the performance of TEP
electrolyte. An average Coulombic Efficiency (CE) of 97.4 %
was achieved in the O,-containing TEP electrolyte, whereas
the Li stripping and plating did not work reversibly in TEP
electrolyte without O, (Figure S3,4). We are mindful that
there is room for further improvement for the unoptimized
CE when compared with recently reported electrolyte
systems,™ but the cycling performance obtained here is
comparable to the best reported in nonflammable electrolyte
systems.?!**31 By further exploring the combination of O,
and other electrolyte additives, we envision that the electro-
chemical performance of our system could be further
improved in the future. It is worth noting that the O,-induced
SEI protection continues to work in fresh electrolytes without
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the presence of O, (Figure S5), supporting that our method is
promising for potential practical systems.

How the simple addition of O, greatly improves the Li
stripping and platting behaviors in TEP-based electrolyte is
not only exciting but also intriguing because the effect of O,
crossover on Li anode is generally considered one key issue in
Li-O, batteries.” To understand the results, we examined the
structure of the Cu electrode after the initial plating of Li by
scanning electron microscope (SEM). As shown in Figure 2,
with the presence of O,, a relatively uniform and compact
layer of Li with granular microstructures was observed. The
grain size was up to 5 um in diameters. Such morphology
resembles those reported in the literature when high-concen-
tration electrolytes were used.’'*! Recent studies have
alluded that a desired structure of electrochemically plated
Li should retain an even microstructure with large granular
sizes and minimum tortuosity; otherwise the loss of “dead” Li
would be significant and, hence, low CE.F°l That we observed
such structures by simply adding O, to the TEP electrolyte is
highly encouraging. In stark contrast, a layer of loose and
spikey Li was observed in TEP without O,, which are typical
for Li plating without proper protections of an SEI Inspired
by the prior reports, we hypothesize that the introduction of
O, has dramatically changed the SEI formation in TEP.

As shown in Figure 3a, the presence of O, may lead to at
least 3 possible reactions on the anode surface: (i) promoted
decomposition of TFSI™ anions by reactive O, species; (ii)
formation of Li,O on the anode surface; and (iii) electro-
chemically induced chemical reactions between TEP solvent
and reactive O, species. These considerations are made with
the assumption that electrochemical reduction of O, precedes
these surface chemical reactions, which is supported by the
broad O, reduction peak in the CV scan (Figure 1a). Next, we
examined the first possibility that concerns anion decompo-
sition. Recently, there has been a surge of publications on
using high-concentration electrolytes, especially FSI"/TFSI -
containing ones, to enable reversible Li metal stripping/

uniform and compact Li

Cu

without O,
loose and spikey Li

. S\ |

Cu

Figure 2. Morphology of deposited Li on Cu electrode surface. SEM images of Li plated electrodes ab) with O, and cd) without O, in the cell

(scale bar: 5 um).
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Figure 3. a) Possible chemical/electrochemical reactions in TEP electrolyte; b) Proposed reaction pathways toward the formation of Li;PO,/poly-

phosphates SEI on Li metal surface.

plating.”%! These approaches are based on the premise that
the electrolyte decomposition could produce LiF-rich SEIs
that are beneficial for Li stripping/plating. To measure the
compositions of the SEI, we collected X-ray photoelectron
spectra (XPS) on the Cu working electrode after Li plating.
No measurable increase of LiF contents was observed
(Figure S7a). Given that the TFSI™ concentration is relatively
low (1 M), the first possibility of TFSI™ decomposition as the
main reason for the dramatic increase of the cycling
performance is highly unlikely. To further support this
conclusion, we conducted similar cycling experiments as
those shown in Figure 1¢ but with 1 M LiCIO, (in TEP) as the
support electrolyte and observed similar results (Figure S8a).
Taken together, the evidence clearly ruled out the first
possibility as shown in Figure 3a.

