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H I G H L I G H T S

• A stable redox shuttle molecule, BODMA, has been developed and evaluated.

• BODMA is electrochemically reversible at 4.0 V vs Li/Li+.

• BODMA provided over 120 cycles of overcharge protection at 100% abuse ratio at C/5 rate.

• BODMA decreases the impedance of the Li-ion cells, demonstrating dual functionality.
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A B S T R A C T

1,4-Dialkoxybenzene additives are commonly used as redox active shuttles in lithium-ion batteries in order to
prevent runaway oxidation of electrolyte when overcharge conditions set in. During this action the shuttle
molecule goes through a futile cycle, becoming oxidized at the cathode and reduced at the anode. Minimizing
parasitic reactions in all states of charge is paramount for sustained protective action. Here we demonstrate that
recently developed bis-annulated 9,10-bis(2-methoxyethoxy)-1,2,3,4,5,6,7,8-octahydro-1,4:5,8-dimethano-an-
thracene shuttle molecule (that yields exceptionally stable radical cations) survives over 120 cycles of over-
charge abuse with 100% overcharge ratio at C/5 rate. Equally remarkably, in the presence of this additive the
cell impedance becomes significantly lower compared to the control cells without the additive; this decrease is
observed during the formation, normal cycling, and even under overcharge conditions. This unusual dual action
has not been observed in other redox shuttle systems, and it presents considerable practical interest.

Lithium-ion batteries (LIBs) are ubiquitous in our world [1]. Over-
charge protection of these commercially successful batteries remains a
concern due to extensive component damage, overheating, and even
explosions that occur when overcharge conditions set in [2–6]. Under
these conditions, the redundant electric energy accumulates at the
electrode surface sharply increasing the voltage and causing exothermic
reactions due to electrolyte oxidation [1,7,8]. Electrolyte additives,
such as redox shuttles, offer a cost-efficient option for overcharge
protection [3,9,10]. Such molecules (S) exhibit nearly perfect electro-
chemical reversibility at the redox potentials that are ∼0.3–0.5 V
higher than the end-of-charge potential of the cathode [11]. When the
cell enters the overcharge state, the molecules get oxidized by the

external charging current to form radical cations S+● near the electrode
surface; this radical cation diffuses to the anode where it discharges
back to S, completing the cycle. This shuttling operation can con-
tinuously carry the electric current during overcharging, thereby pro-
tecting the cell [12–14]. Generally, the number of overcharge cycles is
limited by parasitic reactions of S+● that occur both in the bulk and
near the two electrodes. As the redox shuttle molecule becomes con-
sumed in these reactions, overcharge abuse sets in and the cell fails.
Thus, minimization of parasitic reactions is paramount for sustained
protective action. Unless these reactions are suppressed, only the in-
creased concentration of the shuttle molecules can extend the protec-
tive action, as it takes longer time to consume them entirely; however,

https://doi.org/10.1016/j.jpowsour.2017.12.059
Received 1 September 2017; Received in revised form 5 December 2017; Accepted 19 December 2017

∗ Corresponding author. Joint Center for Energy Storage Research, Argonne National Laboratory, 9700 South Cass Avenue, Lemont, IL 60439, USA, Chemical Sciences and Engineering
Division, Argonne National Laboratory, 9700 South Cass Avenue, Lemont, IL 60439, USA.

E-mail address: luzhang@anl.gov (L. Zhang).

Journal of Power Sources 378 (2018) 264–267

0378-7753/ © 2017 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
https://doi.org/10.1016/j.jpowsour.2017.12.059
https://doi.org/10.1016/j.jpowsour.2017.12.059
mailto:luzhang@anl.gov
https://doi.org/10.1016/j.jpowsour.2017.12.059
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2017.12.059&domain=pdf


increasing this concentration may not be advisable as the reaction
products can interfere with the normal operation of the cell by mod-
ification of solid-electrolyte interphases (SEIs) that shield the electrodes
from the electrolyte. These reaction products can form deposits that
block Li+ ion conduction through the SEI layers increasing the cell
impedance [11,15], so even when the overcharge conditions cease to
exist and the cell operates normally, the cell performance (in the
normal operation regime) is still degraded. In this communication, we
report a redox shuttle molecule that does not cause this increase in the
impedance; actually, it lowers this impedance after normal and/or
overcharge abuse cycling.

This molecule is 9,10-bis(2-methoxyethoxy)-1,2,3,4,5,6,7,8-octa-
hydro-1,4:5,8-dimethanoanthracene (BODMA) shown in Fig. 1. It be-
longs to the family of 1,4-dialkoxyarene derivatives that have long been
considered for use as redox shuttles in LIBs [16]. In particular, Dahn
and co-workers popularized the use of 2,5-di-tert-butyl-1,4-dimethox-
ybenzene (DDB, also shown in Fig. 1) [17]. However, parasitic reactions
of the radical cation of DDB (in particular, the loss of tert-butyl group
and O-dealkylation) still occur limiting the cycling life [18,19], while
the relatively low solubility of DDB in carbonate electrolytes impedes
one's ability to extend the protective action through concentration in-
crease (see above).