The second possibility of Li,O formation on the anode
was next considered. Given the presence of O, and the low
electrochemical potentials of Li oxidation, it is conceivable
that Li,O may form on the anode. Recent studies have shown
that Li,O could play a positive role as a component in the SEI
formed in ether-based electrolytes.””*! To test this possibility,
we carried out control experiments to pre-form Li,O via
treating Li foil with dry O,. XPS studies confirmed that this
treatment indeed increased O content on the surface (Fig-
ure S9a). Afterwards, the treated Li foil was used as the
working electrode in a symmetric Li || Li cell for cycling test.
Without O, in the TEP electrolyte, the cell failed within 6
cycles (Figure S10a). This set of experiments suggest that ex
situ formed Li,O does not enable Li stripping/plating in TEP.
One may argue that in situ formed Li,O by electrochemistry is
necessary for the purpose. To address this concern, we
employed the second method of promoting Li,O formation
in a Li|| Li cell in an ether-based electrolyte (1 M LiTFSI in
tetracthylene glycol dimethyl ether (TEGDME)). After

© 2021 Wiley-VCH GmbH

5 cycles of repeated stripping and plating, a Li,O-rich SEI
was confirmed by XPS on Li surface (Figure S9b). The Li foil
was then removed from the first cell and washed with 1,2-
dimethoxyethane (DME). A new test cell was assembled with
TEP as the support electrolyte. Without O,, the cell failed
quickly after 7 cycles, too (Figure S10b). Taken together, we
concluded that the reaction between O, and Li cannot
account for the observed improvement.

With the first two possibilities excluded, we are now
guided to understand the improvement as a result of the
unique reactions between TEP solvent and reactive O,
species under electrochemical conditions. Close examinations
of Figure 1a reveal that O, is reduced at potentials <22V
during the first cycle. As the most likely species of the first
electron transfer during oxygen reduction reaction (ORR) in
an aprotic electrolyte, O," is a nucleophile.’ It can substitute
the ethoxy group of TEP via the SN2 mechanism or abstract
the neighboring hydrogen atom, as has been reported in the
literature.[***!! Subsequent electron transfer and O—O bond
dissociation are expected to lead to the production of Li;PO,
or other poly-phosphates products. The two hypothesized
reaction pathways are illustrated schematically in Figure 3b
and Figures S11-12. We first took advantage of theoretical
calculations to investigate the two possible reaction pathways.
DFT calculation results suggest that both reaction pathways
are thermodynamically favorable. For Pathway I, it was found
that the initial reactions actually would follow the addition-
elimination mechanism rather than direct SN2 substitution.
This preference of the addition-elimination mechanism over
the direct SN2 mechanism has been proposed and tested
experimentally for trivalent phosphorus before.”! The rate-
limiting step (RLS) of Pathway I is the leaving of the ethoxide
groups (Figure 4a and Table S2). For Pathway IL, it was found
that the RLS could be the abstracting of H atom or cleavage
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Figure 4. a) The relative free energy G™ scheme for the hypothetical reaction Pathway | computed by the M06-2X functional; b) NMR spectra of
TEP electrolytes after cycling Li || Li cells with or without O,; c) IR spectra of deposited Li on Cu substrate surfaces in cells with or without O,.

of O—O bond, both of which feature energy barriers nearly
twice as high as those in Pathway I (Figure S13 and Table S3).
If these mechanisms held true, we would expect the release of
Li ethoxide (CH;CH,OLi) as a by-product of Pathway I or the
formation of Li acetate (CH;COOLi) from Pathway II.
Indeed, 1H nuclear magnetic resonance (NMR) spectra
clearly confirmed this expectation. By analyzing the electro-
lyte solutions after cycling in Li || Li cells, we identified the
peak at 3.71 ppm chemical shift to correspond to H in CH;-
CH,-O-Li (Figure 4b).**! The experimental evidence sup-
ports that Pathway I is more likely, consistent with the
understanding inferred from DFT calculations. It is worth
noting that we also calculated the NMR chemical shifts of
CH;CH,OLi, and the result was in good agreement of our
measured values (Figure S14). We next studied the SEI by
Fourier-transform infrared spectroscopy (FTIR). It is ob-
served in Figure 4c that the introduction of O, clearly
suppressed the formation of chemicals that give rise to IR
peaks at 1048 and 1226 cm™'. According to the literature,**!
they correspond to the stretching of ester group (P-O-R) and
P=0, respectively, in organo-phosphorous species. The dis-
tinct peak at 952 cm™' reports on the P-O stretching in ortho-
phosphates (PO,*”) or meta-phosphates (PO;"). This set of
data suggests that direct TEP decomposition produces

Angew. Chem. Int. Ed. 2021, 60, 19183 -19190
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organo-phosphorous species; the introduction of O, alters
the reaction pathways to promote the formation of Li;PO,/
poly-phosphates.

It has been reported that Li-conducting Li;PO, SEI layer
with a high Young’s modulus can effectively suppress side
reactions between Li and the electrolyte and thus limit Li
dendrite growth.*”* Moreover, a layer of cross-linked poly-
phosphates is expected to prevent direct decomposition of
TEP and buffer the volume change during Li stripping/
plating, in a similar fashion to how poly-carbonates in the SEI
enable the operation of graphite electrode.’™l We are,
therefore, inspired to understand the effects as follows.
Electrochemically reduced O, leads to the unique decom-
position of TEP to yield a thin layer of SEI rich in Li;PO, and
poly-phosphates. Such an SEI exhibits desired electrical and
mechanical properties to regulate Li plating. The net result is
that the plated Li is dense and free of dendrites. The stark
difference of the plated Li for TEP with and without O,
(Figure 2) strongly supports this hypothesis. To further
validate the conjecture, we performed electrochemical char-
acterization by electrochemical impedance spectroscopy
(EIS). Here, a Li || Li cell was examined as a function of the
cycling history. It is seen in Figure S15 that the initial charge
transfer resistance was similar for cells with or without O, (ca.
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300 Q). After only 1 cycle of Li stripping/plating, the
resistance increased dramatically (to ca. 1900 Q) for the cell
without O,; in stark contrast, that for the cell with O, did not
change significantly. The comparison highlights that direct
decomposition of TEP under electrochemical conditions is
highly detrimental to Li stripping/plating, consistent with
prior reports that organo-lithium compounds (e.g. lithiated
phosphates) and inorganic lithium salts (e.g. LiOH) are poor
Li* conductors.?®* In fact, the measured resistance would
increase to ca. 2700 Q after 10 cycles for a cell without O,,
making it meaningless to further characterize the cell. The
increase of the charge transfer resistance as measured by EIS
agrees with the rapid rise of the overpotentials as shown in
Figure 1c. By comparison, repeated stripping/plating of Li in
TEP with O, gradually decreased the charge transfer
resistance to ca. 220 Q after 40 cycles. Of course, we are
mindful that the resistance is still too high for practical
applications, and further research will be needed to further
reduce the contact resistance. The results are encouraging,
nonetheless, as they are comparable with other literature
reports studying Li metal as an anode, particularly in non-
flammable phosphate electrolytes.”™*! Most encouragingly,
the nature of the reaction is such that the resistance actually
decreases over cycling, strongly suggesting that a favorable
SEI is formed, as is true in other functional SEI formation
processes. To the best of our knowledge, this is the first time
that a unique electrochemically induced electrolyte decom-
position pathway is proposed. The mechanism not only
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enriches the knowledge on the complex reactions that enable
the formation of a “good” SEI, but also serves as a facile
approach to enable the utilization of an otherwise difficult to
implement electrolyte. Next, we explored the utility of the as-
formed SEI in protecting Li metal as an anode in Li-O, and
Li-ion batteries.