A striking feature of BODMA is the excellent stability of BODMA+●

in the common electrolytes [20]. In this species, the arene ring is fully
substituted, precluding radical addition reactions, and slow O-deal-
kylation is the only remaining reaction of this radical cation. A fa-
vourable property of BODMA (conducive to its use as a redox shuttle in
LIBs) is its excellent solubility in the common carbonate electrolytes
(∼0.2M vs. ∼80mM for DDB).

As indicated by cyclic voltammetry (Fig. 2, see ESI for all experi-
mental details), electrochemical oxidation of BODMA in Gen2 electro-
lyte is fully reversible. (Gen2 is the commercial standard for LIBs, which
is a 3:7 w/w liquid mixture of ethylene carbonate and ethyl methyl
carbonate containing 1.2M LiPF6). Oxidation at 4.0 V vs. Li/Li+ implies
that BODMA can protect lithium ferrous phosphate (LiFePO4) cathode,
which has an end-of-charge potential of∼3.5 V vs. Li/Li+. Fig. 3 shows
the voltage profile of the overcharge test using a 2032-coin cell with the
mesocarbon microbead (MCMB) graphitic anode and LiFePO4 cathode;

this cell contained 0.1 M BODMA in Gen2. After two formation cycles,
the cell was charged for 20 h at C/10 rate to achieve 100% overcharge
(at which the overcharge and normal charge capacities become equal).
As shown in Fig. 3, the first charging plateau occurred at ∼3.4 V, in-
dicating the normal charging process of the LiFePO4 cathode. Once the
full cell capacity was reached, the cell voltage climbed to 3.9 V, at
which the BODMA shuttle was activated. As a result, a flat plateau
(corresponding to oxidation and reduction of BODMA) was observed for
the next 10 h. The cell was then discharged to quantify the discharge
capacity. This cycling was continued until the shuttling action failed.
Fig. 3 indicates that even under these extremely abusive conditions,
BODMA protected the cell for 4600 + h. At the end of this test, the cell
still provided 70% of the initial discharge capacity. The discharge ca-
pacity gradually faded as the test progressed (Fig. S2), which is
common in such tests due to irreversible Li loss in the cathode caused
by deleterious reactions occurring when the cell potential exceeds the
threshold of normal charge of the cathode but is still lower than the
oxidation potential of the redox shuttle [14].

A higher concentration of this redox shuttle additive can sustain
overcharge abuse for a higher current. This is illustrated in Fig. 4: for
0.2 M BODMA electrolyte, a coin cell cycled at C/5 rate was able to
provide efficient overcharge protection for 1820 h, which is equivalent
to 120 + overcharge cycles.

A frequent concern with the redox shuttle electrolyte additives is
their interference with the normal operation of the cell. As shown in
Fig. S3 in ESI, under C/3 rate cycling, the cycling performance of the
cells containing 0.2M BODMA was similar to the control cells con-
taining no BODMA. Actually, the overall performance for the BODMA-
containing cell was slightly better than for the control cells with a higher
capacity after 200 cycles, which is uncommon since the redox shuttles
in the electrolyte typically increase cell polarization. Following this
unexpected result, differential capacity and impedance measurements
at different stages of cell cycling were carried out. No direct partici-
pation of BODMA in the SEI formation was apparent in the differential
capacity profiles shown in Fig. S4 in ESI, suggesting that this molecule
is neither oxidized nor reduced on the energized electrodes in pre-
ference to other electrolyte components. Despite this lack of direct
redox chemistry, the presence of BODMA had significant effect on the
cell impedance. In Fig. 5 we compare the impedances of the cells
containing BODMA with the control cells without BODMA. After the
formation cycles (Fig. 5a), the control cell demonstrated the greatest
high frequency arc width among the three cells shown in Fig. 5a. As the
concentration of BODMA increased, this width progressively decreased
(Fig. 5a). The same trend was observed in the cells examined after 10
normal cycles (Fig. 5b). More strikingly, this decrease persisted when
the 10 normal cycles were followed by 10 overcharge abuse cycles; the

Fig. 1. Structures and acronyms for the 1,4-dialkoxybenzene derivatives discussed in this
paper.

Fig. 2. Cyclic voltammograms for 10mM BODMA in Gen 2 electrolyte at various scan
rates (mV/s) obtained using Pt/Li/Li electrodes at 25 °C.

Fig. 3. Voltage profiles of overcharge tests using the MCMB/LiFePO4 coin cell containing
0.1M BODMA in Gen 2 electrolyte over 4600 h. The charging rate is C/10 and the
overcharge ratio is 100%.
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impedance of the BODMA-containing cells was> 2 times lower com-
pared to the control cells operated for 20 normal cycles (Fig. 5c). We
conclude that BODMA not only provides efficient overcharge protection
over a long period of time, but somehow improves Li+ conduction
through the SEI layers before and after overcharge conditions, con-
tributing to the improved normal cycling performance. As shown in Fig.
S5 in ESI, the decrease in the impedance due to BODMA presence in the
electrolyte involves both of the electrodes, but the effect on the nega-
tive electrode is greater.