Given the involvement of O, in the above-identified
processes, the first prototypical battery we sought to test was
Li-O, batteries with TEP as an electrolyte. Due to the poor
performance of the anode, earlier attempts toward this end
have concluded that organic phosphate-based electrolytes
was not compatible with Li-O, batteries.*"* To prove that
the system indeed works, we first studied the electrochemical
behaviors of the system in a three-electrode configuration,
where glassy carbon was used as the working electrode, and
two Li ribbons were used as the counter and reference
electrodes. As shown in Figure Sa, the reduction wave took
off at ca. 2.6 V, corresponding to the O, — Li,O, reaction; on
the reverse scan, the oxidation wave was observed starting
from ca. 3.0 V, corresponding to the O, evolution reaction.
The redox features in TEP electrolyte resembled those in
ether-based electrolytes, which are well established for Li-O,
battery operations.”>> Importantly, these electrochemical
features were absent without O,, strongly suggesting that they
report on reversible O, reduction and evolution in a TEP
electrolyte, which is desired but has not been reported
previously. Then we fabricated a Li-O, full cell for galvano-
static tests. Three dimensionally ordered mesoporous carbon
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Figure 5. Prototype Li-O, cell and Li-ion cell test in TEP electrolyte. a) CV studies in a three-electrode system (WE: glassy carbon, CE: Li strip, RE:
Li strip) with or without O,; b) Charge-discharge profile of the Li-O, cell with 3DOm carbon as cathode (cycling under constant current
(100 MAg_p0n ') With a cut-off capacity of 500 mAh g, '); c) Charge-discharge profile and d) Cycling performance of the Li|| LFP cells with or

without O, at a current density of 0.2 C.
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(3DOm) was used as the cathode to take advantage of its
good performance for such applications, especially its stability
against oxidation.””! As shown Figure 5b, more than 20 cycles
of discharge and recharge were achieved at a current density
of 100 mA/g..von in TEP electrolyte with the charge potential
cut-off as 4.5 V. The cycling performance is comparable to
that in the more popularly studied 1,2-dimethoxyethane
(DME) electrolyte under similar test conditions.”” To con-
firm that the electrochemical features indeed report on the
formation and decomposition of Li,O, as the main discharge
product, the morphology of deep-discharged cathode was
studied by SEM. Figure S17a shows that a representative
toroidal structure was observed, consistent with literature
reports where fast kinetics favors toroid formation.”® The
Raman spectra in Figure S17b also proved Li,O, as the
discharge product.™ It is worth highlighting that the results
were obtained by using Li metal as the anode without special
protections. This is the first time that a non-flammable
phosphate electrolyte is demonstrated for the operation of Li-
O, batteries. It opens up the door to constructing safe Li-O,
batteries that could offer high energy densities to fully
actualize the potentials held by this new chemistry.

With encouraging results on Li-O, batteries established,
we next tested whether the same strategy works for Li-ion
batteries. For this purpose, a full battery consisting of
LiFePO, (LFP) as the cathode and a Li metal as the anode
was fabricated. Stark differences were readily observed in the
voltage-capacity profiles as shown in Figure 5S¢ with and
without O,. The presence of O, promoted the formation of
functional SEI on the Li anode and established stable charge
and discharge plateaus at 3.50 Vand 3.35 V, respectively.”! In
contrast, no stable charge/discharge plateau was observed in
the cell without O, after 5 cycles, which quickly worsened
even further afterwards because of the increasing overpoten-
tial on the Li anode side. Subsequent cycling tests of the cell
(Figure 5d) exhibits more than 130 reversible cycles with
capacity retention of 82 % by introducing O, as additives. The
cell without O, exhibits very low efficiency and capacity
because TEP is incompatible to Li metal anode. These
experiments further demonstrate that our strategy can be
utilized to promote the development of Li metal anode in Li-
ion batteries and make nonflammable TEP electrolyte as
a promising candidate.

Conclusion

In conclusion, we have demonstrated that O, as an
additive can enable Li metal anode operations in a nonflam-
mable TEP-based electrolyte. The mechanism involves in-
duced TEP decomposition by electrochemically reduced O,,
which produces a favorable SEI layer to support repeated Li
stripping/plating. The SEI not only suppresses Li dendrite
formation, but also limits further TEP decomposition. Given
the nonflammable nature of TEP, this system promises safe
operations of Li metal as an anode. To this end, the potentials
are demonstrated in a Li-O, and a Li-ion prototypical battery.
While further optimization (e.g., further improvement of the
Coulombic Efficiencies) will likely be necessary to make the

Angew. Chem. Int. Ed. 2021, 60, 19183 -19190
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strategy practice for battery applications, this body of work
provides a new understanding on the mechanism by which
SEI forms on Li metal anode, which will likely benefit the
development of future high energy density battery technol-
ogies.
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