The protective action of BODMA can also be demonstrated in the
scanning electron microscopy (SEM) images of the electrodes shown in
Fig. 6. For MCMB electrodes, no obvious morphology changes were
observed in the presence of 0.2M BODMA (Fig. 6, panels a to d). On the
cathode side, however, addition of BODMA led to better morphology of
LiFePO4 particles (Fig. 6g) compared to the control cell (Fig. 6e), and
this effect was apparent already after two formation cycles. This dif-
ference became still greater after 10 normal cycles (Fig. 6f and h). In the
control cell, the spaces between the cathode particles became filled
with deposits; these deposits were not observed in the BODMA-con-
taining cells.

It is known that solid SEI-like deposits on LiFePO4 (which normally
operates at voltages that are too low for electrolyte oxidation) are
formed through the reactions of hydrolytically generated Brønsted and
Lewis acids (such as HF and PF5) that cause LiF and LixPOyFz formation
[21], iron dissolution [22–24], and cationic polymerization of the sol-
vent molecules [25,26]. Such polymer species are also formed on the
anode via anionic polymerization [27,28]. Less sterically protected 1,4-
dialkoxybenzenes can be involved in such reactions (e.g., electrophilic
addition in the arene ring), promoting the formation of deposits,
whereas the sterically protected BODMA avoids these reactions. It is

more difficult to explain how BODMA-containing electrolytes decrease
the impedance compared to the control cells. The effect can only be
indirect, as BODMA is neither reduced nor oxidized during the forma-
tion and normal cycles; apparently, it acts as an SEI-improving agent.
Such agents can be indirectly involved in the reactions of (radical)
anions generated by reduction of the carbonate electrolyte [28]. There
has been a precedent for this action when anisole (methoxybenzene)
was used as electrolyte additive; the benign action was traced to the

Fig. 4. Voltage profiles of overcharge abuse tests using the MCMB/LiFePO4 coin cell
containing 0.2M BODMA in Gen 2 electrolyte during 1820 h of cycling. The charging rate
is C/5 and the overcharge ratio is 100%. b) Capacity profiles of overcharge abuse.

Fig. 5. Nyquist plots of a) MCMB/LiFePO4 cells containing no BODMA, 0.1M BODMA or
0.2M BODMA in Gen 2 electrolyte after SEI formation at a rate of C/10; b) MCMB/
LiFePO4 cells containing no BODMA, 0.1M BODMA or 0.2 M BODMA in Gen 2 electrolyte
after 10 normal cycles at C/5; c) MCMB/LiFePO4 cells containing no BODMA after an-
other 10 normal cycles at C/5, 0.1M BODMA or 0.2M BODMA in Gen 2 electrolyte after
10 overcharge cycles at C/5 and 100% overcharge ratio.
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formation of lithium methoxide in the SEI [29]. Analogous reactions
may occur for BODMA. While more needs to be learned to elucidate the
mechanistic underpinnings of BODMA action, our results make it clear
that it has cell chemistry that is different from the one exhibited by less
substituted 1,4-dialkyloxyarene redox shuttle molecules.

Conclusions

We assessed the performance of a highly soluble, superbly sterically
protected 1,4-dialkoxyarene molecule, BODMA, as a potential redox
shuttle for overcharge protection of LiFeO4 cathodes in Li-ion batteries.
Using 0.2 M BODMA in Gen 2 electrolyte, we demonstrated that a
MCMB/LiFePO4 cell can survive 120 + overcharge abuse cycles at C/5
rate and 100% overcharge ratio. Unexpectedly, the cells containing
0.1–0.2 M BODMA also demonstrated significantly lower impedance
compared to the control cells containing no BODMA, and the fouling of
the cathode surface was visibly reduced. We believe that this is the first
incidence of overcharge protection and SEI-improving functionalities
combined in a single molecule, which makes this electrolyte additive
both unusual and practically interesting.
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Fig. 6. Scanning electron microscopy images of the harvested MCMB anodes: a) Gen 2
electrolyte after the SEI formation at C/10; b) Gen 2 electrolyte after 10 normal cycles at
C/5; c) 0.2 M BODMA in Gen 2 electrolyte after the SEI formation at C/10; d) 0.2M
BODMA in Gen 2 electrolyte after 10 overcharge cycles at C/5 and 100% overcharge
ratio. Below: scanning electron microscopy images of the harvested LiFePO4 cathodes: e)
Gen 2 electrolyte after the SEI formation at C/10; f) Gen 2 electrolyte after 10 normal
cycles at C/5; g) 0.2M BODMA in Gen 2 electrolyte after the SEI formation at C/10; h)
0.2 M BODMA in Gen 2 electrolyte after 10 overcharge cycles at C/5 and 100% over-
charge ratio.
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